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Abstract

More-electric aircraft have been the focus of considerable development in recent years.
Increased utilisation of electrical systems on-board the latest generation of aircraft has
seen an increase in fuel efficiency, through improved electrical derivation from the gas
turbine engine and weight savings from the replacement of mechanical and hydraulic
transmission systems. The advancement of power electronic and DC breaker devices has
led to the reconsideration of DC power distribution systems for standalone networks.
Aircraft can benefit from this through the reduced transmission losses, improved

controllability and intelligent networking.

Through the use of a multiphase synchronous generator, connected to a diode rectifier, a
standalone DC network capable of providing power with redundancy can be produced. The
aim of this research project is to investigate the effects that phase number, connection
topology and winding pitch have on the behaviour of an AC generator connected to a
passive diode rectifier. This thesis develops the methodology for determining the number
of phases and the topology of the generator. Static and dynamic modelling is conducted
through the use of computer finite element modelling and circuit simulation. The dynamic
circuit simulation model is configured using parameters obtained from experimental data.
The experimental test-rig, which is constructed to be reconfigurable in phase number,
connection topology and winding pitch, is used to validate the simulation and provide
detailed results on the steady-state operation of the generator-rectifier system. Open-
circuit faults are introduced to assess the fault tolerance of the system and the effects of

the inherent phase redundancy on the generator performance.
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1

Introduction

1.1 Background........ccocovveeeiiiiiieeiieeeeeieeen, 28
1.2 Research Aims and Objectives ............... 30
1.3 Significance of Work........cccceeevevennnnnneeen. 31
1.4 Thesis Structure......cccceevceerieeenieeniieeens 32

1.1 Background

The first synchronous generator was developed through the work undertaken by a number
of prominent scientists and engineers. However, it is Friedrich August Haselwander who is
credited with the production of a prototype synchronous generator system in 1887 [1]. This
comprised a three-phase stator and a wound salient pole rotor, providing 2.8 kW at a
frequency of 32 Hz. Electrical distribution was, at the time, being sourced from the DC
electrodynamo. The ability to change AC voltage and current levels for transmission using
transformers changed the future of electric power distribution. In 1891, the first long
distance transmission of three-phase electrical power took place using a synchronous
generator at a hydroelectric plant to a location 175 km away. The generator had a power
rating of 210 kW and an efficiency of 96.5 % [1], giving an indication to its future
prevalence in power transmission networks. Since their inception, synchronous generators
have undergone a number of design enhancements to improve their performance, output
quality, reliability and efficiency [1]. The three-phase topology has standardised the power
industry and today, the synchronous generator makes up the majority of the UK and world

power distribution generation units [2].

Synchronous machines are versatile, capable of highly efficient power generation or acting

to produce torque when motoring. As well as supplying power to the UK grid infrastructure,
they can be found in a range of standalone applications where reliable power generation is

critical, on-board aircraft, for example [3]. The ability to generate electricity efficiently in

such an environment has proved beneficial in saving on construction and operating costs.
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The re-design of the on-board power transmission network has led to a considerable
reduction in weight which, coupled with the composite material used in the construction of

modern aircraft, results in a reduction in fuel burn and, therefore, CO, emissions.

120

Comet 4
100 “_B707-120

(0]
o

B747-200

B777-200
A380

4

B777-300 ER

B787
40

20

Reduction in Engine Fuel Consumption
Compared to Comet 4 (%)
(ep)
o

0
1950 1960 1970 1980 1990 2000 2010 2020
Entry into Service

Figure 1.1: Reduction in Fuel Burn Compared with Comet 4 Commercial Jetliner (adapted from [4])

The Boeing 787 has the highest degree of electrification on-board any aircraft and benefits
from a 50 % reduction in fuel burn compared with the Comet aircraft, observed in Figure
1.1. The electrical generation for the power systems is provided by synchronous generators
that are located within the housing of the gas turbine engines underlining their suitability
for aircraft. The placement of the generators can be modified as developments in material
will allow them to be situated within the harsh environments of the gas turbine core [5].

This will have further benefits in the reduction of drag and fuel saving.

Although seen as a relatively recent advancement, multiphase topologies have been
considered since before the 1960s with [6] generalising the m-phase machine. There was
little interest in the multiphase machine since the three-phase topology was commonplace
and, as a result, manufacturing was equipped for their production at minimal cost.
Advancements in power electronic devices have opened up the possibility of increasing the
number of phases. Multiphase topologies are starting to be considered for a number of
applications, particularly in variable speed drive systems [7]. Furthermore, multiphase
machines are being utilised by ALSTOM in marine applications where a 15-phase induction

machine and its associated control are studied [8]. The increase in stator windings can lead
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to several advantages in motors and generators, from greater torque production to better
output power quality for a machine that is volumetrically the same as a conventional three-
phase machine. A number of different topologies exist for exploiting the higher phase
number with benefits in improved power quality reaching to the loads connected. The
redundancy of multiphase machines is highly sought within the transport sector where a
standalone distribution power system can continue to supply both an electric propulsion

means and auxiliary equipment in the event of a generator phase fault [9].

For aircraft applications, it is imperative that the power system continues to operate
correctly in the event of a fault. Therefore, multiphase technology is highly suited for use in
improving the existing variable frequency, three-phase systems used in the modern more-
electric aircraft. A fault in occurring in a three-phase machine will lead to an increase in
load on the two remaining healthy phases. Increasing the phase number will allow a better
load share across the remaining healthy phases, reducing the impact on the machine and

the possible de-rating required.

The transmission of power around the aircraft is via three-phase cabling which contains a
sizeable amount of conductive material and, therefore, adds weight. Significant savings
could be made through the replacement of the multi-core AC cabling for single core DC
cable. The losses incurred in transmitting DC power are reduced and complications with
frequency affecting the cable sheath are removed. Direct-on-line (DOL) and transformer
loads connected to the distribution system can be suitably sized since the variation in
network frequency has been removed. On the load side of the conventional AC distribution
network, localised power electronic devices are required to service DC loads, which are
increasingly prevalent in next generation aircraft. Each conversion unit will have associated
losses and as a collective this amounts to a considerable proportion of system losses.
Therefore, the multiphase input, coupled with the DC output, can offer considerable

performance increases in the electrical networks on-board aircraft.

1.2 Research Aims and Objectives

The aim of this research project is to investigate the effects that phase number, connection
topology and winding pitch have on the behaviour of an AC generator connected to a
passive diode rectifier. The novelty of this work lies in the approach of assessing a

multiphase synchronous generator-rectifier system, its fault tolerance and the suitability of
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such a system for use in the transportation sector, particularly on-board civil aircraft. The

following objectives are set to define this research project:

o Development of a simulation model in order to predict and assess the behaviour of
the integrated generator-rectifier system

e Finite element analysis of the generator behaviour under given conditions to
ascertain the losses incurred and the back-emf developed at the output terminals.
The latter will provide spacial harmonic information which can be used to improve
the accuracy of the simulation model

e The construction of a test-rig enabling experimental results to be gathered to
validate and inform the simulation model. The experimental test-rig will highlight
areas where the simulation model requires further detail not contained in standard
modelling techniques

e Direct comparisons for the best- and worst-case scenarios, regarding the power
quality, between the results gathered from experimental testing and simulation to
ascertain the impact that passive rectification has on both the AC and DC side of
the system

e The investigation into the effect of open-circuit generator phase and diode device
faults for both the star- and polygon-connected generator to allow the degradation

in behaviour to be assessed

This thesis will consider a rewound generator for multiphase output to a diode rectifier
unit. The considered stator configurations are for three-, five- and 15-phases with equal
spacial displacement between consecutive phases. Configurations of the multiphase stator
winding analysed in this thesis are the star-connection with a single neutral point and the
polygon-connection: for the three-phase system, it is still referred to as the delta-

connection. Fully- and short-pitched stator windings are also encompassed.

1.3 Significance of Work

This research project contributes to the advancement of power distribution systems on-
board aircraft through the study of multiphase synchronous generator-rectifier systems.
The behaviour that a passive rectification device has on a higher phase number machine is
outlined for changes to the pitch angle of the stator windings and the connection topology

of the generator.
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The development of an accurate and robust dynamic multiphase synchronous generator
model has been completed through the implementation of standard d-q modelling
techniques. Finite element modelling is used for static solutions, informing the simulation
model of the harmonic content of the armature windings for open-circuit conditions and

establishing stator losses for a saturated generator delivering peak current.

The comparison across different phase number machines highlights the inherent problems
when using a passive rectifier to derive DC power. The domination of commutation effects
and uncontrolled switching events in high phase number machines leads to significantly
reduced DC voltages under heavy loading conditions. Furthermore, the investigation into
open-circuit phase and diode device faults quantifies the degradation of AC and DC power

quality for the different connection topologies.

1.4 Thesis Structure

The thesis has been structured to provide relevant background information leading to the
main body of the research work carried out and, finally, the conclusions drawn. A brief

overview of each chapter is presented here:

Chapter 2: Literature Review provides information regarding the prior art for the
electrification of aerospace, marine and automotive applications. Furthermore, multiphase
machine topologies are discussed, focusing on two distinct variants of the multiphase
architecture. The modelling techniques employed in simulating the dynamic behaviour of
electric machines are briefly covered with attention paid toward the most efficient
modelling methods for multiphase machines. The utilisation of DC distribution networks is
also presented, underlining the current areas of implementation and specifications for
system performance. This is followed by a short summary of the methods used to rectify

AC power.

Chapter 3: Dynamic Circuit Modelling and Simulation of a Synchronous Generator details
the dynamic circuit simulation of a synchronous generator-rectifier system. It briefly
outlines the construction of a three-phase machine model in MATLAB Simulink, stating
assumptions made, before verifying and validating it under steady-state and transient
conditions against an industry standard model and physical generator. The extension of the
model to a multiphase variant is presented and steady-state load results for the five- and
15-phase are shown. Passive rectification of the generator output is discussed for an

increase in phase number with simulation results supporting analytical expressions as
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phase number is increased and connection topology is changed. Furthermore, equivalent
power transfer models are presented for fixed current loads on the DC side. Methods for
the implementation of harmonic voltage sources are discussed for comparison against the

multiphase experimental test-rig results in the experimental results chapter.

Chapter 4: Finite Element Modelling presents the background and development of the
technique for solving complex models using finite elements. The electromagnetic design of
the Cummins BCI162G generator is discussed covering the winding layout, the damper
windings and the set-up of the finite element software. The three-, five- and 15-phase
generator topologies are modelled and the results for the harmonic content of the open-
circuit back-emf are analysed to establish the optimum short-pitching factor for
experimental testing as well as enhancing the dynamic simulation model. Assumptions
relating to the scaling of the inductances with the number of phases and the
representation of saliency effects in the dynamic model are verified. Finally, the core losses
for connection to an uncontrolled rectifier are calculated for the fully-pitched and short-

pitched, star- and polygon-connected generator.

Chapter 5: Experimental Results presents detailed analysis of the results obtained from the
experimental test-rig. This includes the system performance under normal operating
conditions and with open-circuit generator phase and diode device faults. Some interesting
cases are highlighted with more in-depth discussion of the behaviour. These are then
compared with the enhanced simulation model results, identifying the validity of the

dynamic circuit modelling.

Chapter 6: Conclusions and Future Work provides information regarding the outcome of
this project. The work is summarised, with respect to the objectives set out, and key
aspects are underlined. Recommendations are made for the future development of the

project, building on the components of this thesis as well as unexplored areas of potential.
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2.1 Introduction

The more-electric concept is becoming widely adopted across the transportation sector.
Electrical systems are increasingly prevalent in all modes of transport where flexibility and
efficiency is demanded. The constant drive to reduce operating costs whilst upholding
targets for the reduced production of CO, [10] is facilitating this move toward the increased

use of electrical systems.

Civil and defence aerospace require electrical generation for the purposes of essential
aircraft functions such as navigational equipment and flight surface control. This extends to
much larger load requirements for passenger comfort, cabin air conditioning, providing in-
flight entertainment and galley services in civil aerospace. The marine sector has also
benefitted from an increase in electrical systems on-board ships, for propulsion, passenger
comfort and also weapon systems in defence applications. In marine, electrical power is
typically derived from a number of distributed generators on an interconnected bus
system. In aerospace, the electrical power is generated from the main prime mover, which
may compromise the optimisation of propulsive power in order to maintain the electrical
power network. Another area of development is electric road vehicles, which have a
considerably different electrical architecture. There are two main types of vehicle design

which encompass personal, commercial and commuter vehicles. Full electric vehicles use
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batteries or fuel cells to provide the power for propulsion. Hybrid technology retains the
traditional internal combustion engine but has an efficient electrical drive for low-range

journeys.

This chapter reviews the advances of more-electric technologies across the transportation
sector, looking at the generation techniques and the distribution systems currently
employed, as well as future prospects. Multiphase machine technology research is also
explored, underlining the potential for utilising this type of technology in identified
applications. Finally, the rectification of current AC multiphase systems for the use of
providing for, or feeding from, DC electrical networks are investigated with the power

quality highlighted.

2.2 More-electric Applications in Transport

2.2.1 Civil Aerospace
Civil aerospace is now starting to experience the benefits of moving toward a greater
utilisation of electrical power, underlined by the introduction into service of two next
generation aircraft, the Boeing 787 and Airbus A380. The Boeing 787, in particular, shows a

significantly high degree of electrical loading [11], highlighted in Figure 2.1.
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Figure 2.1: Load Power on Prominent Civil Aircraft (adapted from [11])

The step increase in loading on the Boeing 787 is because bleed air is no longer taken from

the engine to be cooled and used for cabin air conditioning. The removal of this pneumatic
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engine power offtake offers great advantage in increasing the efficiency of the gas turbine
cycle. The next generation engines are high bypass, which provide a bypass ratio of close to
10:1, i.e. 10 times the amount of air bypasses the core to displace the air at the rear of the
engine as that travelling through the core of the engine to power the turbofan. The
pneumatic power offtakes have a greater effect on gas turbine efficiency as the bypass
ratio increases and, therefore, their removal and replacement with electrical generation is
highly sought. Fully-electric environmental control systems (ECS) are used to provide the
cabin air, which is claimed to be less polluted [12] and better pressure regulated at a lower
equivalent altitude [13], providing a more oxygen rich environment and imparting less
altitude stress on the passengers. A comparison of the conventional and more-electric

power offtake is shown in Figure 2.2.
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Figure 2.2: Comparison of Conventional and More-electric Engine Power Offtake (adapted from [13])

Reliable and efficient supply of power is critical for the modern aircraft. The current gas
turbine engine architecture has the generator situated external to the engine core,

mounted on the auxiliary gearbox. This creates a protrusion in the engine cowling leading
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to aerodynamic drag and increasing fuel burn. The gearbox and associated driveshaft is
prone to fatigue through mechanical vibration and requires maintenance to ensure its
continued operation [14]. Its removal is, therefore, of benefit for the continued in-service

operation of a civil aircraft and a reduced maintenance requirement.

The removal of the auxiliary gearbox would require the generator to be placed in an
alternative location, perhaps embedded within the gas turbine core. This would impact
directly on the identified problems associated with aerodynamic drag, removing the
cowling protrusion and producing a smooth air surface, decreasing fuel-burn and increasing
suitability for long-haul use. The Liebherr-Aerospace coordinated power optimised aircraft
(POA) project [15] investigated two possible locations for electric machines. The first was a
fan-shaft driven generator (FSDG) in the tail cone of the gas turbine, with associated power
electronics mounted to the fan shaft casing and the second in the high pressure core [16].
The latter of the two machines was implemented as a starter/generator, a necessity as the
bleedless engine [17] leaves no access point with which to pneumatically start the engine.
Therefore, the starter/generator technology used for future aircraft must be able to
provide sufficient torque to overcome the large inertia of a gas turbine spool to start the

engine. It must also be rated to generate the required electrical load power.

Traditional aircraft generators provide AC power to the distribution network via a number
of different means. The generator rotor speed can be fixed using a hydraulic coupling and

generator as an integrated drive generator (IDG), shown in Figure 2.3.
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Figure 2.3: Integrated Drive Generator (adapted from [13])

The speed of the rotor can also be allowed to vary as in the variable speed constant
frequency (VSCF) system, which utilises a complex power electronic converter to provide
the constant frequency AC power, pictured in Figure 2.4. Both of these systems provide a
constant 400 Hz frequency AC power regardless of the spool speed of the gas turbine

engine.
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Figure 2.4: Variable-speed Constant-frequency Starter/Generator System (adapted from [9])

The Boeing 787 uses a more-electric engine which has a variable frequency wound-field
starter/generator to provide the main aircraft AC distribution network with a frequency of
between 380 — 760 Hz [13]. This system eliminates the power electronic converter of the
VSCF system, with the voltage controlled using the field of the generator. However, the
variable frequency approach leads to technical challenges when sizing electrical loads for
such a wide ranging frequency, particularly sizing magnetic components, e.g. transformers.
The reactive voltage drops throughout the distribution system change over the flight cycle
leading to complexity when controlling the distribution system under varying load
conditions. Direct-on-line (DOL) loads connected to the AC bus are affected by the change
in frequency, which — in the case of the conventionally engine driven pumps — can lead to a
change in machine flux and a fluctuation in drive pump speed. Although the most cost
effective solution, it is clear the challenges that this variable frequency system imposes are
significant and the complexity of the system architecture, and its control, is increased. The
power electronic converter, in Figure 2.4, could be exchanged for a rectifier unit, capable of
supplying a DC power distribution network. Similar to the VSCF system, this would provide
a means of decoupling the speed of the rotor from the frequency of the power generated.
This allows the gas turbine to be optimised for its most efficient propulsion mode without
compromising the aircraft electrical power network. However, a passive rectification unit

would remove the possibility of using the generator to start the engine.

Embedded generation is explored in [5], which underlines Rolls-Royce’s commitment to
developing this as a viable consideration for the future of more-electric engine technology.
The proposed re-positioning of the generator unit shows a number of key benefits and
architectural improvements. In particular, the resultant increase in efficiency for
transferring power through the propulsion shafts. This would reduce the number of engine
components, such as compressor stages or bleed valves, leading to a decrease in

construction cost and weight.
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The electrical machine itself must be carefully considered and it is well documented [3, 5]
that individual generator units taking power from separate gas turbine spools is preferable.
The proposed generator in [3] has a permanent magnet (PM) rotor, being cited as
potentially more reliable than the wound-field variant. However, the cost of rare-earth
magnetic materials is comparatively high and the manufacturing process for encapsulating
the magnets to withstand the inertial forces experienced is considerable. The alternative
wound rotor offers the possibility to control the rotor flux and, therefore, the terminal
voltage in a variable speed application, without the need for armature field weakening.
Through the disconnection of the field voltage, it also offers the potential to remove the
generation capability in the event of a critical fault. The same engineering challenges
remain in securing the rotor windings at high speed. Furthermore, a controlled thyristor
converter is selected — over a diode rectification unit — to control the load power factor
since the synchronous reactance is high (above 0.5 p.u.), limiting the machine’s ability to
deliver the required maximum power under passive rectification [3]. The design of the

machine must, therefore, be carefully considered if a passive rectifier is to be utilised.

The major thermal challenges when embedding an electric machine within a gas turbine
are being overcome through the development of high temperature superconducting
machines [18]. Heat generated by operating the machine, combined with the ambient
temperature within the gas turbine, can push temperatures up to and beyond 450 °C [19],
dependant on the area of the gas turbine considered. Advancements in high temperature
technologies allow current and future research to be considered as an option for
embedded generation within an aircraft gas turbine. Alternatively, significant benefits can
still be obtained through the implementation of new technology as a direct replacement
for current AC generation techniques that remain connected to the auxiliary gearbox of the

gas turbine.

2.2.2 Marine Power Systems
Shipboard power systems are undergoing a radical design change. Electrical technologies
are being implemented to obtain the advantages that these efficient systems and
propulsion means provide. Parallels can be drawn between the aerospace and marine
sectors where maintenance issues are concerned and the removal of mechanical
assemblies is sought. The marine sector endures longer service intervals whilst the
turnaround time in the maintenance of aircraft is much more critical and, therefore,

shorter as a result. The weight saving through the replacement of mechanical assemblies
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with electrical systems is less restrictive than in aerospace, where fuel burn is increased as

weight increases [5].

Traditional architectures for marine systems use separate prime movers for propulsion and
generation. The Type 23 Frigate, developed in the 1980s, was the first to use a combined
diesel electric and gas (CODLAG) propulsion configuration [20]. The diesel engine provides
electrical power under general operation, with the gas turbine engine, connected through a
gearbox, providing boost propulsion for high-speed manoeuvres. The gas turbine creates
significant vibration, so the electrical components of the system are used for noise sensitive

operation. The Type 23 infrastructure is diagrammatically shown in Figure 2.5.
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Figure 2.5: Type 23 Frigate Power and Propulsion System (adapted from [21])

The electricity generated from this system is AC, which is then rectified through a thyristor
converter to provide a variable voltage DC power supply for the DC propulsion motors. The
AC distribution network has a reduced efficiency with twice the amount of distribution

losses than that of a DC distribution system [20].

Conventional ship architectures utilise AC distribution systems consisting of several
generators connected to separate prime movers with a common AC bus network. This was
brought about by the introduction of AC drives and podded propulsors [22] causing the
implementation of technology to require such distribution networks. The power
management system is complex for applications where these propulsors are exploited for

dynamic positioning. The offshore drilling vessel, presented in [22], highlights the
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complexity in the control of AC power systems. The diesel generation units are heavily
loaded by the electrical system in order to maximise fuel efficiency and limit the fatigue
exerted on mechanical couplings. There is little scope for faults due to the system running
close to its design limit. DC distribution systems can provide better controllability due to
the power electronic stage between the generator and electrical network allowing
independent control of power drawn from each prime mover. Work presented in [23]
details the performance of an integrated ship power system model. The 60 Hz, 450 V, AC
distribution system is powered from two independent auxiliary gas turbine power plants,
offering survivability. These are supplemented by two other gas turbine generator units
that provide the main electrical propulsion. Both propulsion power trains are rectified and
inverted with PWM control to provide variable speed operation. Similar to the Type 23
frigate discussed, there is also a DC bus network to serve the DC loads. As with the AC
distribution system, there are two network buses, one on the port side and one on the
starboard side of the ship. These provide the necessary redundancy in the event of a fault
on either bus. The loads are connected to both of the buses and can be switched in
independently to control the loading on each bus or continue operation under bus fault

conditions.

Zonal power distribution systems are an area of current interest and they can be AC or DC.
However, the future is perceived to be the widespread implementation of DC electrical
networks on ships. The zonal networks act to provide separation and a degree of fault
tolerance for survivability [24]. The zones are divided into watertight bulkheads [9], where
the flexibility of the electrical network allows the loads and generators to be situated in the
most suitable location, saving space for weaponry or payload. The benefit of the DC zonal
architecture over traditional AC distribution networks is the removal of large switchgear
and other magnetic components, which add considerable size and weight to the system.
One study predicted the construction cost savings through the implementation in more-
electric ships of $1.4 million per ship for large naval vessels, with a significant proportion of

that coming from savings in labour and materials [24].

Suitable generation methods for the DC zonal system are undefined, with many approaches
available. Fault tolerance is a factor that affects the decision in selecting generator/motor
topologies. Standard three-phase architectures can be designed with fault tolerance.
However, the redundancy of such machines in more critical fault conditions is an issue.

Several advantages for using a multiphase machine topology are outlined in [25], which
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underline the high suitability for this technology in marine applications. For a high phase
number induction machine, the torque reduction is considerably less when an open-circuit
winding fault occurs. Some de-rating of the machine is required because the stator loss in
the remaining healthy windings are increased but, again, as phase number is increased, the

de-rating is comparatively much lower [26].

Electrical networks on-board ships remain similar to those of aerospace, with a wide
number of technologies employed dependent on military or civil application. For instance,
as previously identified, the Type 23 Frigate has a DC bus network but predominately uses
the AC network for propulsion power, with localised rectification units providing the DC
power to the PM machines. The exclusive use of DC power networks for future naval ships
is proposed by [27] which provides experimental research into a testbed for a medium
voltage (500 V) zonal DC power system on-board a ship. Both generators used in the
system are synchronous machines, the higher power rated generator being wound-field.
The ship propulsion system is emulated whilst a high peak power weapon system load is
also incorporated. A multiphase synchronous generator would offer the same balanced
system performance with the voltage droop from high peak power weaponry counteracted
through the same control strategies. However, the torque rating for the propulsion and the
fault characteristics can be improved. Under open-circuit fault conditions, a multiphase
synchronous motor can still self-start with the loss of one or more phases (dependent on
the total number of phases), where a three-phase variant would require an external means
of starting [28]. An additional benefit of shipboard propulsion is the amount of torque that
can be produced per RMS amp of current, which is moderately increased for the
multiphase variant when compared with the volumetric equivalent three-phase generator

[29].

As an example of the electrification of civil and defence marine vessels, the rim-driven
electric thruster project commissioned by Rolls-Royce [30] was seen as a direct
replacement to azimuth thrusters and enabled the removal of the axial driveshaft and
gearbox. This project provides an insight into the cross-sector approach towards removing
mechanical and hydraulic components in favour of electrical derivatives. Further parallels
can be drawn with the aerospace sector as the move toward DC electrical distribution
networks is made. This will eliminate reactive volt drops and allow the complexity of the
distribution control system to be reduced. The weight savings are not limited to those

made through the exchange of mechanical and hydraulic loads for electrical variants. The
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connection of these devices through an electrical power distribution system has a reduced
size transmission means. Moreover, the connection of a DC distribution network,
compared to AC, allows further weight savings to be made through the reduction in cable

cores and cross-sectional area required to transmit the same current.

2.2.3 Automotive Applications
Unlike aircraft or ships, the architecture for standard production motor vehicles has, as a
whole, changed very little. The internal combustion engine remains dominant for means of
propulsion even though it has a poor efficiency [31]. Electric motor drives are relatively
under-used, however, hybrid variants are gaining a greater market share. Vehicles for
commuter use, such as buses and taxis, have seen the most radical developments but no
standard platform has been devised. The optimal motor and generator technology used for
this application remains inconclusive [32] but the methods used have successfully reduced
carbon dioxide emissions, with the Toyota Prius, for example, achieving a CO, output of
104 g/km [33] compared to the average 210 g/km produced by the cars which the Prius

replaced.

There are two main architectures currently used in hybrid electric vehicles, although more
complex variations of these configurations are being developed and implemented. The first
is the series hybrid electric vehicle, which has an electric drive train providing power to the

drive wheels, depicted in Figure 2.6.
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Figure 2.6: Series Hybrid Electric Drive Train Architecture (adapted from [34])

The series hybrid drive train operation depends on the driver input and driving cycle. For
low-range, low load journeys, drive can be supplied from the energy storage unit (usually
batteries). Under heavier load, the engine provides electrical power to drive the wheels
and the stored energy is not utilised. At peak load, however, the electrical power derived
from the engine and the energy storage are used together to power the motor. Under

braking, energy can be recovered from the motor and stored. The energy storage can also
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be topped up from the engine under low load conditions and also when plugged into a grid
connection. The great benefit of this type of drive system is that the mechanical coupling is

minimal and, as a result, weight and maintenance requirements can be reduced.

The second is the parallel hybrid, shown in Figure 2.7, which couples the mechanical and

electrical drives to provide power, similar to the CODLAG system discussed earlier.
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Figure 2.7: Parallel Hybrid Electric Drive Train Architectures (adapted from [34])

This type of architecture offers benefits over the series hybrid drive train through the
utilisation of both the engine and electrical motor providing torque to the drive wheels and

the compact design as a result of removing the separate generation module.

Generator technology currently utilised for hybrid electric vehicles mainly involves power
dense, water cooled PM machines [32]. The torque per unit volume and efficiency provides
a good solution for hybrid public service vehicles. However, as previously identified, the
cost of rare-earth magnetic materials [35] is a major factor affecting the use of this
technology. A wound-field synchronous machine could provide the generation and drive
capabilities required in this application. The lower voltage, higher current demand of
traction motors is ideally suited to multiphase machines. The wound-field can act to control
the voltage level over a wide speed range in the series hybrid architecture, where the
control of a PM machine for this purpose is complex. From a safety perspective, the ability
to remove the field allows the generator to become passive in the event of a fault.
Furthermore, the higher torque density of a multiphase machine would provide weight and
space saving compared with the traditional three-phase variant but also offer cost savings

in the converter ratings and a higher degree of redundancy.
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2.3 Multiphase Machines

Multiphase machines are not a new technology, having been generalised in a number of
textbooks [6, 36] and the focus of journal review [7, 28, 37]. The way in which the

multiphase machines are presented differs, as described in the following sections.

2.3.1 Split-phase Machines
A split-phase machine is one of the most popular choices for multiphase machine
topologies due to its relative simplicity in achieving a higher phase number from a standard
machine topology. For instance, [38] describes a split-phase machine where groups of
three-phase windings are separated, through their individual star points, within the
generator to create a three-, six-, nine- or 12-phase generator, depicted in Figure 2.8. The
slot distribution of the coils is asymmetrical, with the phase belt being split by 2, 3 and 4,

arising in the 30°, 20° and 15° separation in each case, respectively.
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Figure 2.8: Split-phase Machine Stator Winding Phasor Representation

The split-phase machine offers some of the advantages of a multiphase machine, such as
improved air-gap field and lower torque pulsations in rotor circuits [38, 39]. Each set of
windings can supply, or feed from, a three-phase converter depending on the respective
generating or motoring operation required [40]. The ratings for the power electronic
components, and therefore cost, can be reduced with this type of machine topology,
showing suitability for use in transportation applications. In the event of open-circuit phase
faults on the generator or power converter, the split-phase architecture can switch out the
remaining phases of that three-phase system to prevent excessive DC ripple magnitude,
reducing the 12-phase machine to a nine-phase machine, for example. Work carried out in
[41] assesses the normal operation and open-circuit fault performance of a split-phase
generator comprising six output phases, for shipboard power systems. The effect of losing
one diode in the three-phase rectifier unit has a profound effect on the generator

performance, which feeds into the system as a whole, particularly the electromagnetic
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torque ripple. For the six-phase generator supplying the input to the dual three-phase
rectifier, the DC output side shows significant improvement under open-circuit diode fault
conditions. The generator is dual star-connected, suggesting that an open-circuit fault in
the generator would exhibit the same performance degradation as the open-circuit diode
condition. The DC ripple voltage is considerable for both the three-phase and split-phase
machine, a greater ripple reduction could be achieved through a further increase in phase

number.

2.3.2 Symmetrical Multiphase Stator Machines
The other type of machine to feature an extension of the three-phase architecture is the
symmetrical multiphase variant, which houses a single set of m-phases within the stator.
There can be any number of windings present, however, the required rating and geometry
of the machine usually governs what is cost effective and practical. The type of machine
that can exploit a multiphase stator winding is not restricted, with induction, synchronous

and variable reluctance all having been studied for multiphase operation [7, 37, 42].

Figure 2.9: Symmetrical Multiphase Machine Stator Winding Phasor Representation

Multiphase Synchronous Generators
Synchronous generators are prevalent in the power generation industry where high
efficiency and robust power generation is required. The use of multiphase synchronous
generator units is not widely established due to the restrictive nature of the developed
transmission infrastructure. However, as power electronic technology develops, the move
from AC to DC, in particular HVDC transmission, can be facilitated and the benefits offered
by multiphase synchronous generators, outlined in this section, can be exploited in new or

replacement generation units.

Current areas where multiphase synchronous generators are utilised are limited, with the
developments being described in Section 2.2. One area of technology currently being
widely implemented and receiving UK government funding is renewable energy in the form

of wind and tidal power. Since the connection of these devices is offshore, the transmission
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method for near future applications is perceived to be HVDC. At present, the use of
multiphase generators has been proposed to provide control to the offshore wind turbine
array [43]. This paper also highlights that the power electronic converter device ratings can
be greatly reduced since the current carrying capability is shared across more phases for
the same power rated machine. In all applications, this will reduce acquisition cost, costs

associated with the thermal control of devices and the improved longevity of the devices.

Work contained in [44] investigates the performance of a three- and five-phase permanent
magnet generator for the production of DC power in wind applications. The generator is
connected to a diode rectifier which has filter capacitance on the DC side and a resistor-
inductor load connected to the output. Normal operation along with single and dual open-
circuit phase faults are evaluated for torque ripple and the effects on the ACand DC
behaviour. The faults occur in the phase windings only and the capacitance on the DC side
helps to improve the pk-pk ripple characteristic. The simulation and finite element analysis
(FEA) results are validated through experimental testing conducted on a low power 700 W
machine. The capacitance required for the three-phase DC smoothing is considerably larger
(2200 pF) than the five-phase generator-rectifier system (470 pF) under normal operating
conditions. The efficiency of the system remains higher in the five-phase generator for both
single and dual open-circuit faults when compared with the three-phase generator under a
single open-circuit fault. Both machines are star-connected which will effectively open-
circuit the diode path also. For both failure modes, the copper losses in the machine
exceeded rated values and, therefore, de-rating of the generator would be required to

sustain the fault over a period of time.

Comparisons are drawn in [45] on a machine that can be configured as a symmetrical 12-
phase brushless DC (BLDC) PM synchronous machine or a double-star six-phase machine,
both providing DC output. The double-star machine is full-wave rectified, whereas the 12-
phase topology is only half-wave rectified, which would be unacceptable for aircraft
applications [46]. The distinct advantage of the 12-phase machine is the reduction in diode
losses at the expense of increased generator copper losses. However, the comparative

savings in diode losses justify these increased copper losses.

2.4 Prior Modelling Techniques

Many of the papers discussed in this literature review contain some element of computer

modelling in order to prove a concept. The approaches vary in modelling techniques,

47



assumptions and programs used. Many textbooks offer code [47, 48], MATLAB Simulink
diagrams [49] or dedicated chapters detailing modelling techniques to provide a platform
for the modelling of machines and systems [2, 50]. The two-phase equivalent d-q axis
approach has been established as the most suitable method for the dynamic modelling of
electrical machines since its inception in 1929 [51]. It is particularly efficient as the phase
number increases beyond the typical three-phase architecture, retaining the time-stepped

computation as a two-phase equivalent.

As computer programs have advanced, the ability to utilise other modelling techniques has
become apparent. Three-dimensional, and time-stepped, finite element analysis provide
highly detailed information on the internal distribution of the electric field, as well as the
machine behaviour with a defined load connected. For example, in [45] the proposed 12-
phase PM BLDC machine is configured in a finite element modelling package, whilst the
dynamic circuit model is also simultaneously computed as the flux linking the stator varies
with angle. This is a very data intensive approach, requiring substantial computing power
and a detailed knowledge of the exact electromagnetic and geometric structure of the
machine. As phase number increases, the memory requirements in this method of
modelling become substantial. The flux linking each coil must be individually calculated as

time elapses, making it inefficient for the study of reconfigurable multiphase machines.

The modelling of multiphase synchronous generators is usually application based with [52]
providing a generic shipboard model for purposes of evaluation. The proposed generator is
a split-phase design with a 12-phase generator being constructed from four, separated
neutral, three-phase winding sets connected to four, three-phase rectifiers. For purposes of
experimental validation, not undertaken in the paper, the use of four, three-phase diode
bridge rectifiers is suitable because of their wide commercial availability. For utilisation in a
reconfigurable multiphase system, the benefit of having separate three-phase diode
packages reduces overall system cost for voltage and current ratings whilst maintaining the
flexibility. In high current applications, and where the phase number has been reduced, the
thermal constraints for the diode rectifier can be met by separating the generator output

to individual diode packages.

2.5 DC Distribution Networks

The use of higher voltage DC electricity is making a return after the prolonged domination

of AC electricity, particularly in transmission networks [53]. This move is facilitated by the
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advancement in power electronic devices, being developed to withstand higher voltage and
current levels demanded in modern applications, and the current development of
technology capable of safely breaking high DC currents [54], which at present is at a voltage
level suitable for aircraft. Technical challenges are still being faced in the breaking of DC

current at high voltage levels.

The test system used in the POA project [15] was modelled using a 350 V DC power
network from which the oil pump, fuel pump and inlet guide vane loads were powered
[55]. Current DC electrical networks, found almost exclusively in the defence sector, are
typically rated at 270 V DC [13] as a result of standard aerospace generator AC voltages
being rated at 115 V. Work carried out in [56] outlines the performance of a DC distribution
network in comparison with conventional systems. The results are evaluated against MIL-
STD-704F [46], which specifies a +10 dB/decade distortion amplitude up to 1 kHz, -

20 dB/decade beyond 5 kHz and -40 dB/decade after 50 kHz for harmonic distortion. The
voltage droop characteristics of a 270 V DC aircraft power networks are specified to be
within 250 to 280 V with a maximum ripple magnitude of 6 V. The system presented in [56]
showed significant improvement in the mitigation of supply distortion. However, except for
extremely high frequency amplitudes, the distortion was within MIL-STD-704F tolerances

prior to the engagement of the technology.

The intelligent electrical power network evaluation facility (IEPNEF), developed at the
University of Manchester in conjunction with Rolls-Royce, emulates an unmanned aerial
vehicle (UAV) application and utilises a 540 V DC bus [57]. In comparison to the POA
developed test-rig, the IEPNEF has a gas turbine emulation, with the LP spool and HP spools
represented by different motor topologies. The generator unit, used to provide the DC bus
network, is a five-phase PM machine rated at 70 kW. The generator output is rectified
using single phase H-bridge converter units. This ensures that the current drawn from the
generator is sinusoidal and allows the DC bus to be controlled. This approach guarantees
the power quality of the DC bus network whilst maintaining efficiency in the generator.
However, the problems associated with the control of power electronic devices can be
exacerbated in extreme environments [58]. Switching signals are highly susceptible to noise
and the proposed environment of a gas turbine engine will incur electromagnetic

interference.
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2.6 AC to DC Rectification

In the previous sections, the move towards the electrification of aerospace, marine and
automotive vehicles has been discussed. Much of the technology being developed and
implemented relies on input power being rectified from AC to DC locally, for example
aircraft electro-mechanical actuators (EMA), used on the A380, require local rectification
for the DC drive. It is clear that there is a requirement for the conversion of AC electrical

power to DC and there are a number of techniques available.

Diode rectification is the most common and cheapest solution in the conversion of power
from AC to DC. As voltage and current handling capabilities increase, the diodes become
more expensive. However, they require no form of control, thus saving on the cost of a
separate control unit necessary for thyristors and other controllable semiconductor
devices. On-board aircraft, diode rectifiers are used in the transformer rectifier unit (TRU)
[13] to provide a stepped down 28 V DC supply for auxiliary control and avionics. These
TRUs produce a large amount of heat, since they are specified to provide large amounts of
current. Methods are presented in [59] to provide improved diode rectified TRUs for use in
converting AC voltage from 115 V to DC at a level of 270 V. This would better utilise the
TRU but require a DC-DC converter to provide a 28 V DC power offtake. Diode rectifiers can
also be found in almost all automotive vehicles since the on-board alternator must provide

DC power to charge the battery and supply power to auxiliary equipment after starting.

Switchable devices such as thyristors, insulated gate bipolar transistors (IGBT) or metal-
oxide-semiconductor field effect transistors (MOSFET) all have very different characteristics
due to their semiconductor construction, not explored here. These devices can be
beneficial compared to diodes depending on their application. In automotive applications,
energy recovery is used during reverse power flow, under deceleration, for example. This
requires a bi-directional power flow and diodes cannot support this, whereas using a
number of switchable devices can allow power to flow in both directions. The charging and
discharging of the battery must be carefully regulated to avoid deep cycling and
overheating issues occurring. Work presented in [60] shows a number of modes where an

IGBT converter provides or accepts power from the DC link.
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2.7 Summary

This literature review has identified areas within the transportation sector where
adaptation and improvement of current more-electric technologies can be applied. It is
evident that the efficiency, maintenance and cost can be improved upon through the use of
electrical systems in aerospace, marine and automotive applications. Civil aerospace has
already made the move toward more-electric aircraft (MEA) with current and future
electrical generation systems outlined as electrical loading on-board aircraft increases. In
marine applications, the more-electric ship is undergoing constant review as technology
matures. The type of electrical machine employed is still open for consideration and there
is ample evidence to support the use of torque dense multiphase machines. Automotive
applications can also exploit the multiphase machine, where lower voltages and higher
currents are required for traction drives. The speed range over which some of these
systems can be operated can be improved through the use of wound-field machines,

allowing control of the voltage level.

The types of multiphase machines available were discussed with comparisons drawn
against the technologies. Split-phase machines provide a multiphase output through a
multiple of three-phase winding sets. However, under fault conditions it is common to
switch out healthy phases in order to maintain the DC performance. The symmetrical
multiphase machine offers the best method of providing redundancy and power density for
use in safety critical applications such as aircraft but incur greater construction costs as a

result of the non-standard construction methods.

The computer modelling of electrical machines can be undertaken through a number of
methods and with a number of programs available. It has been identified that time-stepped
finite element modelling would be very slow for a reconfigurable multiphase generator
and, as such, standard circuit modelling techniques will be used to ascertain the generator
dynamic performance. Static finite element modelling can be advantageous in the
investigation of the internal flux distribution of the generator and losses occurring for given

load conditions.

The proliferation of DC power networks has been briefly discussed. The advancement of
technologies used in high-voltage DC (HVDC) transmission has had wide reaching benefits

across a number of sectors. Standards and requirements for the use of DC power in
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defence aerospace applications were presented. The process of achieving DC power from

an AC system was also presented, highlighting the technology currently used.

Taking into consideration the findings of the literature review, there are sections where
there is scope for development. Although there is considerable literature available
concerning the modelling, construction and use of multiphase motors, there is very little
regarding generators, in particular synchronous generators. This type of machine, in its
three-phase form, is used extensively in industry for the reliable generation of power and it
is clear that there are significant benefits to be gained from increasing the phase number.
In aerospace applications, synchronous machines are widely used and already certified.
Compared with a PM generator, a wound-field machine would provide voltage regulation
over a wide speed range and offers a means of removing the generation capability in the
event of a critical fault. In order to move toward DC power distribution systems on-board
aircraft, and in marine applications, the ability to convert the AC power must be realised.
The most cost effective way of achieving this is through the use of power diodes, which
would have a reduced rating and increased longevity in multiphase systems. Diode
rectification also offers simplicity, with no need for associated control and gate drive
circuits. This thesis studies a multiphase synchronous generator with diode rectification to
ascertain how phase number, connection topology and winding design affect DC power

quality and generator losses for use, primarily, on-board aircraft.
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3.1 Introduction

Mathematical modelling provides an opportunity to design and simulate a component or
system based on envisaged or tangible data: ‘A model is a representation of a theory that
can be used for prediction and control’ [49]. At present there are a plethora of computer
programs available that use established techniques to model all aspects of engineering.
Some programs have the capability to model mechanical and electrical systems within the
same environment, allowing the electro-mechanical interactions to be evaluated. However,
most programs exist to provide highly detailed information on some aspect of a system

design, finite element analysis (FEA) detailed later in Chapter 4, for example.

Modelling the internal electrical behaviour of a generator, discussed in Chapter 4, can
quantify the electromagnetic components through a fixed current solution based on the

geometry of the machine. However, it is often required that a full system is dynamically
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modelled, including input, control and output elements. Components connected on the
output side can have their behaviour affected by the intrinsic qualities of the electric
generator. However, they can also have a significant effect on the generator itself, drawing
non-sinusoidal current due to switching effects, for example. Unlike finite element
modelling (FEM), the circuit model provides a time varying solution through fixed magnetic
circuits. The dynamic modelling of the entire system is required to allow the effects of

components connected at the output side to be evaluated.

Generalised machine theory is based on the differential equations that describe a
machine’s electrical circuits. The equations are consistent in textbooks in the three-phase
domain. However, the mathematical modelling techniques are defined with some variation
in conventions [2, 49, 50]. The key difference, in terms of computing power and execution
time, is the choice to resolve the differential equations to a two axis equivalent, converting
a three-phase system to an effective two-phase reference frame. This reference frame
does not physically exist on the stator side and, therefore, the three-phase stationary
reference frame is preferred for directly comparing simulation and experimental results.
The fundamental benefit of applying this method, however, is the ability to reduce the
complexity of the system by decreasing the number of differential equations that require
computation. Furthermore, the ability to resolve the new two-phase coordinate system to
a synchronous reference frame removes the angular dependence of the inductance
involved in the machine equations. The methodology employed in the mathematical
modelling of the synchronous generator utilises the two-axis theory and is detailed in this

chapter.

This chapter covers the development of a dynamic simulation model in MATLAB Simulink,
including the verification and validation of the simulation output for the three-phase
machine, before extending to higher phase numbers. Each generator model can then be
expanded upon to include a passive power electronic converter to rectify the AC power
output. Validation results are based on tests carried out on a Cummins BCI162G generator

whose parameters are given in Appendix 7.4. Testing of the system is covered in Chapter 5.

3.2 Three-phase Mathematical Model

3.2.1 Introduction
The three-phase synchronous generator is well documented due to its popularity in power

generation, owing largely to its high efficiency and reliability [61]. The mathematical
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modelling principles remain the same for generators in the 10 — 100 kW range as those for
large scale generation, 10s of MW. However, the per unit parameters for large scale
generators differ from the smaller scale units, requiring careful consideration of simulated
tests to enable the data output to be evaluated. Large generators, with a higher pole
number, have a longer sub-transient time constant under short-circuit fault conditions,
allowing them to be fully characterised [53]. However, as the physical size of the generator
is reduced, the relative resistance increases, giving faster transient effects resulting in

difficulty in measuring the sub-transient time constant.

3.2.2 Construction of the Simulation Model
Construction of the generator dynamic circuit model was carried out in MATLAB Simulink
(version 7.5), a platform extension to the general purpose MATLAB (R2010 version 7.10)
software, which is capable of mathematically representing a system from any engineering
domain. Modelling a synchronous generator requires no specialist toolboxes to be installed
since the dynamic behaviour can be fully described with the mathematical equations
linking flux, voltages and currents within the machine windings. The Simulink platform
provided the advantage of a visual approach, with each section of the model well defined
for purposes of evaluation. The electrical equation that describes the generator, in its

simplest form, is shown in Equation (1).
v=[Rli+—[¢] (1)

where V and i are the instantaneous values of voltage and current, respectively, [ R]is the

matrix of resistances and [gp] is the matrix of time-dependent flux linkages.

The dimensions of the matrices involved are dependent on whether the stator variables are
retained as three-phase variables, as discussed in [2, 49, 50], or transformed to the d-q axis
reference frame. Further simplification can be made by referring the transformed variables
to the synchronous (rotational) reference frame, removing the angular dependence of the

inductance terms in the machine equations.

The mathematical model is configured to provide a current output from a voltage input,
therefore, re-arrangement of the machine equations is required to facilitate this. The
matrices are separated into their respective derivative and rotation dependant component

parts, which leaves two current vectors, one of which is in derivative form. To avoid
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algebraic loops and maintain accuracy, the matrices are further arranged into integral form

with the state-space representation providing a suitable solution, shown in Equation (2).

~ dt~ (2)
i=[(IBT"v~[BT[Ali)dt

where a vector column is denoted by the embellishment X (X is an arbitrary variable) and
the construction of matrices [ A] and [B], which can be observed in Figure 3.1, are

provided in Appendix 7.7.

The manipulation of the matrices into the form of Equation (2) is facilitated by separating
the component parts. The B matrix comprises the constant inductance coefficients which
can be implemented as a MATLAB pre-processor script, allowing the inversion to be done
as a single instruction. The A matrix is more complex and requires information regarding

the angular speed of the rotor. Consisting of the rotational matrix, G, and the resistance
matrix, R, the values were input as a MATLAB script and multiplied out in Simulink as

shown in Figure 3.1, reducing the required computational power for simulation.
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Figure 3.1: MATLAB Simulink Implementation
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The output current is responsible for the development of electromagnetic torque, which

relates the electrical model to the mechanical rotational input.

The electromagnetic torque is calculated using the d- and g-axis currents to satisfy

Equation (3).
Tom = PPX(Psly — P4y ) (3)

The mechanical model is simplified to the main equation of motion to determine speed,
which in turn is fed back to the state-space model to determine the current generated and
thus the electromagnetic torque. Equation (4) rearranges this in integral form, as used in

the model.

T d a)rm

mech —

~T,, +Da,, +J,
. )
Oy = J_I(Tmech +Tem - Da)rm ) dt

r

where Tmech is the mechanical torque, D is the frictional damping, Tem is the
electromagnetic torque developed, Jris the rotor inertia and o, is the rotor mechanical

speed.

The negative sign of the electromagnetic torque in Equation (4) shows that the machine is
acting as a generator. In the simulation, the mechanical torque is linked to the speed
through a proportional-integral controller which acts to best maintain the input shaft at
synchronous speed, shown in Figure 3.2. In aircraft applications, the mechanical torque to
the generator would be provided by the gas turbine engine, which would have its own
dynamic behaviour. For full system simulation, the gas turbine’s dynamic spool behaviour
could be incorporated at this stage to fully model the interactions between the generator
and the gas turbine. For simulated slip and short-circuit transient testing, the speed of the
rotor was allowed to vary. For all other simulated conditions, the speed control loop was
removed and fixed, synchronous speed was imposed. Experimental torque measurements
were not recorded due to the absence of a working torque transducer on the test-rig. This

has been identified for future investigation.
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The automatic voltage regulator (AVR) is an electrical control algorithm that acts to keep
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Figure 3.2: Constant Speed Drive Model

the output voltage of the generator at a constant value. This is implemented as an

electronic controller on the physical generator, which uses the terminal voltage magnitude

as an input signal and compares with a reference value before modifying the field voltage

to maintain the terminal voltage level. The AVR is implemented in the simulation model as

a proportional-integral control to maintain the field voltage level, shown in Figure 3.3. This

is not a full representation of the physical AVR and does not represent the dynamics of the

system. Under experimental test conditions, the AVR was disabled and the field was

supplied with a constant voltage source through slip rings.
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Figure 3.3: Simulation Model AVR

The full simulation model can be found in Appendix 7.6.

£
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3.2.3 Model Assumptions and Final Model Equations

The mathematical modelling is limited by the detail describing the electromagnetic
interactions. In order to ensure performance and accuracy when modelling the

synchronous generator, the following assumptions were made:

Magnetic saturation effects are assumed negligible, allowing superposition to be
applied to the magnetic circuits within the machine model. A linear flux-current
relationship is therefore assumed

Stator and rotor windings are assumed to be sinusoidally distributed, ignoring
winding harmonics

The saliency of the machine takes into account the 26 terms but not higher order
terms

Rotor self-inductances are assumed constant, neglecting variation of rotor
inductances with angular position

Model parameters are assumed to be the same for fully- and short-pitched

topologies

These assumptions are explored in the following chapter, see Section 4.4.

The final model equations relating the d-q voltages, currents and inductances are shown in

Equation (5) in the synchronous reference frame. The matrix is split into its component

parts with the A matrix consisting of the resistances and rotational components and the B

matrix comprising the constant inductance coefficients, described in Appendix 7.7 and
depicted in Figure 3.1. The three-phase variables are transformed to d-q coordinates

through the Clarke transform using the constant power convention, which is available in

textbooks [50, 62].

where subscripts ds and gs are the d- and g-axis stator variables in the synchronous

reference frame, respectively, kd and kq are the rotor damper windings, f is the field

winding and p is the operator d/dt.

_Vds ] _RD + I-D p _LQa)f Lmd p _Lmqa)re Lmd p | _ids
Vqs I-D a)f RQ + LQ p Lmd a)re Lmq p Lmd (!)f iqs
de = Lmd p 0 de + Lkd p 0 Lmd p id
qu 0 Lmq p 0 qu + qu p 0 iq
Vs ] Loa P 0 Loa P 0 Ry +L¢p | i

(5)
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The parameters used in the three-, five- and 15-phase dynamic circuit models contained in

this chapter are shown in Table 3.1.

Table 3.1: Model Parameters used in Simulation

Three-phase Five-phase 15-phase

Stator Resistance Rpo,Rq Q 0.4316 0.2590 0.0863
d-axis Damper Resistance Ryq Q 0.1560 0.0936 0.0312
g-axis Damper Resistance Riq Q 0.1731 0.1038 0.0346
Field Resistance Rs Q 0.3050 0.1830 0.0610
d-axis Stator Inductance Lo H 0.0711 0.0427 0.0142
g-axis Stator Inductance Lo H 0.0348 0.0209 0.0070
d-axis Magnetising Inductance Ly H 0.0691 0.0414 0.0138
g-axis Magnetising Inductance L H 0.0328 0.0197 0.0066
d-axis Damper Inductance Liq H 0.0702 0.0421 0.0140
g-axis Damper Inductance Liq H 0.0337 0.0202 0.0067
Field Inductance L¢ H 0.0746 0.0447 0.0149

3.2.4 Verification against Standard Models
Prior to undertaking the modelling of a multiphase synchronous generator, the three-phase
model was verified using an industry standard modelling package and later validated
against the physical output of the machine that the model replicated. Some comparisons
can be drawn from the characterisation tests undertaken, covered in Appendix 7.4, which
were also simulated. These highlighted the similarities in the machine’s performance under

transient conditions with the simulated prediction of its behaviour.

The SimPowerSystems toolbox in MATLAB allows the modelling of generation, transmission
and distribution networks and contains a standard model of a three-phase synchronous
generator. The model in Section 3.2.2 differs from the SimPowerSystems standard model,
which uses different conventions on machine parameters and input connections to define
the underlying mathematical model. Both models were configured in the same manner for
the characterisation test, as described in Appendix 7.4, as they were for the loading tests
described herein. The mathematical model and SimPowerSystems model could be

simulated simultaneously and the outputs transferred to Excel for post-processing.

The load utilised in the simulation was based on a bank of resistors available for laboratory

testing, connected in parallel to give a total 13 Q resistance. Both machine models provide
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a current output from a voltage input, therefore, a gain block was used to compute the
voltage drop across the load resistance. The same AVR was used in both cases and was set
to provide a terminal voltage of 380 V. The results from both models are displayed in Figure

3.4 and Figure 3.5 under steady-state and transient effects, respectively.
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Figure 3.4: Devised Model vs. SimPowerSystems Figure 3.5: Devised Model vs. SimPowerSystems
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The steady-state currents drawn from both models are consistent for the 13 Q load
applied. The steady-state voltage and, therefore, power drawn by the load, also match as

shown in Table 3.2.

Table 3.2: Comparison of Simulation Model Outputs

Simulation Model SimPowerSystems Model

Current (A.) 23.875 23.872

Voltage (Vi) 310.369 310.335

Three-phase Power (kWgys) 11.116 11.114

Field Voltage (Vpi)* 17.92 14.63

Field Current (Ag)* 35.51 28.99

Speed (rpm) 314.159 314.159

Torque (Nm) 36.370 36.362

*Note: The field voltages and currents differ by a factor of \ (3/2) due to the use of the

constant magnitude convention in the SimPowerSystems model.

The SimPowerSystems synchronous generator model is developed using the American
standard for defining the two-axis theory, where the g-axis is aligned with the a-phase. The
result of this is that the d-g model outputs are separated by 90°, which can be corrected for

by subtracting 7z/2 from the angle applied to the Clarke transform.

Evaluating the devised model against an industry standard model provided confidence in

the configuration and implementation of the mathematical model for the three-phase case.
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SimpowerSystems does not provide a multiphase model. Prior to extending the devised
model to a multiphase case, validation that it could accurately predict the physical

behaviour of the laboratory machine was required.

3.2.5 Validation against Experimental Results
Open-circuit and generator loading tests showed close correlation between results sets,
confirming those presented in Table 3.2. Further experimental characterisation results are
given in Appendix 7.4. The dynamic behaviour of the experimental machine differed slightly
under test conditions, highlighted in Figure 3.6. The simulated peak values for the short-
circuit transient test were initially lower than that achieved in experimental testing. The
assumption is made that this is due to linear magnetic circuits in the model. There is,
however, good correlation between the sub-transient and transient decays to steady-state,

underlining the reactances being correctly estimated from Appendix 7.4.
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Figure 3.6: Experimental vs. Simulation Model Short-circuit Behaviour

The agreement between results from the steady-state and transient fault behaviour of the
generator provided confidence in the dynamic circuit model to proceed with extending it to
a multiphase model. Further characterisation results for the three-phase model can be
found in Appendix 7.4, where tests highlight the model performance under transient
conditions. Accurate representation of the transient behaviour is important for recreating

the commutation effects in the diode rectifier.
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3.3 Extension to Multiphase Model

3.3.1 Introduction
The three-phase model was extended to create a multiphase synchronous generator
model. The principles involved in creating a multiphase model were fundamentally the
same, transforming m-phases to a two-phase equivalent, described in further detail in [6].
This greatly simplifies the mathematics involved in inverting the inductance matrix, which,

again, can be completed prior to simulation in a MATLAB m-file script.

Applying the Clarke transform, the three-phase model simplified to the fundamental d- and
g-axis components with a zero sequence component present, where supply harmonics map
to the fundamental or zero-sequence. Extending to more than three phases creates higher
order d-g sets, and supply harmonic components map to the fundamental, third, fifth, etc.
in d-q pairs. Under balanced load operating conditions, the harmonic content of a
synchronous machine supplying an AC network is minimal. However, when considering
non-linear loads and machine faults, it is necessary to examine the harmonics as they can
create losses and pulsating torque, affecting the behaviour of the machine. Since the
generator will be connected to a rectification stage, the load experienced by the generator
will appear non-linear due to the switching elements, giving rise to non-sinusoidal voltages
and currents. The extended Clarke transform retains the advantage of being defined in a

pre-processor script and can, therefore, be embedded in Simulink for matrix multiplication.

cos(0) cos(y) cos(2y) - cos((m-1)y)
- sin(0) sin(y) sin(2y) -+ sin((m-1y) .
V, Va
Vv, cos(0) cos(2y) cos(4y) - cos(2(m-1)7) || Ve
V, V.
V,, |= % sin(0) sin(2y) sin(4y) - sin(2(m-1)y) ||V, (6)
V., Ve

cos(0) cos(3y) cos(6y) -+ cos(3(m-1)y)
v, | Vi

11 1 1
'z 7 & 72

where y is the phase displacement 2z/m, m being the phase number.
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It can be observed from Equation (6) that the power invariant form has been used for an
odd number of phases. The power in the multiphase reference frame is the same as that in

the d-q reference.

Implementation in MATLAB Simulink is relatively straightforward when extending from an
established three-phase model. The extended Clarke transform, described above, is used to
create the fundamental d-q axis voltages and higher order harmonic d-q pairs in the X-y
plane. The fundamental elements are used, along with the damper winding and field
voltage components, as the input for the state-space model, detailed in Section 3.2.2, after
undergoing the Park transform [51] to remove the angular dependence of the inductances.
The harmonic and zero sequence parts do not undergo this rotational transformation and
therefore require separate computation. Balanced harmonics other than those of order
2mz1 that are present in the system, map to the X-y planes and follow the leakage path,

described by Equation (7).
i =7 [(v—[RIi)dt (7)

where Ljs is the leakage inductance, R is the stator resistance and V and i are the higher

order voltages and currents up to, and including, the zero sequence, respectively.

The output of the state-space model gives the fundamental d-q currents, damper winding
currents and also the field winding current based on the assumption that the machine is
sinusoidally wound. These outputs must be combined with the harmonic currents
calculated through Equation (7) to provide the full solution. In order to recombine the
output currents, the fundamental currents must be transformed back into the stationary
reference frame through the inverse Park transform. Concatenating to form a single
column vector of fundamental and harmonic currents, they are fed into the inverse of the
extended Clarke transform, which transforms the d-q values back into multiphase values.
Once in the multiphase domain, the output can be fed into a resistive load or a non-linear
load such as a diode rectifier, providing application based results. The full MATLAB Simulink

model is shown in Appendix 7.6.

The stator leakage calculation in Equation (7) is based on the overall leakage, which will
change for phase number, machine pitching and higher order harmonics. The slot leakage
comprises the conductor losses into the slot face, which for double layer windings will have

the two conductor losses plus a mutual coupling between them. This mutual coupling
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component will change depending on the pitching of the machine arising in a different
leakage value for the fully- and short-pitched windings. The calculation of such effects is a
time intensive process, discussed in [63], and is beyond the scope of this project. Testing
could be carried out on the three-phase machine for a fully- and short-pitched
configuration and the leakage component found through the techniques discussed in
Appendix 7.3 and 7.4. The end-windings have a considerable effect on the leakage and
machines are designed to maintain short end-winding lengths through the use of
concentric windings. The multiphase generator used for experimental testing is wound
such that the end-windings are of a similar length and, therefore, the contribution to the
leakage path remains unchanged. For higher order harmonic effects, the leakage will be
different. However, as phase number increases, the difference between the fundamental
leakage path and resultant harmonic paths is negligible, therefore, the same value of

leakage was used.

3.3.2 Five-phase Resistor Loaded Generator Results
The three-phase model has been rigorously tested through characterisation, verification
and validation methods culminating in a model that proved dynamically sound. The five-
phase generator was simulated with a fixed 58 Q per phase resistive load to match
experimental testing in the laboratory. The load bank available for experimental testing
was rated at that resistance. The model assumes sinusoidally distributed windings and
constant shaft speed input. The parameters for the simulation model are scaled according
to the phase number, highlighted in Appendix 7.5. The connection method exhibits no
difference in machine performance for a steady-state load such as this and, therefore, only

the star-connected generator will be considered.

As stated in Section 3.2.3, the model will reflect fundamental winding behaviour only and
not the distortion in voltages and currents when the generator windings are not
sinusoidally distributed. Chapter 4 underlines the effects of pitching the double layer

windings and will be investigated further in Chapter 5.
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Figure 3.7: Simulated AC Phase Voltage Figure 3.8: Simulated AC Phase Current

The voltages and currents, depicted in Figure 3.7 and Figure 3.8, respectively, are sinusoidal
in nature due to the model not taking into account the stator winding effects. The voltage
developed at the generator terminals is lower due to the reduction in phase winding turns
and the current through the external resistance is linearly scaled. The dynamic model gives
a good indication of the voltage and current levels that can be achieved when loading the
machine. The simulation results of the full system, including rectifier, are compared with

experimental test results detailed for selected cases in Chapter 5.

3.3.3 Fifteen-phase Resistor Loaded Generator Results
Further extending the generator model from five-phases to incorporate the maximum
permissible 15-phases yields the simulated results contained in this section. Again, the
parameters were scaled to reflect the changes in the generator with the increase in phase
number, shown in Appendix 7.5. This is a simple AC resistor load simulation in order to
verify the model extension before connecting a non-linear rectification device at the

output.
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Figure 3.9: Simulated 15-phase AC Phase Figure 3.10: Simulated 15-phase AC Phase
Voltage Current

The voltages and currents shown in Figure 3.9 and Figure 3.10 are ideal values and thus
have a perfect sinusoidal shape. The phase voltage magnitude has reduced for the same

load resistance due to the machine being designed to have a constant rated power output.
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The 15-phase machine voltage is reduced to 20 % of the original three-phase voltage
output. As a result of the reduced voltage across the same resistance, the current must also

decrease.

3.4 Harmonic Modelling

The sinusoidal assumption made in the simulation modelling is proven to be valid for cases
where near sinusoidal back-emf is developed by the generator. However, as the FEA shows
in Chapter 4, and the experimental work of Chapter 5 highlights, as the phase number
increases, the sinusoidal approximation is no longer valid, particularly for the fully-pitched
generator. To address this problem, the spacial harmonic content can be evaluated by

using the FEA to extract the harmonic data from the open-circuit back-emf characteristics.

Before being rewound, the generator used for experimental testing originally housed a
double layer three-phase concentric winding. The specification for the rewound generator
was as close to the original machine as practicable. Therefore, for ease during the rewind
process the double layer winding was retained, allowing short-pitching to be considered to
reduce harmonic content in the air-gap flux. The pitch factor was determined from the
equations discussed in Appendix 7.2. Predominantly, the lower order harmonics were
selected to be cancelled to allow the production of sinusoidal voltages at the generator
terminals. The three-phase machine was pitched by 60° as per the original machine to
remove triplen harmonics. The five- and 15-phase generator pitch factors were chosen

based on the minimisation of total harmonic distortion, discussed in Chapter 4.
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[uny
o
o

[e]
o

o]
o

N
o

N
o

Normalised FFT Magnitude (%)

Figure 3.11: FFT of Short-pitched (SP) and Fully-pitched (FP) Generator Back-emf
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Performing an FFT on both the fully- and short-pitched machine topology open-circuit
voltage waveforms, shown from Section 4.4 to 4.6, provides the information required to
implement the harmonic content in the simulation model. It is clear from Figure 3.11 that a
number of topologies contain a considerable amount of space harmonics, particularly the
15-phase fully-pitched topology. To incorporate the harmonic effects into the dynamic

simulation model, a separate harmonic block was created.

The space harmonics are usually considered at the machine design stage, where the
winding layouts can be altered to remove or reduce contributing components. For
example, many three-phase commercial generators are wound to remove the triplen

harmonics (3, 9™, 15™, etc.) [62].

The voltage developed across the load in the simulation model, acts as the input to the
state-space model, described earlier in this chapter. The space harmonics will act to distort

this voltage and, as a result, the voltage is modified.
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Figure 3.12: Harmonic Block Acting on Simulation Model Voltage

In Figure 3.12, each phase is separated in order to match the higher order harmonics with

the phase of the fundamental, underlined in Equation (8).

V, =V, +V, Sin(wt)+V,, sin(3a)t +32—7Z—3¢j +Vis sin(Sa)t +52—”—5¢j+... (8)
m m

where subscript k denotes an arbitrary phase, M is the number of generator phases and ¢

is the phase angle.

Implementing this in MATLAB Simulink provides the model depicted in Figure 3.13 for the

a-phase only.

68



>
> {1
> {1
> {1
e =i andEll y

o=l |oe] o] [o)=

o=

A4

Y

A4

A4

[+]

val_in Va_out

o=

Yy

#]

o=

Yy [

[+ ]
L]

Figure 3.13: MATLAB Simulink Representation of Harmonic Model Block

The fundamental phase voltage is combined with the higher order harmonic phase voltages

that are scaled by the percentage FFT magnitudes from the fully-pitched and short-pitched

back-emf results. The angle at which they are applied to the fundamental is modified to

provide the best match in voltage and current behaviour.

Since the voltages supplied to the model input are no longer sinusoidal, the higher order

harmonic content maps to the X-y planes of the extended Clarke transform shown in

Equation (6). Which plane the respective harmonics map to is determined by the number

of phases and the harmonic order. This mapping is shown in Table 3.3 with general

expressions identified in [7] for determining the harmonic content of the X-y planes.

Table 3.3: Mapping of Harmonics to d-q, X-y planes and Zero-sequence

Three-phase Five-phase 15-phase
d-q 1*,5" 7", 11", 13" 1%, 9" 11" 1%, 29"
Xi-Y1 - 3%, 7™, 13" 13", 17"
Xo-Y> - - 3¢ 27
X33 - - 11 19t
X4-Y4 . ) 5t 95t
Xs-Ys - - o™ 21
X5-Ys - - 7", 23™
Zero-sequence 3 gth 15t 5" 15 15"
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3.5 Passive Rectification

3.5.1 Connection Topology
The connection of three-phase generators and motors to passive rectification devices, such
as diode bridges, is well documented in textbooks [2, 48, 64]. However, as phase number
increases, the rectifier and generator behave differently, depending on connection
method. A star-connected generator provides a neutral point, which acts as a reference for
the voltage across each phase winding; each winding is independent. Delta- or, for higher
phase number machines, polygon-connected generators do not have this common
connection point and the voltage is, therefore, referenced to the adjacent phases,

highlighted in Figure 3.14.
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Figure 3.14: Winding Arrangements for a Double-layer Winding (a) Series-star and (b) Series-delta

where U, Vand W (1, 2, 5 and 6) are the single coil ends. These are brought out of the

stator into the generator housing, enabling a number of connection topologies to be

achieved.

In order to facilitate the investigation into the effects that a passive rectifier has on a
generator, the three-, five- and 15-phase simulation models must be extended to include

the switching components.

This section focuses on the differences in AC and DC power quality when the generator is
star-connected and polygon-connected. The effects of the non-linear rectifier load are
investigated experimentally at higher power as the generator approaches rated current
levels in Chapter 5. The saturation of the generator magnetic path will lead to a different
voltage output waveform and, therefore, alter the commutation effects. This is not
modelled since the assumptions made include superposition of the magnetic circuits,

neglecting saturation effects.
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3.5.2 Simulation of an Open-circuit Fault
In order to fully assess the performance of the system, the open-circuit testing outlined in
the project objectives must be simulated for comparison with the experimental results in
Chapter 5. This section details the approach taken in simulating the open-circuit generator

phase and diode device faults.

The open-circuit diode device fault is relatively straightforward to implement through an
increase in diode resistance. The nominal on-state resistance is 1 mQ, which in the faulted
device is increased to 1 MQ. This prevents current from flowing in that path and acts as an

open-circuit condition.

The open-circuit phase fault requires a proportional-integral control loop to act in driving

the current source, supplied to the rectifier, to zero, depicted in Figure 3.15.
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Figure 3.15: Simulation of Open-circuit Phase Fault

The zero setpoint value was compared with the input current and the gain controls were
set to provide an output current, ioc, of zero. The output from Figure 3.15 was connected to
a current source block that enabled the Simulink results to be interpreted by the
SimPowerSystems rectifier model. At this point, the connection method could be
configured to allow the simulation of a star- or polygon-connected generator for

comparison. The results are presented in Section 5.3.

3.5.3 Analysis of Synchronous Generator with Diode Rectifier
The diode is a semiconductor switching device that conducts current when the forward
voltage exceeds the threshold voltage. Conduction continues until the current reaches
zero. However, in practice reverse recovery effects prevent the diode device turning off
when the current reaches zero [48]. Connected in an array, a diode rectifier can be
constructed as a passive device to convert AC voltage to DC through these uncontrolled
switching events. This method of rectification negates the need for any complex control

schemes but can cause a reduction in system efficiency when connected to a transformer
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or machine. With a greater number of machine phases, and the resultant increase in the
number of diode devices, the effect that the rectifier has on AC system supplying it
changes. Mathematical analysis can be performed on the three-, five- and 15-phase
rectifier and compared with the results from the simulation model for a multiphase

synchronous generator connected to a diode rectifier.
Assumptions that are made in the analysis are listed here:

e Ideal voltage sources behind an impedance, representative of back-emf developed
in a synchronous generator

e Resistive IR drops are neglected

e Constant current is drawn on the DC side, simplifying the analysis

e Voltage drops across the diode and threshold voltage are ignored

e Diode recovery effects are ignored

Star-connected Generator

Ideal Voltage Source

With an ideal source, the biggest voltage difference between the phases will determine
which diodes are conducting current to the DC side. Ignoring commutation effects, the DC
ripple voltage will be ascertained from the envelope of the phase voltage referenced to the

neutral point.

VPn —Van —Vbn —Vcn —VPn —VNn
D% D% D, e 400
w0 NN NS
Van =
van Vdc G) idc % 0
Q
@Vcn -200 S X
Df D} Dg| | Van 0 . 2

radians

Figure 3.16: Ideal Voltage Source with Constant Current Load (adapted from [48])

As the a-phase voltage increases, diode D is forward conducting whilst the b-phase, at its
most negative, impresses a reverse voltage across diode Ds. Diode D, stays forward
conducting and, as the c-phase becomes its most negative, diode Dg reverse conducts, as

demonstrated in Figure 3.16. The resulting DC voltage is shown in Figure 3.17.
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Figure 3.17: Diagram of Differential (line-to-line) Voltages
The experimental test-rig generator is capable of three-, five-, and 15- phase operation.
Therefore, analysis will be performed on odd phase number generators only, allowing

comparison with simulation model results in Section 3.5.4.

For a symmetrical multiphase star-connected generator, the greatest voltage differentials

exist between the opposite phases, illustrated by the phasor diagram in Figure 3.18.

Figure 3.18: Five-phase Voltage Phasor Diagram

This gives the general equation:
V. =V, —Vx (msD) (9)
L)
where V, is the reference phase, X is an arbitrary phase and m is the total number of
generator phases.

In the five-phase example, taking V, as the reference phase V,, the voltages with the

greatest difference to the reference will be V. and Vg, respectively, shown in Figure 3.18.

For a set of voltages, travelling forward in time:
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V, =V,_cos(wt)

. (10)
Vx :Vac COS(a)t _(X—].)?/)

/4
where y =—
m

So for the greatest voltage differential between phasors, the following equation shows the

general form:

5 m+1
ViV =V {cos(a)t) —~ cos(a)t —(%jyﬂ

2
=2V_ sin Km—_l)zz}sin [a)t _(m_—l)”}
2m 2m
As phase number increases (assume m tends to infinity), Equation (11) can be simplified:
. m-1 . (7
sm[(—jn}:sm(—j:l (12)
2m 2

Therefore, for high phase numbers, the peak voltage differential can be approximated to

(11)

~

2V

ac *

Observing the DC side, the ripple frequency is governed by the phase number, such that
the DC ripple frequency is 2mf. Under ideal conditions, the ripple is repetitive for 2m times

across one cycle. Therefore, for analysis it can be split down to investigate one section.
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Figure 3.19: DC Ripple Magnitude
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The peak DC voltage is dependent on the phase number for the star-connected generator

and can be described through Equation (13).

V,, =2V_sin [(m_—lj zr} (13)
2m

The average voltage can be found by integrating the section between the two limits, shown

in Figure 3.19:

i U
AVGV, =-—%& J'cos(e)de

B

j i
Do [sin(9)] (14)
T

2m ~ .
- 7Vdc Sin (%m)
Again, as the phase number, m, increases, the approximation tends toward the peak value,

since Sin (%m) tends toward (%m) )

AVGV, =V, (15)

—_—
oY

<

The pk-pk ripple voltage can be found from the difference between the peak DC voltage

and the point at which the ripple is the lowest, i% .

(16)

Inclusion of Source Inductance

The ideal behaviour is not representative of a real diode rectifier where, under
commutation, the conducting diodes will only turn off when their current reduces to zero.
This can provide a scenario where more than two diodes conduct at any one time. The
equations describing the rectifier behaviour become more complex when commutation
effects are included. Figure 3.20 shows how the current transfers from the a- to the b-

phase, with a constant current | being supplied to the load.
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Figure 3.20: Commutation between Phases

At the start of commutation,i =0ande, =¢,,i, = andi, =0. At the end of
commutation,i=1 =i, ia =0 ande, # €, . Applying Kirchhoff’s voltage law (voltages are

defined with respect to the star point n):

eposzea—Lﬂ:eb+Lﬂ
dt dt
ea—eb:ZLﬂ
dt
di 1
L—=—(e —¢ 17
dt 2( a b) ( )

1 1
epos :ea _E(ea_eb):E(ea_l_eb)

1
e =e —eneg:E(eaJreb)—e

pos—neg — “pos (m+1)
2
where e, is the positive and e is the negative back-emf at the DC side, respectively, and

Epos-neg IS the difference.

With reference to Figure 3.20, Equation (17) shows that, during commutation, the voltage
across diode D, is reduced to the average between the two most positive voltages
compared with the most negative. This is denoted as t = 0 in Figure 3.21. It then follows
this average voltage until the current i reduces to zero at ¢ = 7, where the voltage across

diode Dy now reaches maximum.
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Figure 3.21: DC Voltage Formation with Commutation Effects

The effects of commutation can be seen on both the AC and DC side. It can be observed,
from Figure 3.21, that the pk-pk ripple voltage is increased but the peak DC voltage remains

unchanged. The average DC voltage reduces as a result of the increased ripple magnitude.

During commutation, the current in the loop can be described through:

di

—e )=2L—

(&%) dt
(e,—8,) =V, {cos ot —cos(a)t +%ﬂﬂ (18)

=2V_sin (a)t + £jsin (ﬁj
m m

Starting at | =0, where e, - e, = 0, therefore, angle function a = 0.

A A di i=0 atfd=0
V, | sin—=|sin(g)=-L— Dbetween 1. (19)
m dt i=l atf=«a

where 0 = wt

Integrating between the two limits:
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. 1. Lo ¢ ..
sin—sin dot = — | di
J( - <wt)j ot===]

ac 0
o - LI
[cos(wh)]; = ———— (20)
Vacsm(”m)
LI
(1—c03a)=#
Vacsm(”m)

Equation (20) shows that the commutation angle, «, increases with load current, source
inductance, frequency and the number of phases. The average DC voltage will be modified
to include the commutation angle where the average DC voltage is the sum of the two

distinct points from the peak to the end of a. Equation (14) becomes:
m.~ .
AVGV, =~V sin (%) [1+c0s(e)] (21)

The pk-pk ripple voltage can be found between the peak voltage and the end commutation

point, where@ =« .

3 T
Voo =V [1— cos(%j cos a} (22)

Polygon-connected Generator
The polygon-connected generator offers a different analysis since there is no neutral

connection point. Therefore, an arbitrary neutral point has been defined to carry out the

analysis.
V,, =€,
V,, =€, +¢,
V, =6, +¢ +¢, (23)
Vipon =€ +€ T8 +..=—€
V,, =0

It can be observed that the greatest voltage differential is, therefore, the sum of all the

phases in the positive two quadrants for a phasor diagram, depicted in Figure 3.22.
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This gives the point at which all the voltages must be summed to provide the greatest

voltage differential, represented by the variable k.

R . K
=V, > cos(at+(x-1)7) (24)

x=1

m+1

wherek =

k ej(wt+(x—1)7) +e*i(wt+(x—1)y)

ac
1 2

~V_cos| at+[ X211 lsin k/
_ S sin(7;) 25)

) Sm(m+17rj
A m-1
=V, cos a)t+( j }
: i (Zin)
) (m+17zj . (72’ ﬂj (ﬂ')
sin| —=Z |=sin| =+ — |=cos| —
m 2 2 2m 2m
sin (ﬁj =2sin (i)cos(i) 26
m 2m 2m (26)
Vv, cos[a)t + (m_ljﬂ':|
v‘sz 2m
Zsin(”)
2m
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Since the peak DC voltage is a fixed value with no angular dependence, it can be equated to

the peak differential voltage where the cos term in Equation (26) is 1.

Voo Ve (27)

dc
Zsin( 7 j
2m

If commutation is neglected, the equations for the pk-pk and average DC voltage are the
same as for the star-connected generator. Taking into account the inductance of the
polygon-connected generator will alter the values obtained from analysis due to the

commutation angle being different between the connection topologies.

<« -

Figure 3.23: Polygon-connected Generator Current Path under Commutation

Ignoring the IR drops, the commutation angle, a, affecting the diode conduction can be

described from the current path shown in Figure 3.23.

80



—Ie dt
T . (28)
—{ in(ot) dt =-==[cos(at)] ;

<>

L

~n

At the start of commutation, t = 0, the current i, provides a portion of the positive DC
current. As time elapses, the current reduces until the next phase conducts and the a-

phase becomes part of the return path for the negative DC current.

t=0, iazldc(m—_l)
2m

t=T, iaz—ldC(n;__lj (29)
m

Substituting the difference in the current i, from Equation (29) into Equation (28) yields the

commutation angle.

L m-1
(1-cosa) = “- l g (—) (30)
Ve m

Again, as m tends to infinity, for higher phase number machines, the final term in the

equation tends to unity.

Equivalent Power Transfer
In order to understand the difference in the performance of a star- or polygon-connected
generator connected to a passive rectifier, it is necessary to evaluate it under the same
conditions as the phase number is increased. To facilitate this, a constant current load is
simulated across the output terminals of the rectifier device. The magnitude of the current
drawn on the output side is altered to reflect the phase number and connection method.
For example, the five-phase generator-rectifier is shown in Figure 3.24 for both star- and
polygon-connected configurations. For the star-connection, the current drawn to the DC

side is provided for by the two windings that are connected to the diodes that are in their
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on-state. As the phase number is increased, the current on the DC side must also be
increased due to the reduction in DC side voltage. The polygon-connection windings all
provide a current path, therefore, the constant current load on the DC side does not scale
with phase number to account for the reduction in phase voltage. The DC power remains
approximately constant in all cases. The three-, five- and 15-phase topologies were
investigated to gain an understanding of how the magnitudes of the harmonic content

compare.

<

(a) (b)

Figure 3.24: Five-phase (a) Star- and (b) Polygon-connected Generator with Rectifier and Constant
Current Load

As phase number increases, a higher peak current is drawn from the star-connected
generator to supply the constant current demand on the DC side, demonstrated in Figure
3.25. The commutation time is increased as the angle is increased due to its dependence on
the load current, shown in Equation (20). This increase in commutation time limits the
current that can be drawn from the generator. The currents exhibit a high peak value and a
reduced on-time. This results in considerable harmonic content in the generator as a result
of the time harmonics imposed by the rectifier. The high peaks will cause saturation in the
generator stator-core material, leading to higher losses and increased generator heating as

a result.
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Figure 3.25: Star-connected Generator AC Currents

On the DC side, the voltage is noticeably reduced as the phase number is increased. Since
the AC side voltage must be reduced to keep the rated power produced by the machine
constant as phase number increases then it follows that the DC side voltage must also
decrease, shown in Figure 3.26. However, the ripple voltage magnitude is also reduced,
important in the application to aircraft where the removal of filter capacitance is highly

desirable.

—Three-phase Five-phase —15-phase

2300
()
oo
8

S200

00 S e v

0 I T I 1

0 0.01 0.02 0.03 0.04
Time (s)

Figure 3.26: Star-connected Generator DC Voltages
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The polygon-connected generator performs much better overall due to the utilisation of all
the current carrying paths available, underlined in Figure 3.27. This lowers the peak current

and, therefore, prevents the machine from entering saturation.
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Figure 3.27: Polygon-connected Generator AC Currents

The AC voltage, still reduced to keep the generator rated power output, is similar to that of
the star-connected generator. However, as phase number is increased the DC voltage
remains the same. Since the current output of the machine to the DC side doesn’t change,
the DC voltage must also remain consistent to provide the same power on the DC side,

observed in Figure 3.28.
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Figure 3.28: Polygon-connected Generator DC Voltages
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The currents drawn from the AC generator for both connection topologies can be

compared to establish the best topology for minimising the harmonic losses in the

generator. Taking an FFT of the generator currents, shown in Figure 3.29 and Figure 3.30, it

is clear that the polygon-connected generators perform better.
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Figure 3.29: Star-connected Generator FFT
of Currents Normalised to Three-phase
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3.5.4 Comparison of Analysis and Simulation
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Figure 3.30: Polygon-connected Generator
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The simulation of the constant current demand can be compared with the analysis carried

out from the equations described in the Section 3.5.3. This will show the validity of the

mathematics and highlight problems when commutation effects become significant as

phase number increases.

Table 3.4: Comparison of AC and DC Simulation and Analysis Values

STAR POLYGON
Phase Number Three Five 15 Three Five 15
Peak AC Current (A) S 15.001 25.001 50.104 17.378 15.595 13.879
A 15.000 25.000 75.000 17.321 15.588 13.856
RMS AC Current (A) S 11.969 15.107 19.283 11.942 12.462 12.800
A 12247 15.811 27.386 12.247 12.728 12.961
Peak DC Voltage (V) S 473.542 280.841 94.179 271.019 273.313 270.587
A 471.527 310.694 108.298 272.236 264.292 260.442
AVG DC Voltage (V) S 439959 269.165 92.595 238.954 257.755 268.985
A 441.275 300.359 105.850 255.442 255.331 255.237
Pk-pk Ripple (% of AVG) S 19.23 10.18 3.62 45.09 19.45 1.39
A 18.02 8.44 4.80 17.49 8.58 4.25
Commutation Angle (rads) S 0.35 0.38 - 0.28 0.28 -
A 0.28 0.26 0.29 0.26 0.27 0.27
Stator Copper Loss (W) S 185.5 295.5 481.5 184.7 201.1 2121
A 194.2 323.7 971.1 194.2 209.8 217.5

S =Simulated A = Analysis
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The comparison between the simulation and analysis values, shown in Table 3.4, provides
an insight into the validity of the mathematic analysis and highlights areas where it is
unsuitable. All of the polygon-connected results show good agreement except for the pk-pk
ripple values. The three-phase star-connected generator shows good agreement between
simulated and predicted results. However, for higher phase number machines, the analysis
and simulation do not tie up. For example, the analysis predicts that the peak current for
the star-connected 15-phase generator should be approximately 75 A. However, the
simulation results show only 50 A is achieved as the full phase current transfer does not
take place before commutation to the next phase occurs. This is due to the commutation

time increasing as a result of the load current.

The pk-pk DC voltage for the simulated polygon-connected generator provides some
disparity between analysis and simulation results. The three-phase case is particularly high
even though the peak and average DC voltage values are a good match and commutation is
taken into account. The pk-pk ripple voltage is approximately 107 V, which is in excess of
the predicted value and the star-connected generator pk-pk ripple of 80 V. The percentage

of the average DC voltage is comparatively greater due to the lower peak DC voltage value.

The analysis has shown that it is useful when generalising for three phases or more. It has
been observed that the analysis underlines the simulation, acting to verify the simulation
model. However, some higher phase number cases are more suited to simulation since the

analysis doesn’t take into account the increase in commutation time.

3.5.5 Star-connected Generator Connected to Diode Rectifier
The star-connected synchronous generator is the most common topology in industrial and
commercial applications. When connected to an uncontrolled rectifier, as proposed here,
the current drawn from the generator is no longer sinusoidal, impacting on the generator

performance by inducing time varying harmonics.
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(b)

Figure 3.31: Star-connected Generator (a) Voltage Determination (b) Current Path

Modelling the three-phase star-connected machine with a diode rectifier, along with the
same 58 Q fixed resistive load utilised in the AC generator testing of the previous section,

yields the voltage waveform depicted in Figure 3.32 and the current, in Figure 3.33.
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Figure 3.32: Three-phase Star-connected Figure 3.33: Three-phase Star-connected
Simulated AC Voltage Simulated AC Current

The simulation output can be readily compared with the short-pitched experimental testing
results in Section 5.4. The commutation effects can be seen in the Figure 3.32, where

notching occurs in the voltage.

Observing the DC side of the rectifier, the voltage and current ripples are as described in
Section 3.5.3 from their typical behaviour. The average DC voltage can be found from
consideration of the six distinct segments per cycle, each one lasting for 7/3 radians. As can
be seen in Figure 3.34, the inductance of the synchronous generator has an effect on the

waveform shape and the average DC voltage reduces with the inclusion of commutation.
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Figure 3.35: Three-phase Star-connected

Simulated DC Current

With a resistive load, the DC current ripple, depicted in Figure 3.35, is the same as the DC

voltage ripple, at approximately 15 % of the average DC value. This would require filter

capacitance to reduce the ripple magnitude to within the allowed limits by the standards.

Using the MIL-STD704F [46] as reference, the acceptable ripple voltage for an aircraft DC

electrical network is 7.4 % under and 3.7 % over the nominal 270 V system, equating to an

11 % ripple overall.

Increasing the number of stator phases to five will result in a reduction in voltage as a

result of maintaining the same rated power output for all topologies and the same rotor

flux. Details of the winding designs are discussed in Sections 4.4 to 4.6, for the three-, five-

and 15-phase machines. Since the same resistive load is being applied at the rectifier

output terminals, for purposes of comparison with experimental test results, the current

drawn to the DC side will also reduce as a result of the DC voltage being lower. The AC

generator output is presented in Figure 3.36 and Figure 3.37.
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Figure 3.37: Five-phase Star-connected

Simulated AC Current

The simulation model reflects little distortion in the generator voltage output, maintaining

a sinusoidal characteristic but including notching effects under switching transients. The

current exhibits the same shape as the three-phase model but with a reduced AC pk-pk

magnitude of 10.6 A.
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The five-phase generator provides a better DC side performance than the three-phase
model with a reduced DC ripple voltage of 5.65 % of the average DC voltage, depicted in
Figure 3.38.
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Figure 3.38: Five-phase Star-connected Figure 3.39: Five-phase Star-connected
Simulated DC Voltage Simulated DC Current

There is a reduction in the voltage magnitude on the DC side, shown in Figure 3.38, since

the voltage on the AC side is reduced, as depicted in Figure 3.36.

The 15-phase star-connected generator is the final topology to be investigated. This is the
physical limit to the experimental test system and provides validation of the importance of
commutation effects on high phase number machines connected to uncontrolled
rectification devices. The current drawn from the generator will, again, be non-sinusoidal
and will have a lower magnitude for the same value of resistive load. The AC current has a
high harmonic content that will reduce the efficiency of the machine. Core losses arising
from this are calculated in Chapter 4. However, the simulation model retains the
assumption that the generator is sinusoidally wound, and therefore the output voltage will
be approximately sinusoidal. The voltage and current waveforms are displayed in Figure

3.40 and Figure 3.41, respectively.
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The commutation notches are less obvious but still exist and are greater in number,
occurring 30 times per cycle where the three-phase topology has only six commutation

events. The effect of this is best demonstrated by observing the DC side in Figure 3.42 and
Figure 3.43.
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Figure 3.42: 15-phase Simulated DC Voltage Figure 3.43: 15-phase Simulated DC Current

The 15-phase DC output waveforms clearly demonstrate the increase in ripple frequency to

30 times the fundamental and a reduced peak to peak ripple magnitude of less than 1 % of

the average DC voltage.

3.5.6 Polygon-connected Generator Connected to Diode Rectifier
The waveforms for a delta-connected three-phase generator are significantly different to
those seen in the star-connected machine. The connection method allows for continuous
current to be achieved, where the phase windings contribute to the DC output at all times.
It can be observed, from Figure 3.44, that with the removal of the star point, the formation

of the differential voltages controlling the diode switching gives a much higher peak than

across phases.

(a) (b)

Figure 3.44: Polygon Connection (a) Voltage Determination (b) Current Path through Generator
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In the delta-connected model, two currents are shown in Figure 3.46 for comparison, the

generator current and the diode current, or line current. The voltage measurement in

Figure 3.45 is taken line-to-line since the neutral point no longer exists to gain phase

measurements. The same 58 Q fixed resistance is used as the load on the DC side.
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Figure 3.46: Three-phase Delta-connected
Simulated Generator with Diode Current

It is clear from Figure 3.46 that all the phases conduct current to contribute toward the line

current. Unlike the star-connected system, there is no off-period and the magnitude of the

phase current drawn from the generator is much lower. The improved form factor of the

current is expected to give lower generator losses, calculated from the finite element

modelling in Section 4.7.

The output of the rectifier will be very similar in shape to that of the star-connected

generator since the rectifier operates on the difference between line-to-line voltages.
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Figure 3.47: Three-phase Delta-connected
Simulated DC Voltage
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Figure 3.48: Three-phase Delta-connected
Simulated DC Current

The DC side peak voltage is shown, in Figure 3.47, to be considerably lower than for the

star-connected system. The line-to-line voltage, in the case of the delta-connected

generator, is V3 lower than that of the star-connected generator.

The five-phase polygon-connected generator further highlights the greater utilisation of the

synchronous generator, explored in greater detail in the equivalent power transfer section.
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The line-to-line voltages, in Figure 3.49, remain sinusoidal for the mathematical model and
the commutation effects are less pronounced. The current drawn from the generator
shows the distinct contribution of the phase windings to the diode current, which

maintains a higher magnitude than the generator currents in Figure 3.50.
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Simulated AC Voltage Simulated Generator and Diode Current

Compared to the star-connected generator, the delta connection provides an
approximately constant average DC voltage as phase number increases, shown in Figure
3.51. The AC voltage has scaled, as a result of the machine design for higher phase

numbers, discussed earlier. However, the DC voltages and currents remain around the

same value for the five-phase case as for the three-phase.
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Figure 3.51: Five-phase Polygon-connected

Figure 3.52: Five-phase Polygon-connected
Simulated DC Voltage

Simulated DC Current
The 15-phase generator has the same fixed resistive load applied to the DC side as for the

three- and five-phase simulations.

The AC voltage, in Figure 3.53, shows the line-to-line voltage between adjacent phases.

However, for ease of reading here, the legend does not show the reference phase.
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The generator current, in Figure 3.54, is particularly interesting. A single waveform is shown

in comparison with the diode current in Figure 3.55 and Figure 3.56, below.
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Generator Current Current

The current drawn from the generator phase winding is distinctly different in both
magnitude and duty. The shape of the waveform is a result of the generator connection
method passing current through each phase winding before the rectifier. The combined
effect of all the generator currents is to provide a line current that has a greater magnitude
than the single corresponding phase winding provides. In Figure 3.56, the peak of the AC
line current waveform is approximately flat-topped. On the DC side, the current ripple is
0.52 % of the peak value when compared to the three-phase DC ripple of approximately
20.32 %.
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The DC output voltage of the 15-phase rectifier connected to polygon configured machine
is notable for retaining the DC voltage magnitude at around 260 V. The voltage and current
shapes, in Figure 3.57 and Figure 3.58, respectively, are consistent with the three- and five-
phase delta- and polygon-connected waveforms. The voltage commutation is different
when compared with the star-connected generator. The commutation angle is visibly
shorter, indicating a consistent rectifier performance when connected to a polygon

configured generator.

3.6 Summary

This chapter has detailed the construction of a simulation model for the synchronous
generator with a diode rectifier. The three-phase generator model was created to
represent the dynamic circuit behaviour of a three-phase synchronous generator, which
was then tested and verified. The validated model was extended to encompass a higher

number of phases before the system was completed with the addition of a rectifier load.

Analysis was performed to establish the ideal behaviour of a synchronous generator
connected to a passive rectifier. This allowed the simulation model to be checked and
identified areas for which the analysis became too complicated. It was apparent from finite
element modelling, and the experimental testing that followed, that the simulation model
required information regarding the harmonic content of spacial flux. As such, the addition

of winding harmonic behaviour was necessary to increase the accuracy of the model.

This chapter has demonstrated the implementation of harmonic back-emf in the circuit
model. It has also identified high generator currents in the star-connected case and made
assumptions on the dynamic behaviour of the machine. The following chapter uses finite

element analysis to check the assumptions made in the dynamic circuit model, establish
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the magnitude and phase of the harmonic content of the open-circuit voltages developed
from the back-emf of the different winding topologies and calculate the core losses for a

synchronous generator connected to a diode rectifier.
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4.1 Introduction

Modelling of electric machines has become commonplace as programs and computers
have advanced. Techniques to simulate the dynamic behaviour are well documented in
textbooks and journal publications. However, the most recent advancements have allowed
the modelling of the internal electromagnetic fields of electric machines to be evaluated
readily. Finite element modelling (FEM) is based on the numerical solution of boundary
condition problems, where a set of differential equations are solved to reveal the field
distribution. Finite element analysis (FEA) is now widely used to evaluate electromagnetic,
electrostatic, fluid and thermal problems within a number of different engineering

disciplines.

In this chapter, FEA is used to determine the open-circuit voltage waveforms for the three-,
five- and 15-phase generator with the windings connected in either a fully- or short-pitched
topology. The core losses are also evaluated for both winding topologies for a star- or

polygon-connected synchronous generator connected to a rectifier.
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4.2 Background

Preceding FEM, the finite difference method (FDM), developed in the 1920s by Alexander
Thom and later published [65], had similar characteristics to the techniques used today.
FDM involved a fixed grid system overlaid onto the problem which was then solved using
the grid reference. This led to limitations when dealing with complex shapes. The history of
the finite element method is described in detail in [66], starting from its development as a
method for solving structural stress calculations in continuous solids, through to its more
recognisable modern format. The development of such a method had a significant impact

on electrical engineering as electric machines could have their internal stresses modelled.

Encompassing all facets of engineering, Poisson’s equation is the underlying equation used
to solve finite element problems. For electrical engineering, there are two main types of
problem: electrostatic and electromagnetic. The former is relatively straightforward since
potential is a scalar quantity related to Coulomb’s electric field. Magnetic potential, used to
solve electromagnetic problemes, is introduced here along with the mathematical methods
that exist to enable its use. The magnetic vector potential, A, can be processed using the
curl function, a mathematical measure of the tendency for a contour to spiral, turn or curl
around a point. The curl function applied to A gives the magnetic flux density, B, in

Equation (31). The equations discussed are adapted from [47].
CurlA=B (31)

Magnetic flux density and magnetic field strength, H, are linked through the permeability

of the material such that:
B=uH (32)
where p is the permeability of a material.
Applying Ampere’s law:
CurlH =3 (33)

This condition is true when a stationary magnetic condition exists (its time derivative is

null) then:
CurlB = uJ (34)
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And:
CurlCurlA= uJ (35)

The relationships described enable the use of the magnetic vector potential in the solution

of finite element problems through Poisson’s equation (in 2D form):

S*A S°A

W'ﬁ'é‘—yz:—ﬂ\] (36)

Potential A is a vector and, therefore, has components in three-dimensions. However, if it
is used in two-dimensional simulations, where current flows only in the z-direction and B is
in the X-y plane, illustrated in Figure 4.1, then the z-directed component can be assumed to
be the magnetic vector potential, making it a scalar value. The complexity of the problem is
greatly reduced and allows the finite element solver to find the unknown magnetic

potentials for the given current density distribution with known boundary conditions.

Figure 4.1: Current Definition in Finite Element Problems

4.3 The Synchronous Generator in Femm

A three-phase synchronous generator can be modelled in finite element software packages

through its physical geometric measurements. The most straightforward implementation of
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the generator design was to create a computer aided design (CAD) drawing which could
then be transferred to the finite element software environment. The key benefit behind
this was the ability to modify the model within the technical drawing package, VariCAD,
whilst retaining the accuracy of the geometric dimensions of the machine. Most
information regarding the mechanical dimensions of the machine could be found through
the manufacturer’s technical drawings. However, some aspects required physical
measurements such as the internal stator bore size and the salient rotor dimensions. The
accuracy of these measurements was cross-checked with the original technical drawings
and the machine specification supplied by the manufacturer. Figure 4.2 shows the BCI162G
synchronous generator in the CAD environment and Figure 4.3 transferred to the finite

element software package.

Figure 4.2: VariCAD Drawing of BCI162G Figure 4.3: FEM Representation of BCI162G
Synchronous Generator Synchronous Generator including Mesh

The program used for the FEA, highlighted in Figure 4.3, was the free software package
Femm [67]. Built around Wolfram’s Mathematica platform, Femm provides a minimal
complexity environment in which to build, solve and analyse finite element problems. The

software is split into three distinct sections:

= pre-processor is the base problem environment of the software, where the model
is defined with respect to its geometric sizing, current carrying conductors and
boundary conditions

= processor refers to the solver used to step through mesh elements and solve the
potentials at each node

= post-processor is the solution environment allowing values to be drawn from
specific points of the model, variations across a contour or distribution across a

surface
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The definition of the model within the pre-processor environment must be accompanied by
information regarding the boundary conditions. Complex models can be reduced down to a
single segment if there is sufficient symmetry within the problem. The three types of
boundary conditions are well described in textbooks [47, 66] but their differences are

briefly discussed here.

= Dirichlet boundary: ensures that the potential at the boundary is a constant value,
either zero or a predetermined constant

= Neumann boundary: utilises the derivative of the potential - potential gradient -
where the potential lines are orthogonal to the boundary

= Periodic boundary: requires the periodic conditions to be defined within at least
two of the boundary lines. The problem is reduced to a fundamental solution that

is then mirrored to form the full solution

For the application of FEM to the BCI162G synchronous generator, the complexity of the
problem did not allow the detailed segment modelling through use of a periodic boundary,
regardless of the symmetry within the problem. Since it is a two-pole generator, it is easiest
to model the entire geometry of the machine. The Dirichlet boundary was the most
obvious choice, holding the potential at the external boundary at zero. The stator of the
machine acts as a natural boundary condition, with all the flux contained within the
structure, however, any defects within the model show up as fringing effects extending

toward the boundary.

4.3.1 Electrical Design of the Generator
The BCI162G synchronous generator is wound such that the double layer windings of the
stator act to reduce the harmonics induced in the air-gap magnetic field. This is true of

"% which removes the

most synchronous generators, short-pitching by a factor of 2/3
triplen harmonics from the supply generated. The removal of triplen harmonics is
important for a standalone generator configured in a star connection to the neutral point
with an unbalanced load, since this would allow circulating third harmonic currents to flow.
This is true for a three-phase machine but increased phase number machines require the
consideration of the higher harmonics in order to produce a near sinusoidal voltage output.
The winding factor gives an indication of the magnitude of the higher order harmonics
induced in the machine, dependent on the short-pitching topology. Equations described in

textbooks [50, 62, 68] allow the calculation of the winding factor. For a two-pole machine,

the winding factor can be described through Equation (37).
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where, Kun is the harmonic winding factor, Kgn is the distributed winding factor, Kpn is the
short-pitch factor, M is the number of coils per phase belt, n is the harmonic number, £ is

the slot pitch and as is the short-pitch angle.

The stator and rotor winding factors for the three-, five- and 15-phase fully-pitched and

short-pitched generators can be found in Appendix 7.2.

4.3.2 Winding Layout
The original three-phase BCI162G generator is wound such that the coils effectively loop

around to create a concentric winding, illustrated in Figure 4.4.

WL s L L)L L) L

1 2 3 4 5 11T 12 13 14 15

Figure 4.4: Single Phase Coil, Concentric Winding

The concentric winding reduces the size of the end-windings, which are responsible for an
increase in leakage inductance and axial force acting on the rotor. As a standalone
generator, the multiphase variant could be wound in the same way. However, with the
multiphase generator being a single unit and encompassing three-, five- and 15-phase
configurations, concentric winding cannot be achieved due to the fixed slot displacement

of each coil. In Femm, the type of winding layout is not important since the flux linkage is
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calculated for each individual stator slot and, therefore, disregards the current path

through the end windings.

4.3.3 Damper Windings
The BCI162G, like any synchronous machine, contains damper windings or damper bars to
create pull-in torque under non-synchronous operation. These are usually constructed
from a solid alloy bar short-circuited at the ends to form a squirrel-cage arrangement but
they can also be wound from thinner gauge material [50]. The existence of these damper
windings fundamentally provides the ability for a synchronous generator to maintain
synchronous speed, guaranteeing the supply frequency at the output terminals. The design
specification accompanying the generator did not specify any details about the rotor
damper bars. Therefore, the material was based on those commonly used in the
construction of synchronous machines, since its main effect will be related to the starting
and pull-in torque values, which are not of critical importance in this project. The brass
material commonly used has a permeability similar to that of copper, therefore the relative
permeability of 1.05 Hm™ was found from the average of suitable brass materials given in

the Nondestructive Testing Collaboration’s copper alloy conductivity list [69].

4.3.4 Pre-Processor Lua Scripting
Taking into account all of this information, it was possible to find the flux linkage in the
generator, amongst other parameters, through FEA. A pre-processor script was constructed
to facilitate the data capture from this process by means of a Lua script. This is a scripting
language developed to allow the execution of commands related to all manner of programs
by embedding it within the program structure. The results were stored as a text file, which

could be plotted in Excel, to allow further computation and presentation herein.

4.3.5 Problem Definition
The model was configured to represent the physical machine, providing the solver with
information regarding the depth of the generator, through which the current sheet is
distributed, the precision to which the solver must comply and the minimum angle that the
triangular mesh can take. The latter is of particular importance in avoiding long, thin
triangular sliver elements which can lead to erroneous results. The length of the triangle
should be kept to a size that would be consistent with an equilateral variant, in order to
prevent the magnetic vector potential changes being overlooked across its surface area.

Completion of the problem definition allowed the model to be meshed, where the
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software chooses the dimensions of the mesh to fill the area based on the problem

definition, so that sufficient detail can be gathered from the solution.

4.4 Modelling the Three-phase Generator

4.4.1 Rotor Field Energised
The first case to consider using FEA was the stator windings in the open-circuit condition,
the damper windings carrying no current (indicating synchronous operation) and with the
rotor field energised. This configuration was the simplest, allowing the flux linkage within
the machine to be calculated and harmonic content of the open-circuit back-emf

developed at the terminals of the stator windings to be derived.

The model was configured so that the stator windings contained phase coil groups. How
the Femm software package handled that was not obvious and, therefore, the coil group
was broken down to a constituent part for verification before continuing to process the

model. The Femm solution for one coil in two half-stator slots — since it is a double layer

concentric winding — is shown in Equation (38).

®p 1, =0.002194
(DA]__]__ = _0011844 (38)
(DAl_l = ¢A1_1+ - (DAl_l— = 0014038 Wb

where @1 refers to the flux linking the phase coil A in the first layer and the subscript 1+

and 1- denotes the first coil current carrying direction in the phase group.

Checking this against information calculated — the magnetic vector potential and flux
density across that area, using Equations (39) and (40), respectively — the flux linkage for a

single coil can be compared with the solution directly sourced from Femm.

Pp 1= (AA1_1+ - AA1_1, ) IN
@ 1 =(0.0019506 +0.001484)-0.28-16 (39)
@, =0.015387 Wb

where @a; 1 is the flux linking the first coil of phase a in the first layer winding with the
rotor field, A is the magnetic vector potential, | is the axial length through the generator

(ignoring the end windings) and N is the number of turns in each slot.
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n1=|Bdl-w
Pn o =0.409472.0.278471-0.14 (40)
Pn 1 = 0.015964 Wb

where B is the average flux density over the contour length, | is the contour length and W is

the axial length.

Summating all of the individual coil flux linkages across the phase band, the total flux

linking the first layer of phase a is close to that given by Femm for the overall phase band.

Femm w,, =0.0629995Wb

(41)
Calc ,,, =0.0629107 Wh

where  is the flux linking a group of cails, i.e. a phase winding.

This confirms that the Femm software package will calculate the flux linkage for the phase
band considering all coils rather than taking the average flux crossing the centre of the

phase band, which would lead to erroneous data in later calculations.

The rotor was configured to carry a 4 A DC current since, for open-circuit conditions, the
dynamic circuit model devised simulates a current of 14.71 A for the stator referred field
current. Mathematically, this can be checked by considering the g-axis stator voltage
relationship to the field current, shown in Equation (42). Since the d-g axis model is power
invariant and uses reference frame quantities, at steady-state operation the g-axis voltage

can be equated to the line-to-line RMS output voltage of the generator.

Eq = ol i}
332.5=27-50-0.0721i; (42)
i! =14.679 A

where Eq is the g-axis voltage developed from the excitation path, @ is the line-frequency,

Lmd is the d-axis magnetising inductance (taken from experimental testing) and i is the

stator referred field current.

Calculating the current actually contained within the rotor winding requires scaling through
the turns ratio, as demonstrated in Equation (43) adapted from [49]. This must be
consistent with the reference frame convention used, i.e. the retention of power

invariance.
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TNBIN, Ky )

14.71= \E [@j(_o.ssssj i (43)
3\ 70 )\ 0.8285

il =4.098 A

where i} is the rotor referred field current, Ns is the number of stator windings, N is the

number of rotor field windings, Kus is the fundamental stator winding factor and Ky is the

rotor winding factor (see Appendix 7.2).

If the three-phase model is to accurately represent the physical generator, the double layer
windings must be displaced by the pitching factor quoted in the datasheet. Pitching the
machine stator windings reduces harmonics induced in the air-gap magnetic field as a
result of the pseudo square wave MMF field created by the windings. The distribution and
pitching of the windings for the two-pole generator are discussed and calculated earlier in

this chapter, Section 4.3.1.

Post-processing in Excel allows the data to be evaluated, enabling the open-circuit stator

voltages to be found through two different methods, Equations (44) and (45).

E(9)=27NKk, fw(0) (44)
_ 0
E(0)=w Y (45)

where E is the angular dependent induced voltage, N¢ is the number of windings per coil,

Kws is the stator winding factor, f is the frequency and @ is the angle in radians.

The first method of calculation, Equation (44), is relatively straightforward. However, the
number of windings per coil, N, and the winding factor, Kys, are taken into account in the
solution of the problem and thus were set to 1 when calculating the voltage. The resulting

waveform is depicted in Figure 4.5.
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Figure 4.5: Phase Voltage using Equation (44)

The figure highlights the sinusoidal output expected from a three-phase generator.
However, Femm does overestimate the output voltage, equating to an RMS voltage of
248 V. Since the end-windings have not been modelled their effects on this value cannot be

taken into account in the solution, this assumes that there is no flux linking the end-

windings.

The second method of calculating the open-circuit voltage can be observed in Figure 4.6.
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Figure 4.6: Phase Voltage using Equation (45)

106



This means of calculating the open-circuit voltage leads to discrete data points reliant on
the previous value, as the relation between the flux linkage changes with the angle. Since
the angle is also dependent on time, one mechanical revolution being one wave cycle,
there is a phase shift present compared with Figure 4.5. A moving-average trend line

provides the smooth sinusoidal waveform with which to interpret the results.

4.4.2 Stator Windings Energised
Removing the DC excitation on the rotor side and, instead, configuring the model with
currents in its stator windings will allow d- and g-axis parameters to be observed. Taking
the instantaneous three-phase currents and applying the Clarke transform, as discussed
previously in Chapter 3, it was possible to find the d- and g-axis currents. These values were
put into the model to find the static solution of the flux as the rotor position was varied

from its aligned to unaligned position, as depicted in Figure 4.7 and Figure 4.8.

~

«:"J!l\\’y

Figure 4.7: Aligned Rotor with Stator Field Figure 4.8: Unaligned Rotor Position

The model is configured with full current in the stator windings, which leads to the
saturated areas of the stator iron in the aligned position. The flux linking the rotor in this
aligned position gives the peak inductance through the flux linkage relationship to the d-

axis current, underlined in Equation (46).

L, =2 (46)

where Lq is the d-axis inductance, ¢y is the d-axis flux linkage and Iq is the d-axis current.
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The minimum inductance corresponds to the unaligned position and indicates the g-axis
inductance value. Again, post-processing of the data was completed using Excel to calculate

the inductance as the rotor position varied, depicted in Figure 4.9.
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Figure 4.9: Inductance Variation of Three-phase Generator through Rotation of Rotor

The d- and g-axis inductances are an over estimate of those supplied within the generator
datasheet, see Appendix 7.5. However, the data from the FEA correlates with that achieved
from short-circuit testing carried out in laboratory conditions on the BCI162G generator, as

discussed in Appendix 7.4.

Referring back to the mathematical modelling and dynamic machine behaviour simulated
in Chapter 3, assumptions were made regarding the loss mechanisms and level of detail in
the modelling of the generator. One of the assumptions states that saliency terms of
greater than twice line frequency can be neglected. This can be assessed by taking a FFT of
the waveform, depicted in Figure 4.9, and checking that no harmonic components are
present at higher than twice line frequency, i.e. 100 Hz. The Fourier transform in Figure
4.10 verifies that the assumption made when mathematically modelling the generator was
valid. The transform provides information relating to the DC offset magnitude, consistent
with Figure 4.9, and the higher harmonic contribution. It can be observed that above the

second harmonic, there is very little contributing to the air-gap magnetic field.
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Figure 4.10: Fourier Transform of Inductance Waveform

4.5 Modelling the Five-phase Generator

The multiphase extension to the Femm model involves the same principles as for the three-
phase generator. However, consideration must be made toward the pitching of the
generator in order to reduce the harmonic content of the output. In the three-phase
generator, the second layer windings are pitched at 60° mechanical to the origin, each
phase belt takes 5 slots separated mechanically by 12°. The pitching of the windings is
similar for the five-phase topology but, due to the fixed volume of the machine, the
number of slots per phase belt must be reduced. There are 30 stator slots which will give
three slots per positive phase and three per negative phase. This means that, if the second
layer of windings is pitched at 36° mechanical, this will cancel the 5™ harmonic currents.

FEA is subsequently carried out on the fully pitched and 36° short-pitched topologies.

4.5.1 Rotor Field Energised
Utilising the same methods as for the three-phase case, the DC rotor field was again
energised with a 4 A DC current. The flux linkage and the resultant shape of the back-emf

could then be observed for the two winding pitch configurations.

The first case examined was the fully-pitched topology and the back-emf, calculated from

Equation (45), can be observed in Figure 4.11.
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Figure 4.11: Back-emf for Fully-pitched Five-phase Generator

Taking the FFT of one of the back-emf waveforms would suggest the presence of higher
order harmonics due to the flattening of the wave around the peak and zero cross-over
point. This is confirmed in Table 4.1, where the normalised higher order harmonic content

shows a significant contribution of 3“’, 5% and 7™ harmonics.

Table 4.1: Normalised Harmonic Content of Fully-pitched Five-phase Voltage

Harmonic 1 3 5 7 9 11 13 15

Freq. (Hz) 50 150 250 350 450 550 650 750
Magnitude 1.0000 0.0303 0.0894 0.0500 0.0052 0.0086 0.0241 0.0057
(%) 100.00 3.03 8.94 5.00 0.52 0.86 2.41 0.57

This would indicate that utilising fully-pitched windings for the five-phase generator would

result in an increased harmonic content of the voltage.

Short-pitching the windings by three slots will remove the 5™ harmonic, shown in Table 7.2
of Appendix 7.2. Other winding harmonic factors are also reduced, reducing the voltage
THD. The fundamental voltage is reduced by 6 % as a result of short-pitching the windings.
The waveforms for the short-pitched windings, shown in Figure 4.12, can be directly

compared with that of Figure 4.11.
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Figure 4.12: Five-phase Voltage Output for 36° Short-pitched Double Layer Windings

The waveform is more sinusoidal in shape due to the considerable reduction of the 5
harmonic contribution to the waveform structure. The FFT of this highlights the increase in
machine performance achieved by short-pitching the double-layer windings toward

cancelling the 5™ harmonic, illustrated in Table 4.2.

Table 4.2: Normalised Harmonic Content of 36° Short-pitched Five-phase Voltage

Harmonic 1 3 5 7 9 11 13 15

Freq. (Hz) 50 150 250 350 450 550 650 750
Magnitude 1.0000 0.0536 0.0195 0.0230 0.0104 0.0096 0.0088 0.0061
(%) 100.00 5.36 185 2.30 1.04 0.96 0.88 0.61

Although the fully-pitched windings give reasonable generator performance, providing a
back-emf waveform with a low harmonic content, the short-pitched winding clearly

performs better.

4.5.2 Stator Windings Energised
As with the three-phase generator, the five-phase generator also simplifies to a d-q axis
reference system. The phase currents contribute to the d- and g-axis dependent on the
Clarke transform, in this case the extended Clarke transform, as highlighted in Chapter 3.
FEA is conducted to find the d- and g-axis inductance. As the rotor is rotated through 360°,

the maximum and minimum flux values will indicate the d- and g-axis inductances,
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respectively. The simulation modelling assumes that increasing the number of phases from

three to five, by reducing the number of coils per phase group, will result in an inductance

scaling factor of 3/5™.
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Figure 4.13: Inductance Variation for Five-phase Generator through Rotation of Rotor

As highlighted in Figure 4.13, the d- and g-axis inductance values equate to 55.1 % and
61.5 % of the three-phase generator inductance values, respectively, which is

ths

approximately 3/5™, so the scaling factor on the inductance is valid. The FFT of the
inductance for the five-phase generator follows the same principles as for the three-phase
variant. Figure 4.13 shows that the inductance follows a sinusoidal pattern with a DC offset
and twice line frequency oscillation. The assumption that the higher order harmonics are

negligible is valid.

4.6 Modelling the 15-phase Generator

The 15-phase topology is the physical limit on the number of windings that can be achieved
for the number of slots in the machine. Fractional slot windings offer the potential to
increase the phase number further but incur a high de-rating of the generator output as a
result [62]. Simulation of the dynamic behaviour of the generator, discussed in Chapter 3,
would suggest that beyond a certain number of phases, the passive rectification becomes
limited by the commutation time between devices turning on or off. A 15-phase generator
is, therefore, deemed a suitable number to investigate and justify the effects of passive

rectification on a higher phase number machine.
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When pitched at 12°, the winding factor for the fifteen-phase generator indicates the
removal of the 15" harmonic from the back-emf waveform. However, the 3“’, 5" and other
higher order harmonics remain to govern the waveform shape. This short-pitching does not
offer much improvement over the fully-pitched windings and would contain greater
quantities of higher order harmonic magnitudes than a simple distributed winding. Table

7.3 (in Appendix 7.2) highlights the winding factor for the 15-phase generator.

4.6.1 Rotor Field Energised
The Femm software is configured to run with the same current within the rotor field as
used in the previous topologies. The fully-pitched windings were the starting point, where
the double layer phase windings are aligned. The back-emf waveform, shown in Figure
4.14, exhibits a large amount of distortion. This will have a greater effect on the losses in
the generator since there will be an increased presence of higher order space harmonics in
the machine flux. The data points are not displayed as in previous cases due to the number
of phases being plotted. Therefore, the 12-point moving averages of these data points are

plotted only.
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Figure 4.14: Fully-pitched 15-phase Back-emf Waveform

Analysing the waveform by performing a FFT on a single phase shown yields the results in

Table 4.3.
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Table 4.3: Normalised Harmonic Content of Fully-pitched 15-phase Voltage

Harmonic 1 3 5 7 9 11 13 15

Freq. (Hz) 50 150 250 350 450 550 650 750
Magnitude 1.0000 0.0787 0.1134 0.0523 0.0049 0.0112 0.0165 0.0175
(%) 100.00 7.87 11.34 5.23 0.49 1.12 1.65 1.75

The higher order harmonics are much greater than those created by fully-pitched windings
in the five-phase generator. This is to be expected for the fifteen-phase generator, where

there is only a single coil per phase per layer to carry the current.

The short-pitching of the second-layer windings for the fifteen-phase generator, therefore,
becomes particularly interesting since there is only one coil per slot. The movement of the
coils through the 12° mechanical slot pitch can have a significant effect on the harmonic
content of the back-emf developed. Furthermore, the shape of the waveform produced will
be considerably altered as a result. The generator was short-pitched in steps of one slot

from 0° to 60°. The results are displayed in Table 4.4.

Table 4.4: Normalised FFT Voltages of Short-pitched Windings for 15-phase Generator

Harmonic 1 3 5 7 9 11 13 15
Frequency 50 150 250 350 450 550 650 750

Mag. (0°) 1.0000 0.0787 0.1134 0.0523 0.0049 0.0112 0.0165 0.0175
Mag. (12°) 1.0000 0.0763 0.0985 0.0331 0.0061 0.0046 0.0047 0.0015
Mag. (24°) 1.0000 0.0667 0.0537 0.0073 0.0033 0.0091 0.0166 0.0153
Mag. (36°) 1.0000 0.0578 0.0119 0.0566 0.0237 0.0159 0.0202 0.0199
Mag. (48°) 1.0000 0.0663 0.0339 0.0765 0.0277 0.0194 0.0157 0.0158
Mag. (60°) 1.0000 0.0849 0.0682 0.0561 0.0105 0.0063 0.0202 0.0267

Equation (37) specifies that short-pitching the windings by 60° should lead to the mitigation
of triplen harmonics. However, as Table 4.4 shows, the harmonic content for those triplen
values is higher than for the three- and five-phase machines and enough to distort the
voltage considerably. The most suitable solution would be to use the 36° short-pitching.
However, checking the total harmonic distortion (THD), observed in Table 4.5, suggests that
the 24° short-pitching would also have been a viable option if fundamental voltage drop

was of critical importance.
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Table 4.5: THD of RMS Voltages for Short-pitching of 15-phase Generator

Harmonic 1 3 5 7 9 11 13 15 THD (%)

Vrus (0°) 57.042 4.487 6.469 2982 0.279 0.639 0.943 0.998 11.591
Vrws (12°) 56.955 4.347 5.612 1.888 0.346 0.263 0.266 0.083 10.556
Vrus (24°) 56.142 3.742 3.014 0410 0.184 0.512 0.930 0.857 7.623
Vrus (36°) 55.585 3.213 0.660 3.147 1.316 0.884 1.125 1.103  7.557
Vrus (48°) 54.485 3.613 1850 4.168 1.510 1.057 0.854 0.863 9.098
Vrus (60°) 52,523 4.458 3581 2945 0.553 0.329 1.059 1.402 10.021

The THD is higher for the single slot, 12° short-pitched generator when compared with
short-pitching by two, three or four slots. Short-pitching by 36° offers the least THD and,
crucially, contains the least third harmonic component. Furthermore, the fundamental
voltage only drops by 2.55 % compared with the fully-pitched windings. The 36° short-
pitching offers the best machine performance and will be used herein for the short-pitching

of the 15-phase generator.

The voltage waveform created by short-pitching the generator windings can be observed in

Figure 4.15.
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Figure 4.15: Short-pitched 15-phase Back-emf Waveform

Comparing with Figure 4.14, the short-pitched back-emf shows a marked difference in

waveform shape, notably the removal of the sustained zero section.
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4.6.2 Stator Windings Energised
Energising the stator windings will allow the inductances to be found for the d- and g-axis.
The resolution of the inductances to two axes allows the comparison across the three
topologies discussed. The fifteen-phase generator should have d- and g-axis inductances

equivalent to 1/5" the magnitude of the three-phase generator.
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Figure 4.16: Inductance Waveform for 15-phase Generator

The d- and g-axis inductances, shown in Figure 4.16, verify that the values are 1/5th the

original three-phase values obtained from FEA.

4.7 Core Losses when Connected to an Uncontrolled Rectifier

Core losses are associated with the material properties used to construct both the stator
and rotor magnetic circuits. Since these components are responsible for creating the path
through which the flux can link the electric circuits, they play a particular importance in the
performance of the machine. The BCI162G synchronous generator is designed to produce a
sinusoidal output. However, connecting a rectifier to the generator output terminals causes

it to behave differently depending on the method of connection used.

The two generator winding configurations considered were the series-star and series-
polygon topologies which, for multiphase machines, both offer different advantages,
explained earlier in Chapter 3. The effect this has on the generator core losses can be

quantified by replicating the current distribution in Femm, for the five-phase generator.
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The FE model was split into regions so that the losses for the stator back-iron, stator tooth
and tooth-tip could be evaluated with respect to their mass. This gives the core losses in
the typically quoted W/kg format. The characteristic of the losses for increasing flux density

is shown in Figure 4.17.
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Figure 4.17: Core Loss against Flux Density for 50 Hz Operation
The stator back-iron makes up the majority of the stator mass, highlighted in Equation (47).
The stator tooth and tooth-tip mass can be calculated in the same manner, enabling the

losses in the rotor aligned position to be analysed, shown in Table 4.6.

Mass = Volume x Density
Mass = 3.824x103 x 7650 (47)
Mass = 29.254 kg

The value used for the material density is taken from the Product Data Bulletin published

by AK Steel Corporation for a 3 % silicon steel [70].

The model is set-up to reflect the conditions at one point during the power transfer
through the rectifier, unlike previous analysis where energising the rotor and rotating it
through 360° would result in the back-emf developed in the generator. Observing the back-
emf would require knowledge of the change in the current in each winding, this could be
achieved based on the simulation output for connection to a passive rectifier. However, it
would require considerable programming and assumes that the simulation output is
accurate. It was most suitable to experimentally verify the effects of short-pitching the

generator on the back-emf waveform shape, which can be found in Chapter 5.
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The flux density can be found in Femm by taking the integral of B throughout the
volumetric section. This gives the summation of the average flux density for each meshed
element as an x- and y-coordinate, given in units Tm®. To find the power loss, the flux
density alone is required. Therefore, the answer given by the post-processor is divided by
the block volume. The flux density magnitude can be found by taking the root of the sum of
the squared x- and y-coordinate values. The power loss is typically calculated using

Equation (48).
Poss =KyB™ f +k.B*f* (48)

where Pjogs is the power loss in the stator material, Ky and Ke are hysteresis and eddy

current coefficients, respectively, B is the flux density, superscript n, is the Steinmetz index

and f is the frequency. The hysteresis and eddy current coefficients are neglected here

since the power loss does not require splitting into its component parts.

4.7.1 Fully-pitched Star-connected Generator
For the star-connected generator, the stator currents were set such that only two phases
conducted at any point in time, in this case phases a and ¢ shown in Figure 4.18. The nature
of the star-connected diode rectifier holds all other phases in an open-circuit condition for
a balanced five-phase system except under commutation. To avoid saturation of the

rds

generator, the current level was first set to approximately 2/3"™ the generator rated

current output before later being configured to the full rating.
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Figure 4.18: Simplified Diagram of Conduction Path used to Analyse Core Losses
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Table 4.6: Core Loss for Aligned, Fully-pitched Star-connected Generator at 2/3" Rated Current

Flux Density Power Loss Mass Core Loss
() (W) (kg) (W/kg)
Stator back-iron 0.554 33.6 29.3 1.15
Stator tooth 0.693 50.8 0.141 361.4
Stator tooth-tip 0.431 21.2 0.015 1386
Total loss - 105.7 - -

The data for the stator tooth and tooth-tip, shown in Table 4.6, gives the average value

around the generator since some teeth will be saturated whilst others have little, if any,

flux through them in the rotor aligned position. The tooth-tip results show a high core loss

quoted due to the relatively small fraction this volumetric component has on the

composition of the whole generator. This considers the fundamental loss component only

and does not consider the minor flux loops around the slots since this is too time intensive

to model. The average flux density remains relatively high throughout this area since the

tooth-tip is the point at which flux enters and leaves the stator and rotor material. The air-

gap magnetic flux is concentrated by the constrained width of the stator tooth leading to a

higher degree of saturation within that area and, therefore, a greater power loss

component. The total stator power loss is in Table 4.6 for comparison with other generator

topologies.

For this particular application, the tooth-tip saturation was not of great importance. The

generator has been rewound in such a way that it will not exceed the limits set out in the

original manufacturer design criteria. However, it is necessary, when designing a generator,

to consider this part separately in order to evaluate the areas of peak loss and ensure that

the stator material can accept the electrical and thermal stresses.

Repeating the test for the generator at rated current provided a better understanding of

the saturation effects experienced by the stator material. The results are displayed in Table

4.7 and it can be observed that the power loss considerably increases as the machine is

pushed further into saturation.
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Table 4.7: Core Loss for Aligned, Fully-pitched Star-connected Generator at Rated Current

Flux Density Power Loss Mass Core Loss
() (W) (kg) (W/kg)
Stator back-iron 0.669 47.7 29.3 1.63
Stator tooth 0.821 69.5 0.141 494.1
Stator tooth-tip 0.521 30.1 0.015 1967
Total loss - 147.2 - -

4.7.2 Short-pitched Star-connected Generator
As previously stated, short-pitching the generator by three slots (36° mechanical) is
designed to reduce the harmonics providing a more sinusoidal output voltage. However,
the flux density pattern through the stator will change the stator core losses. With the
same current distribution as that used in the fully-pitched topology, the short-pitching
provides a more even flux density distribution within the generator material, reducing the

peak flux linking the rotor in the aligned position.

Table 4.8: Core Loss for Aligned, Short-pitched, Star-connected Generator at 2/3" Rated Current

Flux Density Power Loss Mass Core Loss
(M) (W) (kg) (W/kg)
Stator back-iron 0.538 31.9 29.3 1.09
Stator tooth 0.669 47.7 0.141 338.9
Stator tooth-tip 0.424 20.6 0.015 1346
Total loss - 100.2 - -

Comparing fully- and short-pitched results, the short-pitched generator incurs 5.2 % less

rds

core losses at 2/3" rated current.

Table 4.9: Core Loss for Aligned, Short-pitched, Star-connected Generator at Rated Current

Flux Density Power Loss Mass Core Loss
(M (W) (kg) (W/kg)
Stator back-iron 0.672 48.0 29.3 1.64
Stator tooth 0.810 67.8 0.141 481.9
Stator tooth-tip 0.525 30.5 0.015 1994
Total loss - 146.3 - -
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It is clear from the results displayed in Table 4.9 that short-pitching the generator has no
significant difference in core losses when driven into saturation. Therefore, under heavy
loading conditions, the generator will experience similar power losses regardless of the

winding topology.

4.7.3 Fully-pitched Polygon-connected Generator
This section will show that the polygon-connected generator incurs lower core losses,
indicating an increase in generator performance due entirely to the connection method at
the generator output side. As presented in Chapter 3, all stator windings carry current using
this topology, unlike the star-connected system. The polygon-connected generator,
therefore, has a much lower peak current resulting in a reduced average flux density
throughout the stator material. Since all phases are conducting, the rotor aligned position
is different when compared with the alignment for the star-connected system. The current

rds

distribution within the model was again set to 2/3" the rated current and repeated for full

current rating.

rds

Table 4.10: Core Loss for Aligned, Fully-pitched, Polygon-connected Generator at 2/3" Rated Current

Flux Density Power Loss Mass Core Loss
(M) (W) (kg) (W/kg)
Stator back-iron 0.496 27.4 29.3 0.938
Stator tooth 0.611 40.3 0.141 286.8
Stator tooth-tip 0.368 15.9 0.015 1039
Total loss - 83.7 - -

Comparing Table 4.10 with the results gained from the fully-pitched star-connected
generator in Table 4.6, the core losses are approximately 21 % lower. The generator
magnetic material experiences a lower average flux density. However, for the fully-pitched
polygon-connected generator, the peak flux density value — measured at the stator core-
back face as a closed contour —is higher, as highlighted in the comparison of Figure 4.19

and Figure 4.20.
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The star-connected generator has a high concentration of flux density over a large contour
length of the generator, spanning approximately 10 stator slots. However, the polygon-
connected generator has a higher peak flux density due to the concentration of flux
through the 12" and 27" stator teeth. The rotor is aligned with the flux path for the a- and
e-phases, which are the phases with the greatest amount of current flowing causing the

peak in the waveform of Figure 4.20 as the flux is constricted through the stator teeth.

Again, pushing the generator into saturation by simulating at rated current, the results are
shown in Table 4.11, which compare with Table 4.7 for the fully-pitched star-connected

case.

Table 4.11: Core Loss for Aligned, Fully-pitched, Polygon-connected Generator at Rated Current

600

Flux Density Power Loss Mass Core Loss
(M (W) (kg) (W/kg)
Stator back-iron 0.661 46.6 29.3 1.59
Stator tooth 0.777 62.7 0.141 446.2
Stator tooth-tip 0.488 26.7 0.015 1745
Total loss - 136.0 - -

The polygon-connected generator shows 7.6 % less total power loss in the stator material
due to the connection method providing a better flux density distribution but the

rds

differences are less significant than for the 2/3™ current case.

4.7.4 Short-pitched Polygon-connected Generator
For the polygon-connected case, short-pitching the generator by three slots will offset the
two phase windings that are carrying the peak current magnitude, leading to a reduction in

peak flux density in the aligned position. The average flux through the generator core
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material is more evenly distributed giving rise to 9.4 % lower core losses than the fully-

pitched case.

rds

Table 4.12: Core Loss for Aligned, Short-pitched, Polygon-connected Generator at 2/3'" Rated

Current
Flux Density Power Loss Mass Core Loss
(M (W) (kg) (W/kg)
Stator back-iron 0.468 24.7 28).2 0.844
Stator tooth 0.584 37.1 0.141 263.5
Stator tooth-tip 0.344 14.1 0.015 921.2
Total loss - 75.8 - -

The data in Table 4.12 shows the reduced core losses as a result of short-pitching the

machine by 36°. Compared with the short-pitched star-connected generator in Table 4.10,

there is a significant reduction in back-iron and stator tooth losses as a result of a lower flux

density. The flux density waveforms for the star-connected and polygon-connected cases

can be observed in Figure 4.21 and Figure 4.22, respectively.
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Again, the star-connected flux density shows the same peak flux across a number of slots.

Both the star- and polygon-connection methods now exhibit a lower flux density at the

stator slot than that observed in fully-pitched topology.
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Table 4.13: Core Loss for Aligned, Short-pitched, Polygon-connected Generator at Rated Current

Flux Density Power Loss Mass Core Loss
() (W) (kg) (W/kg)
Stator back-iron 0.643 44.3 29.3 1.52
Stator tooth 0.762 60.6 0.141 430.8
Stator tooth-tip 0.471 25.0 0.015 1634
Total loss - 129.9 - -

The short-pitched results in Table 4.13 shows a 4.5 % reduction in total core loss when

compared with the fully-pitched case.

4.7.5 Core Loss Summary
Compiling all of the results into one table for comparison, Table 4.14 highlights the
respective power loss magnitudes within the generator stator material dependent on the
winding topology and the output connection method. The three-phase generator case is

also included for completion.

Table 4.14: Comparison of Core Losses

Star Polygon

Fully-pitched  Short-pitched  Fully-pitched Short-pitched

Three-phase 2/3' (W) 207.937 203.573 162.416 138.971
Three-phase Rated (W) 225.440 221.389 177.646 143.599
Five-phase 2/3" (W) 105.688 100.191 83.666 75.828
Five-phase Rated (W) 147.235 146.283 135.999 129.887

The fully- and short-pitched, polygon-connected generator have consistently lower core
loss compared with the star-connection, approximately 19 % lower at rated current. Short-
pitching the generator lowers the core losses but this is less obvious when the generator is
operated toward its saturation region. The five-phase generator exhibits approximately half
of the magnitude core losses when compared with the three-phase generator particularly

in the lower current case.

4.7.6 Rotor Core Losses
The rotor is a complex geometric shape but, through the magnetic coupling, it will still have
a loss component associated with it. The rotor is modelled using the same material as the

stator and is laminated using the measured thickness of 0.64 mm. The rotor shaft is not

124



modelled as it is assumed that the laminations of the rotor make up the majority of the
electromagnetic path. However, since the rotor is travelling at synchronous speed, it will
not experience the same 50 Hz fundamental frequency component that contributes to the
stator losses. The rotor has a DC component and some higher order harmonic components
that exist as losses on the rotor surface. Due to the complex nature of these losses and the

relatively small contribution to power loss, the rotor core losses are neglected.

4.8 Summary

The methods used in the design of electric machines have changed significantly with the
proliferation of software programs capable of modelling their electromagnetic properties.
This chapter has served to highlight some of the benefits of utilising FEA for the purposes of
establishing the expected internal behaviour of the generator when extending beyond

three-phases and quantifying core losses.

Consideration was made toward the software calculation, ensuring that the grouped coil
method was acceptable for quantifying the flux linkage for the concentric winding featured
in the three-phase generator. Methods for calculating the back-emf were also compared to
verify the magnitudes calculated from the flux linkage given by FEA were consistent with
the manufacturer’s quoted generator output. Confirmation allowed the multiphase

variants to be developed and modelled with confidence.

The inductance was found in all cases by considering the rated stator current and rotating
the rotor through 360°. The results provided a sinusoidal flux linkage output which could be
analysed to find the d- and g-axis inductances from the maxima and minima, respectively.
The assumption made in the simulation modelling that inductances scaled by a factor of
3/m —when using the three-phase generator as a reference and ignoring end-winding
effects — were proven to be correct as the phase number is increased. The assumption that

saliency effects above the 2" harmonic could be neglected has also been verified.

The harmonic content of the generator has been investigated, to establish the effect that
short-pitching the double layer windings will have on the multiphase variants with
particular attention paid to the 15-phase generator. The stator of the generator is fixed at
30 stator slots, therefore, for a 15-phase machine, each phase winding will take up one
slot. It has been shown that short-pitching the generator can reduce the THD of the open-

circuit back-emf developed by 4 % compared with the fully-pitched topology. The harmonic
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content of the back-emf was determined from the FEA for use in the dynamic circuit model

simulation in Section 3.4.

Further work has been carried out to investigate and quantify the iron losses within the
generator when it is connected to an uncontrolled rectifier. The three- and five-phase
generators were modelled to provide an understanding of what effects star- and polygon-
connected generator topologies have on the power loss and how short-pitching also affects
this. The results highlight a better utilisation of the generator when connected in a delta or

polygon configuration.

This chapter has presented FEA of the connection method. The next chapter uses
experimental testing to validate the modelling methods used. Further investigation into the
system behaviour is considered and the optimal connection method for purposes of fault

tolerance and DC ripple voltage is sought.

126



5

Experimental
Testing

5.1 Introduction......cccoceeriiniiineenicnicnee 127
5.2 Experimental Set-up and Chapter
Structure....occeeeiviiiei 128
5.3 Comparison of Experimental and
Simulation Results ......ccceecvevevieeriieeennee. 130
5.4 Comparison of Fully- and Short-pitched
Generators......cccvveeeeiiiiiiiie 142
5.5 Generator Loading Comparison........... 150
5.6 Comparison of Fault Tolerance in Star-
and Polygon-connected Generators..... 158

5.7 Summary ....ccoooii, 172

5.1 Introduction

In order to validate the analysis and simulation performed in Chapter 3, experimental
testing is conducted using the purpose-built test-rig. The multiphase synchronous
generator has been wound to allow access to the stator coils, enabling the reconfiguration
of phase number and, since it is a double layer winding, the pitching of the machine.
Furthermore, the connection of the generator to the diode rectifier can be either a star- or
polygon-connected configuration. This allows for the full appraisal of generator AC and
output DC characteristics for a range of connection methods and machine topologies as
phase number increases. The validation of the simulation model, through this testing, will
allow it to be used to study applications that are beyond the limits of the test equipment,

representative aircraft loads or 400 Hz operation, for example.
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This chapter details the simulation model results which are compared with the
experimental test results for selected normal operating and open-circuit fault cases in
order to validate the model performance. Further experimental results are presented
through the effects of generator pitching under normal operating conditions before
analysis on the differences in loading conditions. Finally, the connection method ascertains
the generator-rectifier behaviour under open-circuit fault conditions. Conclusions will be
drawn about the performance of the generator and rectifier, including the accuracy of the

simulation model.

5.2 Experimental Set-up and Chapter Structure

The experimental set-up is pictured in schematic form in Figure 5.1 and further
construction information can be found in Appendix 7.1. The test-rig DC drive machine
armature was powered from a motor-generator set and a local DC power supply unit
provided the rotor field voltage to control the speed. The multiphase synchronous
generator, being a two-pole machine, required a synchronous speed of 3000 rpm, the DC
motor being rated to provide the correct rotor speed. An emergency break switch was
situated between the armatures of the two DC machines, removing the armature power
source and allowing the DC motor to be stopped in the case of a field supply fault. The field
for the synchronous generator was provided by another DC power supply unit, which
replaced the AVR and was connected to the rotor through brushes and slip-rings. The stator
winding output from the multiphase synchronous generator was brought out into an
external cabinet where the diode rectifier was also situated. The winding connections were
hard wired into a series of stud terminals, allowing the reconfiguration of the stator for
different phase combinations, winding pitches and connection topologies. Cabinet wiring

details can be found in Appendix 7.1.
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Figure 5.1: Experimental Test-rig Schematic Set-up
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The diode rectifier used was an off-the-shelf three-phase bridge rectifier, rated to 60 A.
Five of these units were used to provide 15-phase rectification. However, they were not the
fast recovery type, which would have potentially provided better results in the

experimental testing.

5.2.1 Loading the System
The generator used for testing was a rewound Cummins BCI162G wound-field synchronous
generator, which was originally rated at 22.5 kVA. In the rewound machine the number of
turns per coil was reduced from 8 to 7 due to the physical constraints of the stator slots
limiting the number of turns that could fit into the slot. The field voltage was set to
energise the rotor to provide the same magnetic field density as the original machine,

giving a no-load phase voltage that was 7/8"™

the original rated voltage of 220 V. Generator
rating data are given in Appendix 7.5. The resistive load bank was configured to provide
two different network loads. The first configuration was a 58 Q fixed resistance in order to
limit the current drawn from the machine and ascertain the generator performance in a
lightly loaded state. The second configuration used the resistors in parallel to provide a
minimum 5 Q resistance, leading to a higher current drawn from the generator and

increasing saturation in the stator. The effects that loading has on the generator-rectifier

system are explored later in Section 5.5.

5.2.2 Notation for Diagrams
The results contained in this chapter are presented graphically for qualitative analysis. The

notation used in labelling the phase quantities is shown in Figure 5.2 and corresponds to

the legends of the plots.

Figure 5.2: Star- and Polygon-connected Generator Notation
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5.2.3 Structure of Chapter

Quantitative and qualitative analysis is performed through the comparison of magnitudes
and waveform shapes on both the AC and DC side. The key measurements for the DC side
are the average voltage level and the ripple magnitude. Fixed field current is used to
observe the drop in DC voltage level for increased load conditions. For the AC side, the
main quantitative measurement is the peak AC current and the effect that this has on the
losses, explored in Chapter 3 and Chapter 4. Qualitative analysis is performed on the
current sharing between phases, which will affect the de-rating under fault conditions and

torque ripple production for non-balanced currents.

5.3 Comparison of Experimental and Simulation Results

The simulation model, from Chapter 3, has been configured with parameters based on data
from open-circuit, slip, short-circuit, and fixed resistive load tests carried out on the three-
phase generator, shown in Appendix 7.4. However, in order to fully validate the simulation
results, the model must accurately represent the multiphase generator under normal
operating and open-circuit fault conditions. The simulation results for the best and worst
case generator-rectifier scenarios are compared and presented here. For completeness,
tables of data in Appendix 7.8 detail the values of AC and DC quantities not shown

graphically.

5.3.1 Three-phase Generator
For the three-phase generator, the simulation showed good agreement with the
experimental results in a number of cases, but particularly when the generator was short-
pitched to best approximate a sinusoidal output and minimise harmonic distortion. The
short-pitched, star-connected generator is shown in Figure 5.3 and Figure 5.4 for the
experimental and simulation results, respectively. The results displayed for the short-
pitched, star-connected generator under light load and normal operating conditions show

good agreement in terms of peak values and waveform shape.
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The fully-pitched generator tests the assumption of sinusoidally distributed windings that is

made in the simulation as well as the harmonic voltage model estimation. However, as

Figure 5.5 and Figure 5.6 show, the simulation and experimental results agree well, except

for the AC voltage which exhibits a higher peak in the experimental results that is not

present in the simulation results.
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Comparing the experimental and simulated results for the fully-pitched, delta-connected

generator, displayed in Figure 5.7 and Figure 5.8, shows a good match for both AC and DC

quantities, particularly in the peak magnitudes. The switching effects, in the form of

commutation notching, are reflected in both the experimental and simulated voltage

waveforms but the diode recovery effects are only visible in the experimental results,

which is neglected in the simulated diodes. The AC generator current shows the presence

of circulating third harmonic currents and their out-of-phase relationship with the

fundamental waveform, correctly represented by the simulation. This is common in delta-

connected transformers and machines, where the current created by the third-harmonic,

for the three-phase case, does not flow into the line output. Instead, it remains in the

windings, circulating with time as the connection topology acts as a current divider. The DC

12

-12
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side pk-pk voltage ripple is slightly overestimated in the simulation due to the AC voltage

waveform having a less sinusoidal characteristic around its peak.
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The peak values for both the fully-pitched star- and delta-connections are presented in
Table 5.1 for comparison. The simulation results show a good match with the experimental
results in both the star- and delta-connected configuration under normal operating
conditions.

Table 5.1: Experimental and Simulated Results for Three-phase Fully-pitched Delta-connected
Generator under Normal Operating Conditions with 58 Q Load

Current (A)

Vac lpio lgen Ve lac Voc Ripple
(Vor) (Apk) (Apk) (Vi) (Apk) (% of AVG)
STAR EXP 345.6 8.48 - 486.4 8.41 24.9
SIM 277.9 8.14 - 472.1 8.14 16.7
DELTA EXP 275.2 4.86 6.53 272.0 4.80 20.2
SIM 276.1 4.74 5.78 274.6 4.73 29.1

The circulating harmonic currents that are observed in the experimental and simulated
results for the fully-pitched, delta-connected generator are eliminated in the short-pitched

generator, shown in Figure 5.9 and Figure 5.10.
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Under normal operating conditions, the simulation has been shown to accurately portray

the results observed from experimental testing. Investigating the open-circuit diode fault

under high loading, the experimental results, depicted in Figure 5.11, show the effects of

the third harmonic on the voltage waveform. This is not observed in the simulated star-

pitched Delta-connected Generator AC and DC

connected system in Figure 5.12. However, the simulation still shows a good approximation

of the AC current and DC side quantities. Taking an FFT of both voltage waveforms shows

an 86 % lower third harmonic voltage content in the simulation.
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Changing the connection topology to a delta configuration and retaining the diode device

open-circuit fault, the simulation continues to offer a good approximation of the DC side

experimental results, observed in Figure 5.13 and Figure 5.14.
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Under the open-circuit diode fault condition, the generator current drawn from the delta-
connected machine differs between the experimental and the simulated results. The
circulating third harmonic currents are expected in the fully-pitched winding as the
generator is in a healthy state. They have been observed in the simulation of the fully-
pitched, delta-connected generator under normal operating conditions. However, they are

not being accounted for here.

Both of these star- and delta-connected cases highlight an area of the simulation that
requires further development to accurately model the harmonic content present in the
generator-rectifier system.

Table 5.2: Experimental and Simulated Results for Three-phase Fully-pitched Generator under Open-
circuit Diode Fault with 5 Q Load

Current (A)

Vac Ioio len Ve lyc Vbc ripple

(Vi) (Apk) (Apk) (Vi) (Apk) (% of AVG)
STAR EXP 95.996 21.439 - 105.596 21.311 143.02
SIM 54.943 21.572 - 107.860 21.572 158.93
DELTA EXP 175.993 33.919 19.519 172.793 32.799 178.70
SIM  171.321 34.669 20.919 173.344 34.669 156.01

The comparison of data, presented in Table 5.2, shows that the simulation agrees with the

peak AC current and DC quantities measured from the star-connected generator. However,
the peak AC voltage is underestimated as a result of the missing third harmonic. The delta-
connected generator peak values also match despite the circulating harmonics not being

included.
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5.3.2 Five-phase Generator
The five-phase generator model is set-up and described as per Chapter 3. Similar to the
three-phase generator, the short-pitched machine simulated and experimental results
showed good agreement in both waveform shape and peak magnitudes for both the star-
and polygon-connected cases. The fully-pitched simulation results also show good
agreement with the experimental results. However, there are some differences which are

highlighted here.

Under normal operation, with a 58 Q fixed resistive load on the DC output side, the AC and
DC waveforms recorded from the experimental test-rig compare well with the simulation.
This should be expected since the generator is not saturated and, as a result, the simulation
retains the accuracy to model the lightly loaded case. For a polygon configuration, the AC
voltage in Figure 5.16 shows a slight offset in the zero period when compared with the

experimental results of Figure 5.15.

The simulated AC generator current also presents a mismatch in the phase relationship
with the fundamental waveform when compared with the experimental results due to the
phase relationship of the harmonic content. The simulated AC generator current is
overestimated, possibly due to inaccuracy in the leakage inductance value used in the
simulation, which was derived from experimental testing. The presence of the fifth
harmonic, in both the experimental and simulated results, signifies that the simulation is
correctly accounting for the circulating harmonic currents that flow in a polygon-connected
generator apart from a slight mismatch. This could be refined by changing the rotor angle

which is applied in the d-q axis conversion.
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Figure 5.15: Experimental Five-phase Fully- Figure 5.16: Simulated Five-phase Fully-
pitched Polygon-connected Generator pitched Polygon-connected Generator
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The fully-pitched star-connected generator shows agreement in waveform shape between

the experimental and simulated data in Figure 5.17 and Figure 5.18, respectively. Observing
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the DC side in particular, the ripple magnitude is greater and shows the commutation
pattern more clearly than in the simulation. There is a 6.65 % difference in the average DC
voltages, which follows from the lower peak voltage in the simulated results. There is also a
difference in the AC voltages, with the simulated data showing the more typical fully-
pitched behaviour, with the flatter peak previously seen in Chapter 4, suggesting the

presence of out-of-phase third harmonic.
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Figure 5.17: Experimental Five-phase Fully- Figure 5.18: Simulated Five-phase Fully-
pitched Star-connected Generator 58 Q Load pitched Star-connected Generator 58 Q Load

The data for the normal operating conditions is shown in Table 5.3. The simulated
waveform shapes show good approximation to the generator and rectifier behaviour.

However, the numerical data highlights the differences.

Table 5.3: Experimental and Simulation Results for Five-phase Fully-pitched Generator under Normal
Operating Conditions 58 Q Load

Current (A)

Vac Ioio lgen Ve lac Vbc Ripple
(Vo) (Ank) (Ank) (Vi) (Apk) (% of AVG)
STAR EXP 188.793 6.008 - 339.187 6.144 22.76
SIM  155.228 5.150 - 298.650 5.149 9.56
POLYGON EXP 195.193 4.540 7.040 248.278  4.800 7.88
SIM  180.663 4,117 7.743 238.775  4.117 10.88

In order to fully assess the five-phase generator-rectifier model, the open-circuit condition
behaviour must be evaluated. The worst case scenario for the simulation is the fully-
pitched, polygon-connected generator with an open-circuit phase fault and high DC
current. The model must take into account the missing phase and accurately portray the

dynamic system behaviour.

The polygon-connected generator experimental and simulated results are shown in Figure

5.19 and Figure 5.20, respectively. The peak AC values are well approximated by the
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simulation and there is also a good prediction of DC voltage ripple. The AC voltages exhibit
a similar shape, correctly predicting the second voltage spike. However, the simulation has
a lower peak value, approximately 30 V lower, and a higher second voltage pulse
measured. The key differences are in the waveform shapes of the current drawn from the
generator and the diode line current. The AC generator current is shown to be constantly
conducting but is not the case in the experimental results, whilst the diode line current

shows no overlap in phases in the simulation results.
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The star-connected generator shows a greater degree of accuracy on the AC side in Figure
5.21 and Figure 5.22. However, the AC voltage is still inconsistent between the
experimental and simulated results but shows some of the key traits, indicative of a
difference in the harmonic content due to the rectifier. The DC side comparison shows a
good match in the dynamic behaviour but as the voltage is more stable in the simulation,
the pk-pk ripple is much lower, around half that measured in the experimental testing,

displayed in Table 5.4.
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Table 5.4: Experimental and Simulated Results for Five-phase Fully-pitched Generator under Open-
circuit Phase Fault with 5 Q Load

Vac Ioio lgen Ve lac Vbc Ripple
(Vi) (Agk) (Agk) (Vi) (Agk) (% of AVG)
STAR EXP 94.4 23.6 - 129.6 26.0 115.3
SIM 80.1 254 - 126.8 254 54.5
POLYGON EXP 118.4 21.8 23.8 126.4 27.1 58.1
SIM 93.9 24.6 24.6 123.0 24.6 72.3

5.3.3 15-phase Generator
Compared with the three- and five-phase simulation models, the 15-phase model was the
most computationally intensive in terms of simulation time, in particular under fault
conditions, due to the high number of diode switching devices, 30 in total, requiring a
reduced time step. Because of the small differences between phase voltages, parasitic
effects in the experimental test-rig such as connection resistances and small changes in
inductances can alter the way that the rectifier behaves. The simulation model is,
therefore, expected to provide a more ideal picture of the way that the generator responds

under normal operation and open-circuit fault conditions.
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The short-pitched generator has the best match between experimental and simulated
results, shown in Figure 5.23 and Figure 5.24, respectively. The AC voltage shows a good
prediction of the waveform shape and peak magnitude. The AC current also shows a good
match with the simulation through the peak magnitude and the inclusion of the two
conduction periods. There is a less good match for the DC values in terms of pk-pk ripple,

detailed in Table 5.5.
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The higher loading case for the normal operation of the 15-phase, fully-pitched, star-
connected generator highlights the continuation of the trends between simulation
prediction and experimental results. The AC characteristics show good matches between
result sets in both peak magnitudes and the trend in current conduction pulses, observed

in Figure 5.25 and Figure 5.26. The average DC values are also closely approximated.

Differences exist between what can be achieved in a physical system and what is expected
from simulation results. The experimental results show the switching effects reflected in
the AC and DC voltage waveforms. This causes considerable distortion to the pk-pk values
presented in Table 5.5. The AC current can be observed to have multiple conduction
periods, which indicates a number of diodes conducting simultaneously and reduces the
overall peak magnitude of the current drawn from the generator. The simulation shows a
more ideal AC voltage waveform which results in there being more phases conducting
simultaneously over the period. The DC voltage is particularly interesting, showing a ripple
frequency of 750 Hz instead of the expected 1.5 kHz. This may be caused by the
overlapping in the line-to-line voltage providing little to differentiate between the phases.
The commutation takes place based on the differences in these voltages; therefore, such a

high degree of overlap will cause the diodes to remain in their on-states for a longer period.
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Table 5.5: Fully-pitched and Short-pitched Star-connected Generator Experimental and Simulated

Results for 5 Q Load
Vac Ipio lgen Ve lac Vbc Ripple
(Vi) (A (A (Ve) (A (% of AVG)
Fully- EXP 67.8 22.1 - 125.6 20.9 99.9* (26.7)
Pitched SIM 514 18.2 - 94.8 18.9 3.39
Short- EXP 62.7 23.3 - 107.3 23.5 14.9
pitched SIM 62.9 22.2 - 111.4 22.3 2.82

* = pk-pk ripple value is affected by the switching transients, () = Filtered value

Changing the connection topology, the polygon-connected generator shows good

consistency between the experimental, Figure 5.27, and simulated results, Figure 5.28. The

AC and DC side results show a good match, with the improved pk-pk voltage ripple

magnitude that is expected for a high phase number machine.
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Introducing an open-circuit phase fault to the Polygon-connected generator yields the

results shown in Figure 5.29 and Figure 5.30.
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The AC voltage is closely approximated by simulation, showing the same peak magnitude
and trend with the formation of the diode current also showing the correct traits but with
some variation in peak value. The average DC voltage is a good match. The parasitic effects
present in the experimental results, through the external connections of the generator,
provide enough of an effect on the small variations in the AC voltages to change the order
in which the diodes switch. The DC output is adversely affected as a result, showing
considerable distortion. This underlines the complex switching pattern across the healthy
phases as a result of the small variations in differential voltages. The simulation assumes
that the path to each diode leg is the same and, therefore, switching takes place on a
formulaic basis. This is highlighted by the DC voltage and current, which show the expected
two events per cycle in the presence of a generator single phase open-circuit fault. The
data for the experimental and simulated results is presented in Table 5.6.

Table 5.6: Short-pitched Polygon-connected Generator Experimental and Simulated Results for
Normal Operation and Open-circuit Phase Fault Conditions for 58 Q Load

Vac Ioio leen Ve lac Vbc ripple
(Vor) (Apk) (Apk) (Vi) (Apk) (% of AVG)
Normal EXP 59.5 5.17 2.91 259.2 4.61 7.70
SIM 61.1 2.37 2.37 249.5 4.30 2.06
Gen O/C EXP 51.2 2.56 2.59 147.2 2.06 23.8
SIM 40.6 1.49 1.49 137.2 1.84 5.57

5.3.4 Summary of Comparison of Experimental and Simulation
Results

The comparison of experimental and simulation results highlighted the performance of the
simulation model for selected best and worst case scenarios. The simulation assumes that
the magnetic circuits in the dynamic circuit model are linear and that no saturation occurs.
It also assumes that all winding resistances are equal and that diode devices are identical.
Commutation will therefore take place between adjacent phases based on the voltage
differentials being equivalent between each set of phases. Experimental testing has shown
that this is not always valid. However, with the inclusion of harmonic modelling,
particularly under normal operating conditions, the simulation model has shown, visually

and quantitatively, accurate representation of the experimental system.
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The simulation showed that for short-pitched, lightly loaded, cases it could accurately
predict the system behaviour for the three-, five- and 15-phases under normal operating
conditions, allowing it to be used in future study to investigate any number of phases. For
the fully-pitched generator, simulating the generator with this winding configuration poses
significant challenges since most dynamic circuit modelling is carried out under the
assumption that the windings are sinusoidally distributed. The simulation demonstrated
validity for waveform shape but under the higher load conditions showed some loss of

accuracy in numerical data, highlighted in Table 5.2 to Table 5.5.

The experimental testing of the polygon-connected generator showed the presence of
circulating harmonic currents in the winding, which was also observed in the simulation for
healthy cases. However, the phase relationship for the harmonic content in the simulation
was not accurate. Under diode fault conditions, the simulated polygon-connection didn’t

account for the harmonic content present in the healthy generator.

The simulation doesn’t always accurately predict the diode commutation, particularly for
the higher phase, fully-pitched generator cases. However, the average DC voltage and
current levels are well approximated. These selected cases show areas where assumptions
made in the dynamic circuit modelling of the multiphase generator-rectifier system is
suitable and where further research is required to improve the model with accurate

harmonic information, for example.

5.4 Comparison of Fully- and Short-pitched Generators

5.4.1 Introduction
As stated in Chapter 4, the generator can be short-pitched to minimise total harmonic
distortion in the back-emf generated. The short-pitching has been considered to improve
the performance of the generator through the removal of harmonics. However, the fully-
pitched generator is also considered to assess the performance of the AC side —when it is

less sinusoidal — and the resultant effects on the DC ripple.

The fully-pitched generator has the coils of the same phase located above each other in the
double layer slots, resulting in a particularly concentrated circumferential current density
distribution around the stator, as seen in Figure 5.31 and Figure 5.32. This will impact the
back-emf developed since the winding is concentrated around that area, leading to a

greater interval of zero change in flux linking the phase winding.
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Figure 5.31: Fully-pitched Stator Topology Figure 5.32: Current Density Distribution in a
Fully-pitched Winding

The short-pitching of the coils in the machine can be seen in Figure 5.33 with an example of
the current density distribution developed shown in Figure 5.34. It is clear that in
comparison to the fully-pitched topology, the current density distribution around the stator
is more sinusoidal in nature with a greater circumferential span and a shorter zero period

as the rotor approaches 180°.
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Figure 5.33: Short-pitched Stator Topology Figure 5.34: Current Density Distribution in a

Short-pitched Winding
In this section, the fully-pitched generator is compared against the short-pitched generator

topology to ascertain the potential benefits to the star- or polygon-connection type. The
comparison is performed for the healthy generator case only. The mechanical pitching of
the windings does not offer significant benefits in reducing the impact of open-circuit fault
conditions, however, testing has been carried out for both topologies and results are
contained in Section 5.6 and Appendix 7.9. The example shows the three-phase generator
short-pitched by 60°. The short-pitching for the five- and 15-phase machines is detailed in
Chapter 4.

5.4.2 Three-phase Generator
The fully-pitched three-phase generator is configured with both phase coil sets aligned in
the double layer winding across five stator slots, as depicted in Figure 5.31. Short-pitching

by 60° mechanical provides cancellation of the third harmonic, which presents significant

143



distortion to the back-emf in the fully-pitched case. The results for the three-phase, star-

connected generator are shown in Figure 5.35 (FP) and Figure 5.36 (SP).
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connected AC and DC Voltage and Current connected AC and DC Voltage and Current
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The AC phase voltage, in Figure 5.35, shows a sinusoidal approximation with a high peak
distorted by commutation notching and short-transient diode switching events. The AC
current drawn from the generator, and the DC ripple following the commutation

waveform, is typical for a resistive load connected to the rectifier [48].

The short-pitched generator, shown in Figure 5.36, is similar to the performance of the
fully-pitched generator observed in Figure 5.35. The AC voltage shows a lower peak value
as a result of the better sinusoidal output. The AC current is comparable and the DC side
demonstrates the commutation pattern in the DC ripple that is discussed in Section 3.5.3.
The effects of pitching are numerically displayed in Table 5.7, which highlights the
difference in behaviour for the same fixed resistive load value. The peak AC voltage in the
fully-pitched generator has been observed to be approximately 50 V higher for the same
flux density. However, the lower AC voltage in the short-pitched machine provides a higher

peak DC voltage. The current drawn from both winding topologies is comparable.

Table 5.7: Three-phase Star-connected Fully- and Short-pitched Normal Operating Conditions

Vac iac Voc inc Voc Vocripple

(Vor) (Apk) (Vo) (Ank) (Vpk-pk) (% of AVG)
Fully-pitched 58 Q 345.6 8.48 486.4 8.41 108.8 24.9
Short-pitched 58 Q 297.6 8.32 492.8 8.34 121.6 27.7

The delta-connected generator shows a significant performance increase from short-

pitching the generator windings, as observed in Figure 5.37 and Figure 5.38.

144



| —Va —Vdc —iaDIO —ia GEN —idc | | —Va —Vdc —iaDIO —ia GEN —idc |
400 8 400 8

200 VAT

f
B / < = <
E V) 3 2 3
-200 M -4 -4
-400 -8 -400 -8
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Time (s) Time (s)
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The fully-pitched winding topology shows third harmonic currents circulating in the delta-
connected generator windings that are not transferred to the diode line current. This is
cancelled by short-pitching the stator windings. However, the generator current now
approximates the six-step waveform expected from Chapter 3 as a result of the diode

rectifier connected to the output terminals.

Table 5.8: Three-phase Delta-connected Fully- and Short-pitched Normal Operating Conditions

Vac iac Ve inc Voc Vbc ripple

(Vor) (Ank) (Vo) (Apk) (Vpk-pk) (% of AVG)
Fully-pitched 58 Q 275.2 6.40 272.0 4.78 51.2 20.2
Short-pitched 58 Q 291.2 4.35 294.4 5.09 73.6 28.2

N.B.: iqc refers to the current drawn from the generator, in the delta-connected this is the AC

generator current i, GEN

The results in Table 5.8 show that the short-pitched windings provide a better performance
on the AC side of the generator-rectifier system. The peak generator current is much lower
as a result of cancelling the circulating third harmonic current. However, the less smooth

AC voltage gives a greater peak DC voltage but also a larger pk-pk ripple magnitude.

5.4.3 Five-phase Generator
The fully-pitched topology remains the same as that of the three-phase variant. However,
instead of having a phase band that spans five stator slots, the phase band now spans three
stator slots. The air-gap current density distribution is circumferentially shorter than the
three-phase generator and, as a result, the phase voltages have increased periods where

zero back-emf is developed at the terminals.
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Short-pitching the generator by 36° gives a greater circumferential span of the stator,
reducing the periods of zero back-emf developed at the generator terminals, leading to an
improved generator performance through the minimisation of THD, as seen in Chapter 4.

This results in a reduction in losses.
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Figure 5.39: Five-phase Fully-pitched Star- Figure 5.40: Five-phase Short-pitched Star-
connected AC and DC Voltage and Current connected AC and DC Voltage and Current
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The AC voltage and current waveforms of Figure 5.39 show the same trends as for the five-
phase, fully-pitched, star-connected generator as the three-phase analysis and results. The
peak AC voltage has reduced from approximately 330 V to around 200 V, which equates to
the 3/5™ scaling expected from the reduction in coils per phase. The notching effects and

zero back-emf periods are clearly visible as are the switching transient spikes.

Short-pitching the generator, shown in Figure 5.40, improves the AC voltage to the same
extent as the three-phase generator, providing a more sinusoidal output. The peak AC
current is lower than the fully-pitched generator and the average DC current is reduced
also. However, unlike the three-phase case, the ripple magnitude as a percentage of the
average is also lower at nearly half of the fully-pitched value. Full results are contained in

Table 5.9.

Table 5.9: Five-phase Star-connected Fully- and Short-pitched Normal Operating Conditions

Vac iac Voc inc Vo Voc Ripple

(Ver) (Apk) (Vi) (Apk) (Vpk-pk) (% of AVG)
Fully-pitched 58 Q 188.8 6.01 339.2 5.94 70.4 22.8
Short-pitched 58 Q 180.8 5.76 329.6 5.76 41.6 13.6

Observing the fully-pitched, polygon-connected generator, shown in Figure 5.41, the AC
voltage shows a good sinusoidal shape and the diode current is as expected. However, the

generator current is distorted by circulating fifth harmonic currents which will contribute to
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the losses within the generator. The DC side quantities show low ripple and compare well

with the short-pitched case presented in Figure 5.42.
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For the short-pitched generator, the AC voltage, shown in Figure 5.42, is similar to that
developed by the fully-pitched winding but shows a much smoother waveform shape,
indicating that the short-pitched windings are providing harmonic cancellation of the flux
linking the stator windings. The diode current and the current drawn from the generator
exhibit expected behaviour, with a much lower peak current drawn from the generator
than that of the fully-pitched topology.
The comparison of the change in winding topology is presented in Table 5.10, which
highlights the key differences between the two pitch factors.
Table 5.10: Five-phase Polygon-connected Fully- and Short-pitched Normal Operating Conditions
VAC iAC VDC iDC VDC VDC Ripple
(Vpk) (Apk) (Vpk) (Apk) (Vpk-pk) (% Of AVG)
Fully-pitched 58 Q 195.2 7.04 248.3 4.45 19.2 7.89
Short-pitched 58Q 177.6 3.71 265.6 4.61 28.8 11.4

Comparing with the three-phase generator case, similar results are observed for the
polygon-connected generator. The peak AC current drawn from the generator is
significantly reduced through short-pitching of the windings. However, the pk-pk ripple

deteriorates, showing a much greater voltage differential on the DC side.

5.4.4 15-phase Generator
The fully-pitched generator topology is similar for the 15-phase generator as that of the
three- and five-phase generators except there is now only one coil per phase band. The

phase coils for the double layer winding are located in the same slot. Since the maximum
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phase number has been achieved for this 30 stator slot generator, one phase resides in two

slots spanning 180° mechanical, i.e. phase a will be located in slots 1 and 16.

Under normal operating conditions, the 15-phase, star-connected generator AC behaviour
follows the trend of the three- and five-phase results for the 58 Q resistance value, shown
in Figure 5.43. The AC phase voltage shows a rough sinusoidal approximation with distinct
periods of zero back-emf being generated at the terminals. The AC current drawn from the
generator is a quasi-square-wave with a high harmonic distortion due to the non-linear
load, affecting the copper losses in the generator. The DC side shows a much improved
ripple characteristic, exhibiting a low pk-pk ripple magnitude and minimal switching

transient behaviour.
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Figure 5.43: 15-phase Fully-pitched Star- Figure 5.44: 15-phase Short-pitched Star-
connected AC and DC Voltage and Current connected AC and DC Voltage and Current
58 O Load 58 Q Load

The 15-phase short-pitched generator, shown in Figure 5.44, offers the same performance
increase as the three- and five-phase generator topologies. The short-pitching at 36°
mechanical provided minimum THD and, therefore, a more sinusoidal back-emf, as
highlighted in Section 4.6.1. An improvement in AC voltage can be observed, reducing the
zero back-emf period and producing a better sinusoidal approximation. The AC current
remains quasi-square-wave and the peak is higher, giving an increased peak DC current
and, since the ripple is reduced with phase number, a higher average value. The DC voltage
ripple magnitude is greatly reduced as a result of the generator short-pitching, to around

half of that achieved in the fully-pitched winding topology, highlighted in Table 5.11.
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Table 5.11: 15-phase Star-connected Fully- and Short-pitched Normal Operating Conditions

Vac iac Vbc inc Voc Vbc ripple

(Vi) (Agk) (Vi) (Agk) (Voiepi) (% of AVG)
Fully-pitched 58 Q 56.9 1.98 106.1 1.86 8.96 8.72
Short-pitched 58 Q 57.2 2.21 108.9 1.89 5.12 4.84

The polygon-connected generator shows the same low AC voltage as a result of the
reduction in coils per phase. It has been observed that the three- and five-phase, fully-
pitched topologies have both suffered from harmonic distortion in the generator current.
However, the AC current drawn from the generator shows the typical 15-phase ripple that

is expected for a polygon-connection.
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Figure 5.45: 15-phase Fully-pitched Polygon- Figure 5.46: 15-phase Short-pitched Polygon-
connected AC and DC Voltage and Current connected AC and DC Voltage and Current
58 Q Load 58 Q Load

The short-pitched results, depicted in Figure 5.46, show a slightly higher peak AC generator
current with a reduced ripple. The current sharing in the windings of the short-pitched
generator gives a smaller difference in the current magnitudes, resulting in a reduced AC
current ripple. This also provides a better square-wave approximation diode current, giving

a higher peak DC current value and a better DC side ripple quality, underlined in Table 5.12.

Table 5.12: 15-phase Polygon-connected Fully- and Short-pitched Normal Operating Conditions

Vac iac Voc inc Voc Vocripple

(Vi) (Apk) (Vi) (Apk) (Viiepk) (% of AVG)
Fully-pitched 58 Q 58.2 2.61 246.4 4.29 22.4 9.52
Short-pitched 58 Q 59.5 2.91 259.2 4.54 19.2 7.70
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5.4.5 Summary of Comparison of Fully- and Short-pitched
Generators

The three-, five- and 15-phase generator have been shown to demonstrate differences in
AC and DC performance when the stator windings are short-pitched under normal
operating conditions. Short-pitching the generator draws a lower AC current for the three-
and five-phase machines. However, the DC ripple magnitude is reduced by utilising a fully-
pitched winding in the lower phase number machines. The 15-phase generator exhibits the
inverse of this behaviour, drawing a higher peak AC current for the short-pitched winding

but a lower DC ripple for the fully-pitched topology.

Under short-pitching, the polygon-connected machine shows a reduced AC current ripple
due to the current distribution in the windings providing a lower harmonic content. The
reduction of circulating harmonic currents in the polygon configuration in lower phase

number machines is particularly important.

The pitching has, therefore, demonstrated that for the 15-phase generator, short-pitching
of the stator windings is considerably beneficial in the reduction of DC side ripple voltage.
For the removal of filter capacitance that is necessary in three-phase systems, this is a
critical step. However, further consideration should be made toward the pitch factor to

ensure that lower order harmonics are not present in the case of a faulted system.

5.5 Generator Loading Comparison

5.5.1 Introduction
The previous section compared the fully- and short-pitched winding topologies and the
effects that they have on the generator behaviour as the phase number increases. The
loading was restricted to 58 Q, which allowed the generator characteristics to be observed
without saturation effects. This section explores the effects that a change in load has on

the behaviour of the system.

The nominal loading for an increase in generator phase number can be seen in Table 5.13,
which includes information from the rectifier analysis carried out in Section 3.5.3. The table
shows the difference that the loading is expected to have on the connection topology as

the phase number increases.
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Table 5.13: Loading of the Generator-Rectifier System

Three-phase Five-phase 15-phase

Star Delta Star Polygon Star  Polygon
No-load AC Voltage (V) 1925 1925 1155 115.5 38.5 38.5
AVG No-load Rectifier DC Voltage (V) 440 255 300 255 105 255
58Q 7.59 4.40 5.17 4.40 1.81 4.40
Apparent DC Current (A)
5Q 88 51 60 51 21 51

58Q 7.59 2.80 5.17 2.80 1.81 2.80
AC On-state Current (A)

5Q 88 32.5 60 32.5 21 32.5
58 Q 20 7 14 7 5 7
On-state/Rated Current (%)
232 85 158 85 55 85

The rated current of the generator is approximately 38 A. The three- and five-phase star-
connected generators show excessive nominal current on the DC side. The result in practice
is that the voltage dropped across the internal impedance of the generator leads to a
reduction in current output from the machine. Table 5.13 shows that for the polygon-
connection the same apparent current is drawn regardless of the phase number, so the
comparison of load cases is valid. However, the star-connected system is not comparable as
phase number increases due to the DC voltage level changing significantly. The results
presented here show some of the effects that the different load values have on the system

as a whole.

5.5.2 Star-connected Generator
The three-phase generator, observed previously in Figure 5.35 (Section 5.4.2), shows near
ideal sinusoidal AC voltage developed by the generator and behaviour that is expected
from Chapter 3 for a three-phase generator connected to a diode rectifier. However, as the
current drawn to the load side increases, the AC voltage is distorted by harmonic content,
observed in Figure 5.47. The distortion is caused by third harmonic, which is 20 % greater in
magnitude than the fundamental and is in-phase. The DC voltage follows the envelope of
the line-to-line voltage, which has a lower peak than the phase voltage due to the

cancellation of the third harmonic in the line-to-line voltages.
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Figure 5.47: Three-phase Fully-pitched Star- Figure 5.48: Three-phase Short-pitched Star-
connected Generator AC and DC Voltage and connected Generator AC and DC Voltage and
Current 5 Q Load Current 5 Q Load

The short-pitched generator, presented in Figure 5.48, shows a distinctly different AC
voltage to the sinusoidal voltage drawn under low load conditions, seen in Figure 5.36. As a
result of diode commutation, the voltage is distorted with fifth harmonic components. The
transfer of current between phases takes longer due to the higher level of current drawn.
The voltages are clamped whilst commutation takes place until the AC current falls to zero

and the next phase conducts.

The five-phase generator-rectifier system was subjected to the same fixed resistive loads
on the DC side as used for the three-phase case. The fully- and short-pitched, star-
connected generators, under light loading conditions, exhibit expected behaviour for a
synchronous generator connected to a diode rectifier, as seen previously in Figure 5.39 and

Figure 5.40.

Increasing the loading on the DC side has a significant effect on the behaviour of the
generator, particularly the AC voltage developed, as can be observed in Figure 5.49 and
Figure 5.50. The fully-pitched topology shows 60 % third, 38 % fifth — as a percentage of the
fundamental — and higher order harmonic content. The short-pitching shows a suppression
of the fifth harmonic, which is reduced to a magnitude of 2 %. However, the third and ninth
harmonics are approximately 36 % and 23 % of the fundamental, respectively, causing

significant distortion of the voltage waveform.
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Figure 5.49: Five-phase Fully-pitched Star- Figure 5.50: Five-phase Short-pitched Star-
connected AC and DC Voltage and Current 5 Q connected AC and DC Voltage and Current 5 Q
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The increase in DC side load current results in an increase in DC voltage ripple magnitude
over the lightly loaded case. The fully-pitched topology incurs a 7 % increase whilst the

short-pitched is up 9 %.

The 15-phase fully-pitched, star-connected generator with increased load current drawn to
the DC side, observed in Figure 5.51, was discussed earlier in Section 5.3.3. The
simultaneous diode conduction results in a reduction in peak current magnitude drawn
from the generator when compared with short-pitched star-connected generator depicted
in Figure 5.52. Diode recovery effects are clearly visible in the voltage waveform which
transfers to the DC side but filtering these high frequency components is possible. This is
not observed in the short-pitched generator in Figure 5.52.
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Figure 5.51: 15-phase Fully-pitched Star- Figure 5.52: 15-phase Short-pitched Star-
connected AC and DC Voltage and Current 5 Q connected AC and DC Voltage and Current 5 Q
Load Load

5.5.3 Polygon-connected Generator
The fully-pitched, delta-connected generator presents a different behaviour to that seen in
the star-connected generator for the different loading cases, displayed in Figure 5.53 and
Figure 5.54 for the 58 Q and 5 Q resistive loads, respectively. Here, Figure 5.53 is a

reproduction of Figure 5.37 for the purposes of comparison.
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Figure 5.53: Three-phase Fully-pitched Delta- Figure 5.54: Three-phase Fully-pitched Delta-
connected AC and DC Voltage and Current connected AC and DC Voltage and Current
58 Q Load 50 Load

The behaviour of the fully-pitched, delta-connected generator in Figure 5.53 is discussed in
Section 5.4.2. Increasing the load changes the harmonic phase relationship with the
generator current waveform, observed in Figure 5.54. The third harmonic circulating
current is now in-phase and boosts the peak magnitude whilst supressing the region close
by. The line-to-line AC voltage shows a similar waveform to the short-pitched, star-
connected generator AC line-to-line voltage under heavy loading. The ripple magnitude

increases as a result of the increased loading.

Taking a FFT of the fully-pitched (FP) generator currents, and comparing it with the current
expected from the three-phase simulated constant current waveform in Section 3.5.3, the
results are shown in Figure 5.55 and Figure 5.56 for the 58 Q and 5 Q fixed resistive loads,

respectively. The short-pitched (SP) experimental results are shown for comparison.
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Figure 5.55: Harmonic Content of Three-phase Figure 5.56: Harmonic Content of Three-phase
Fully-pitched Delta-connected Generator Fully-pitched Delta-connected Generator
Current 58 Q Load Current 5 Q Load

The current waveform that would be expected from the analysis shows no third harmonic
current due to the assumption of ideal sinusoidal sources with no harmonic emfs. However,
the fully-pitched experimental results show considerable third harmonic magnitude with

different phase angles to the fundamental, highlighted in Table 5.14. The short-pitched
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results agree with the analysis indicating that the short-pitched generator can be modelled

as a sinusoidal source connected to the rectifier.

Table 5.14: Harmonic Content of Three-phase Delta-connected Generator Current

Harmonic 1 3 5 7 9 11 13 15

DELTA58 Q FFT (%) 100.000 157.626 22.833 12.484 18.724 8.550 5.269 1.299
Angle(°) -153.33 -43.22  -48.69 6.00 159.13 107.36 163.97 -73.56
DELTAS5 Q FFT (%) 100.000 91.133 20.977 9.423 13.520 5.477 3.266 2.131
Angle(°) 11539 137.68 -153.88 126.77 120.25 168.74 125.87 117.54

Further results for the three-phase, short-pitched generator can be found in

Appendix 7.9.3.

The five-phase, polygon-connected generator shows the behaviour expected for a
generator connected to a diode rectifier under light loading. The fully-pitched generator
showed, in Figure 5.41 (repeated here in Figure 5.57 for comparison), that circulating
harmonic currents were a significant problem for this winding topology. Short-pitching the
stator windings eliminated these circulating harmonic currents. Decreasing the value of the

resistive load on the DC side results in the harmonic current having a phase shift, shown in

Figure 5.58.
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Figure 5.57: Five-phase Fully-pitched Polygon- Figure 5.58: Five-phase Fully-pitched Polygon-
connected AC and DC Voltage and Current connected AC and DC Voltage and Current
58 O Load 50 Load

Taking an FFT of the generator currents from both load configurations yields the results

presented in Figure 5.59 and Figure 5.60.
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The magnitude of the fifth harmonic remains approximately the same under high load
conditions as in the lightly loaded case. However, due to the increase in the fundamental,
the fifth harmonic is reduced to 1/3™ of the lightly loaded value as a percentage of the

fundamental and there is a relative phase shift, highlighted in Table 5.15.

Table 5.15: Harmonic Content of Five-phase Polygon-connected Generator Current

Harmonic 1 3 5 7 9 11 13 15
POLYGON FFT (%) 100.000 34373 153.268 13.600 10.930  7.621  6.375 9.886
580 Angle(°)  -1824  -54.46 68.35 -130.24 -160.35 159.12  122.73 77.70
POLYGON FFT (%) 100.000 23.766  48.154 27.959  4.915  2.002  3.807 4.907
50 Angle(°) 5155 -1958 -127.20 179.03 -143.61 -124.33 -112.85  156.26

The behaviour of the 15-phase, fully-pitched, polygon-connected generator is discussed

earlier together with Figure 5.45. It is repeated here in Figure 5.61 for comparison.
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The higher loading case, depicted in Figure 5.62, exhibits a difference in the current drawn

from the generator due to a change in the diode current waveform. The rectifier leg
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conducts twice per half period, reducing its peak magnitude to equal the AC generator

current. Periods of zero current being measured in the winding arise from the parallel

paths created by the diodes conducting current, removing that portion of the generator

winding from the current path.

Taking an FFT of both polygon-connected load cases will allow the examination of harmonic

currents present in the generator.
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Figure 5.63: Harmonic Content of Polygon-
connected Generator 58 Q Load
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Figure 5.64: Harmonic Content of Polygon-
connected Generator 5 Q Load

The FFT results in Figure 5.63 show a good match between the lightly loaded system and

the analysis for a constant current load, apart from the presence of the 15" harmonic.

However, due to its high frequency and phase relation to the fundamental, it is small

compared with the third and fifth. For a higher current drawn on the DC side, the harmonic

content of the waveform is reduced overall with the 15" harmonic remaining but at a

lower magnitude also, highlighted in Table 5.16. The short-pitched results show a

performance similar to the analysis under both load conditions, showing a better harmonic

behaviour in Figure 5.64 due to the increased fundamental to which the results are

normalised.

Table 5.16: Harmonic Content of 15-phase Polygon-connected Generator Currents

7 9 11 13 15

Harmonic 1 3
POLYGON FFT (%) 100.000 33.041
58 Q Angle(°) -87.29 97.40
POLYGON FFT (%) 100.000 3.832
50 Angle(°) 129.27 26.38

19.203 13.286 9.770 7.645 5.836  17.523
-78.04 107.09 -68.70 113.76 -60.41 79.61
16.639 13.759 2.032 7.556 10.016 11.031
104.08 149 -98.80 -27.65 -132.78 -61.99

The data in Table 5.16 shows significant third, fifth and 15™ harmonic under light conditions

which is to be expected for a square-wave approximation. However, increasing the load
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reduces the harmonics in the generator current, in particular the third harmonic which is

reduced to half the magnitude when compared with the lightly loaded result.

5.5.4 Summary of Generator Loading Comparison
This section provided an insight into the behaviour of the generator-rectifier system as
phase number increased and the load connected on the DC side was changed. The star-
connected generator results for an increase in phase number were not comparable for the
fixed resistive loads, as highlighted in Table 5.13. The current drawn on the DC side for the
three- and five-phase generator cases were significantly beyond the machine rating. The
results did show that AC voltage distortion increased whilst DC voltage reduced due to
extended commutation time and internal volt drops increasing across the generator
impedances. The polygon-connected generator had a comparable load imposed on it as
phase number increased. The AC voltage demonstrated an extended zero period due to
commutation across a number of windings, but reduced peak current drawn from the
generator. There was also the presence of circulating harmonic currents in the fully-pitched

windings which exhibited a change in phase relationship as the load increased.

5.6 Comparison of Fault Tolerance in Star- and Polygon-connected
Generators

5.6.1 Introduction
When using the generator-rectifier system in an application such as aircraft or ships, it is
important to appraise the system performance under fault conditions. Star- and polygon-
connected generators provide different current paths through the generator windings and,
therefore, alter the fault handling capabilities of the system. This section investigates open-
circuit faults occurring in the generator and diode rectifier for both a star- and polygon-
connection. Only steady-state open-circuit fault behaviour will be investigated, the onset of

the fault is not considered.

5.6.2 Three-phase Generator
In the laboratory, open-circuiting a phase winding is accomplished through the removal of
the link between the two coils in the double layer winding. The generator, in this three-
phase case, has the b-phase winding open-circuited, as shown in Figure 5.65. For the open-
circuit diode device fault, the input connection is removed from that leg and, again, it is the
b-phase that is removed. The rectifier circuit behaviour is explained for each type of fault in

Appendix 7.9.2.
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Figure 5.65: Three-phase Star- and Delta-connected Generator and Diode Open-circuit Condition

The effect of open-circuit conditions on the AC and DC side differs dependent on phase
number, connection method and source of fault being the generator or diode device.
Considering the star-connected case, the results for the generator phase and diode leg
open-circuit faults can be seen in Figure 5.66. The connection method would indicate that
the same current path is effectively removed, but at a different point in the system. As a
result, there is no discernible difference in the performance of the generator and rectifier
under open-circuit phase and diode device fault conditions. Only the generator open-circuit
phase fault is presented throughout for the star-connected case. The diode open-circuit
condition is for the less likely case of an open-circuit diode leg fault. The limitation of the
hardware prevented the more probable scenario of a single open-circuit diode device fault

and this has been identified for future work in Section 6.4.
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Figure 5.66: Three-phase Fully-pitched Star-connected Generator Open-circuit Phase Fault 58 Q Load

The generator AC voltages and currents are approximately sinusoidal whilst the DC output
now has a 100 Hz ripple; under normal operating conditions it would be six times the line-

frequency, 300 Hz. The phase shift is caused by the rectifier acting as a H-bridge, explored
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in Appendix 7.9.2. The DC voltage follows the rectified line-to-line voltage between the two

healthy phases, resulting in full peak DC ripple magnitude.

Investigating the second available connection topology, the delta-connected generator has
no neutral reference point so the voltage is measured across phases. The removal of the
common reference point also affects the current path and the AC generator behaviour is

very different from that of the star-connected generator.
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Figure 5.67: Three-phase Fully-pitched Delta- Figure 5.68: Three-phase Fully-pitched Delta-
connected Generator Open-circuit Phase Fault connected Generator Open-circuit Diode Fault
58 Q Load 58 Q Load

The generator open-circuit condition, shown in Figure 5.67, presents a much better DC side
power quality than the star-connected case, observed in Figure 5.66, with the DC ripple
voltage following the envelope of the distorted phase voltages. A full description of the
circuit operation is given in Appendix 7.9. The AC characteristic is also much better than the
healthy generator condition, shown in Figure 5.37, due to the removal of the circulating

third harmonic current but current loading is higher in the two remaining healthy phases.

Comparing the delta-connected generator diode open-circuit fault, presented in Figure
5.68, with the star-connected generator results in Figure 5.66, the AC generator voltages
are similar, except that Figure 5.68 exhibits a flat top to the waveform indicating some low
magnitude harmonic interaction. This is also observed in the diode current. With the
machine in its healthy condition the generator current shows a large degree of circulating
third harmonic current interacting at a different phase angle to that depicted under normal
operation in Figure 5.37. The AC diode current is of opposite sign in the two remaining
healthy diode legs which connect the generator to the DC side. This leads to a full pk-pk
ripple on the DC side at twice line frequency as the diode rectifier acts as a single H-bridge

in the presence of the fault.

When a higher load current is drawn, for the open-circuit phase fault shown in Figure 5.69,

the AC voltage distortion increases and the effects of the missing phase become more
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apparent. This gives increased DC voltage ripple compared with both normal operating

conditions and when the generator has moderate current drawn from it.
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The DC side ripple performance remains better for the generator open-circuit phase fault
than the diode open-circuit fault condition, shown in Figure 5.70. Circulating third harmonic
currents are present in the fully-pitched windings. The removal of the diode line path
results in the b-phase winding passing the current to the a- and c-phase diode lines, again
the rectifier is acting as a single H-bridge. This results in a higher measured generator
current in the b-phase winding, shown in Figure 5.71. The higher RMS current in the b-
phase winding causes thermal stress on the phase winding due to the increased copper

losses, and will limit the rating of the machine.
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Figure 5.71: Three-phase Fully-pitched Delta-connected AC Generator Currents with Open-circuit
Diode Fault

The behaviour of the star-connected generator and rectifier under an open-circuit phase or

diode device fault remains similar when a higher load current is drawn. The AC voltage is
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more distorted at higher load but the AC current drawn is a good sinusoidal approximation,
similar to the normal operating conditions observed in Figure 5.47. The DC voltage ripple
magnitude remains a critical problem with full pk-pk ripple and underlines the unsuitability
of the standard star-connected, three-phase architecture for a fault tolerant aircraft DC

power system.

The fault handling capability is not improved by short-pitching and, therefore, further
results are contained in Appendix 7.9.3. These show a more sinusoidal waveform shape for
the AC side quantities, offering a better performance in the presence of an open-circuit
fault. The effects of the harmonics in the AC voltage for a star-connected generator are
reduced by the short-pitched winding and the circulating harmonic currents for the delta-
connection (Figure 5.70) are eliminated. This indicates that the generator losses will be

reduced.

The comparison data, presented in Table 5.17, shows a significant improvement in the DC
side power quality when using the delta-connected generator under open-circuit phase
fault conditions but higher current loadings are present in the remaining healthy phases. It
is apparent that the system behaviour is greatly affected by a failure in the rectifier
regardless of connection topology. The delta-connected generator now exhibits less
appreciable benefits when compared with the star-connected generator due to the losses

associated with the circulating harmonic currents.

Table 5.17: Three-phase Fully-pitched Generator Open-circuit Phase and Diode Faults

Vac Iac Voc Ipc Voc Voc Ripple

(Vpk) (Apk) (Vpk) (Apk) (Vpk-pk) (% of AVG)

Star- Gen/Dio 58Q 3199 8.80 505.6 8.32 518.4 170.7
connected o/c 50 89.6 21.2 102.4 223 105.6 186.1
Delta- Gen 58Q 2912 512 2976 512 89.6 34.8
Connected o/c 50 1456 304 148.8 29.1 126.4 125.2
Delta- Dio 58Q 2656 4.74 2656 4.49 272.0 161.0
Connected o/c 5 176.0 195 172.8 328 179.2 178.7

5.6.3 Five-phase Generator
Increasing the number of phases, from three to five, will affect the behaviour of the
generator under open-circuit fault conditions. The connection topologies and location of

the open-circuit faults are shown in Figure 5.72.
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Figure 5.72: Five-phase Generator Connection Methods and Open-circuit Fault Locations

An open-circuit phase fault in the five-phase generator was achieved using the same
technique described in Section 5.6.1. For this test, the generator and diode leg c-phase was
chosen as the open-circuit. The effects on the performance of the generator, for both star-

and polygon-connection, are outlined here.

The fully-pitched, star-connected generator with a 58 Q fixed resistance load on the output
DC side, is shown in Figure 5.73. The AC phase voltage is a relatively smooth sinusoid across

the four healthy phases.

—Va —Vdc —ia —idc —Va —Vdc —ia —idc
400 8 150 40
SAPMARMAM AR A e o
~N Y 3 ¥ VY
= ’ < z
iy 0 ,_:/,, }\ — ] _/ \ — | ] ) ;t—:; [y 0 himsan o I, 1 . IA A \/1 10
£ f\N i Fac= il I P’\N M\N ~
> 1 1 o >
-200 \"/ \“/ -4 -75 i/ \J -20
-400 -8 -150 -40
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Time (s) Time (s)
Figure 5.73: Five-phase Fully-pitched Star- Figure 5.74: Five-phase Fully-pitched Star-
connected Generator Open-circuit Phase Fault connected Generator Open-circuit Phase Fault
58 O Load 50 Load

The AC currents are uneven as a result of the missing phase. The a- and e-phase currents
have approximately the same on-time as the healthy machine, where the b- and d-phases
show an extended duty to cover the open-circuited c-phase, depicted in Figure 5.75. The
copper losses in the b- and d-phase will be higher as a result of the extended duty
increasing the RMS current. Under light loading conditions, the losses are not significant.
However, as the load current is increased, de-rating would be required. The DC current
follows the peak AC current and a significant improvement in voltage ripple is seen over the

three-phase system.
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Figure 5.75: AC Currents for Five-phase Fully-pitched Star-connected Generator with Open-circuit
Phase Fault

Increasing the current drawn from the generator, observed in Figure 5.74, increases the
percentage of DC voltage ripple. The AC voltage shows considerable third, fifth and seventh
harmonic, distorting the waveform. The near full pk-pk DC ripple voltage exceeds the MIL-

STD-704F specifications, however, this particular topology is operating above its rating.

The five-phase, polygon-connected generator with an open-circuit phase fault shows, in
Figure 5.77, very similar characteristics to that of the three-phase, delta-connected
generator. The current drawn from the generator, presented in Figure 5.76, no longer
shows the circulating harmonic currents observed in Figure 5.41 but current sharing
between phases is now unequal which will lead to the production of pulsating torque. The
phase grouping shows a similar trend to that seen in the three-phase generator, which is
explained in Appendix 7.9.2. The peak of the AC generator current is approximately double

of that observed in the healthy generator case.
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Figure 5.76: AC Generator Currents for Five-phase Fully-pitched Polygon-connected Generator with
Open-circuit Phase Fault 58 Q Load
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Figure 5.77: Five-phase Fully-pitched Polygon- Figure 5.78: Five-phase Fully-pitched Polygon-
connected Generator Open-circuit Phase Fault connected Generator Open-circuit Phase Fault
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Increasing the current on the DC side, shown in Figure 5.78, causes the expected prolonged

zero periods shown in Section 5.5.3 and the deterioration of the DC characteristics.

The lightly loaded fully-pitched, polygon-connected generator with an open-circuit diode
device fault condition is depicted in Figure 5.79. The AC behaviour is similar to the three-
phase case presented in Figure 5.68 with circulating harmonic currents of a higher order
present in the healthy generator windings. The DC voltage ripple is much better, being 25 %

less in magnitude.
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Figure 5.79: Five-phase Fully-pitched Polygon- Figure 5.80: Five-phase Fully-pitched Polygon-
connected Diode Open-circuit 58 Q Load connected Diode Open-circuit 5 Q Load

Increasing the current drawn by the DC load distorts the AC voltage shown in Figure 5.80 to
the same effect as described previously. The generator currents have a much lower peak
magnitude when compared with the three-phase case in Figure 5.70 showing a lesser de-

rating in the event of fault conditions.

It can be observed in Table 5.18 that the five-phase, polygon-connected generator offers
the best AC and DC side performance. The current drawn from the generator is lower,
except in the heavily loaded case where the difference is not significant. The pk-pk DC
ripple is also much lower for the polygon-connection with the percentage of the average

being over 50 % lower under heavy system loading.

Table 5.18: Five-phase Fully-pitched Generator Open-circuit Phase and Diode Device Faults

Current (A)

Vac Iac Vo Ipc Voc Voc Ripple

(Vpk) (Apk) (Vpk) (Apk) (Vpk-pk) (% of AVG)

Star- Gen/Dio 58Q 1984 633 361.6 6.17 172.8 56.4
connected o/c 50 944 23.6 1296 26.0 110.4 115.3
Polygon- Gen 58Q 185.6 491 2784 4.66 89.6 37.5
Connected o/c 50 1184 24.0 1264 249 59.2 58.1
Polygon- Dio 58Q 198.4 6.98 252.8 4.06 92.8 40.5
Connected o/cC 5Q 118.4 25.8 117.2 24.4 43.2 42.7

The results contained in Table 5.18 highlight the improvement in rectifier DC side
performance when using a polygon-connected generator and having an open-circuit diode
device fault present. Both connection topologies show a considerable improvement over
the three-phase generator under open-circuit diode faults in the previous section. The AC
guantities are comparable between the star- and polygon-connection, with the latter

configuration drawing higher peak currents under both load conditions. The DC ripple,
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however, is greatly reduced in the polygon-connection, particularly when comparing the

two topologies under higher DC loading conditions.

As with the three-phase results, the five-phase, short-pitched test results are contained in

Section 7.9.4.

5.6.4 15-phase Generator
Similar to the five-phase generator, the AC voltage rating of the generator is reduced, in
this case, to 3/15™ of its original value as the number of coils per phase is reduced. The

locations of the open-circuit faults are depicted in Figure 5.81.
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Figure 5.81: 15-phase Generator Connection Topologies and Open-circuit Fault Locations

The open-circuit generator fault for the fully-pitched, star-connected generator is
presented in Figure 5.82 and Figure 5.83 for the different load conditions. With a low
current, the generator performance is very similar to normal operating conditions. The AC
current in adjacent phases is affected by the open-circuited phase conducting no current.
This causes the preceding phase to conduct for longer as the voltage falls to below the
value of the next phase before commutation occurs, demonstrated in Figure 5.82. The
ripple on the DC side shows some degree of distortion but the change in pk-pk ripple

magnitude is small when compared with the three- and five-phase cases.

When the current drawn from the generator is increased, shown in Figure 5.83, adjacent
phases conduct at the same time but with unequal current sharing, giving a number of
current pulses leading up to the main current transfer. The phases adjacent to the fault
have an increased duty, covering the missing phase. The open-circuited phase affects the
DC ripple, giving a pk-pk ripple that is almost twice the magnitude of that observed in the

lightly loaded generator-rectifier system.
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The polygon-connected generator in Figure 5.84 changes the AC generator behaviour
under open-circuit phase fault conditions compared to the star-connected case. The AC
generator current drawn has a comparatively high peak value but has a lower time
harmonic content. However, the phases closer to the fault (i; GEN, for example) have a
shorter duty which show higher time harmonic components. Similar to the five-phase,
polygon-connected generator, the AC voltage is held at zero for periods during
commutation under heavy loading as the voltage is equal in magnitude across a number of

phases.
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Figure 5.84: 15-phase Fully-pitched Polygon- Figure 5.85: 15-phase Fully-pitched Polygon-
connected Generator Open-circuit Phase Fault connected Generator Open-circuit Phase Fault
58 Q Load 50 Load

Reducing the resistive load to 5 Q, the results are shown in Figure 5.85. The AC generator
peak voltage does not reduce in the higher loaded 15-phase generator as in the three- and
five-phase topologies. The DC voltage ripple increases but due to the high phase number
and the behaviour of the generator, the comparative ripple magnitude remains better than
those achieved using a star-connection. The AC generator currents have varying duties and
peak magnitudes in the remaining healthy phases, which will reduce the rating of the

generator under the open-circuit phase fault condition.
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Observing the diode open-circuit condition, shown in Figure 5.86, under light loading
conditions, the generator performance is similar to its normal operation. The current
drawn from the generator is consistent across all phases. However, the AC diode currents
show a longer duty for the phases adjacent to the faulted diode. The DC side performance
shows reduced ripple voltage magnitude, similar to the generator open-circuit phase
condition, and is almost 3 % less as a percentage of the average for a higher pk-pk ripple

voltage compared with that of the star-connected system, highlighted in Table 5.19.
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Figure 5.86: 15-phase Fully-pitched Polygon- Figure 5.87: 15-phase Fully-pitched Polygon-

connected Generator Open-circuit Diode connected Generator Open-circuit Diode

58 Q Load 50 Load
Increasing the current drawn on the DC side illustrated in Figure 5.87, leads to the
behaviour of the generator resembling that observed in Figure 5.62.
Table 5.19: 15-phase Fully-pitched Generator Open-circuit Phase and Diode Device Faults
Vac iac Vo inc Voc Vo Ripple

(Vpk) (Apk) (Vpk) (Apk) (Vpk-pk) (% of AVG)

Star- Gen/Dio 58 Q 59.5 1.86 107.2 1.71 14.4 14.3
connected o/c 50 78.1 20.8 108.8 21.5 27.2 27.3
Polygon- Gen 58 Q 58.2 480 249.6 4.58 31.9 13.6
Connected o/c 50 589 211 107.2 21.0 20.8 20.9
Polygon- Dio 58Q 58.9 2.69 2528 4.44 28.8 12.0
Connected o/cC 5Q 60.2 13.6 105.6 21.3 11.2 11.1

The results in Table 5.19 show a difference in behaviour for the star- and polygon-
connected 15-phase generator, particularly when compared with the three- and five-phase
machines. The short duty current pulse of the star-connection has a high harmonic content
which will contribute to losses in the generator. The pk-pk ripple magnitudes are

comparable between the two connection configurations, highlighting the benefits of
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utilising an increased phase number machine. The polygon-connection offers the best

method for reducing the DC ripple magnitude.

The short-pitching of the 15-phase machine was selected to reduce the THD but seventh
and ninth circulating harmonic currents can be seen to have a significant effect on the
generator current, observed previously in Figure 5.29. The polygon-connected generator
shows a significant change in voltage and current waveforms, shown in Figure 5.88,
compared with the fully-pitched generator, even under light load conditions. The AC
voltage and generator current do not exhibit a smooth transient, showing oscillatory
behaviour which overlaps with the adjacent phases, suggesting the presence of circulating
harmonic currents. The DC side voltage and current show a number of disturbances per
cycle as a result of the small differences in the AC phase voltages. This can also be observed

for the higher load conditions in Figure 5.89.
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Figure 5.88: 15-phase Short-pitched Polygon- Figure 5.89: 15-phase Short-pitched Polygon-
connected Generator Open-circuit Phase Fault connected Generator Open-circuit Phase Fault
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Carrying out a FFT on the generator currents in Figure 5.88 and Figure 5.89 shows a high
harmonic content in both cases, depicted in Figure 5.90. The lightly loaded system shows
excessive seventh, 11" and 13" harmonic currents flowing. The seventh harmonic in
particular is greater in magnitude than the fundamental, measuring approximately 109 %.
As the load current drawn to the DC side is increased from 2 A to approximately 20 A, the
dominant harmonic currents are lower in frequency. The third harmonic is approximately
38 % of the fundamental and the seventh is now 79 %. This highlights the problems with
short-pitching the stator windings to cancel specific harmonic components or to minimise

THD in high phase number machines.
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Figure 5.90: Harmonic Content of 15-phase Short-pitched Polygon-connected Generator Currents
with Open-circuit Phase Faults

Further short-pitched results for the star- and polygon-connected 15-phase generator-

rectifier system are contained in Appendix 7.9.5.

5.6.5 Summary of Comparison of Fault Tolerance in Star- and
Polygon-connected Generators

The investigation into the effects of connection topology on fault tolerance in this section
has shown that, in the three-phase, star-connected case, the DC power quality is not
acceptable when an open-circuit fault is sustained in any part of the generator-rectifier
system. The delta-connected generator shows a much better DC voltage waveform in the
event of a generator phase fault but similar behaviour on the DC side to that of the star-
connected configuration for a diode fault and is still not acceptable in terms of DC voltage
ripple. Circulating currents are, however, present in the generator in the delta-connected

case which are not an issue in the star-connection.

The five-phase generator presented improved performance compared with the three-
phase generator-rectifier. The DC ripple was much lower in all but one of the cases, with
the three-phase, delta-connected generator with an open-circuit phase fault offering a
better DC ripple voltage than the five-phase generator under light loading. The shorter
period of the current drawn from the star-connected generator cases will result in a higher
harmonic content, increasing the losses within the generator compared with the polygon-
connected generator. Both connection topologies showed that In the event of a generator

phase or diode device open-circuit fault, the on-time of the diodes changes. Under high
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load conditions, this would require de-rating of the generator to ensure that the losses in

the phases do not cause thermal damage to the windings.

The 15-phase machine has shown distinct advantages for a generator-rectifier system
supplying a DC electrical power network under fault conditions, regardless of connection
method. Taking the fully-pitched case presented as an example, the voltage ripple on the
DC side is approximately 85 % and 70 % lower when compared with the three- and five-
phase generators, respectively. It has been observed that the polygon configuration
performs better overall for AC and DC characteristics under both open-circuit fault
conditions. Similar to the five-phase topology, both connection methods have a change in
diode device on-time as a result of the open-circuit fault. This results in the uneven
distribution of current in the remaining healthy phases and requires generator de-rating at

higher loads.

The open-circuit fault conditions researched have focused on a single open-circuit phase or
diode device fault in the system. For a star-connected system, further faults occurring in
the generator would require machine de-rating but would not present a significant
problem in terms of the continued operation of the generator. In the polygon-connected
system, further diode device failures to open-circuit would be maintainable. However,
subsequent open-circuit phase faults sustained in non-adjacent locations would require
significant de-rating. The unequal current sharing could lead to significant torque ripple.
The torque ripple is beyond the scope of this project but is of importance for a fault
tolerant generator on-board an aircraft. Therefore, it is highlighted as an area for further

research.

5.7 Summary

The experimental results have been presented to validate the simulation and allow the
performance of different windings topologies, connection methods and load conditions to

be evaluated.

The simulation model, for the normal operating conditions, showed good matches
throughout Section 5.2.3, highlighting the validity of the simulation for healthy cases.
However, in the higher phase cases where open-circuit faults were introduced, the ideal
dynamic circuit model showed different AC and DC quantities to those achieved in testing.

Saturation and stray load losses, along with other parasitic effects, were not considered in
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the simulation and, for high phase numbers, the difference in switching voltages were
small. For these reasons, the simulation is less accurate for the fully-pitched topology than
short-pitched but it still shows the general trends. This is also true of the higher load cases
where multiple diode conduction was predicted but the magnitudes and number of
conduction periods were less well approximated. In the laboratory environment,
differences in terminal resistances led to a change in switching behaviour which was not
reflected in the simulation, culminating in a different DC ripple characteristic. The
simulation provides a useful tool to analyse and compare system performance for different

generator phase numbers under normal operation and with open-circuit faults.

Short-pitching the generator stator windings showed an improvement in generator
performance under normal operating conditions for both star- and polygon-connected
machines. The polygon-connection requires short-pitching to remove the circulating
harmonic currents that are present in the fully-pitched windings. However, the 15-phase
generator showed adverse performance from short-pitching in Figure 5.90, where lower
order circulating harmonic currents weren’t cancelled, even under open-circuit phase

faults. This highlights the importance of the winding design for multiphase machines.

Loading the generator highlighted the distinct differences in the generator behaviour for
different DC loads. Under high DC current demands, the three- and five-phase, star-
connected generators were operated in a region outside of their rated capability. The
polygon-connected generators were comparable across phases for the load conditions
applied and showed the change in phase relationship for the circulating harmonic currents

that were present in the fully-pitched winding.

The method of connection of the machine allowed the comparison of fault performance for
high phase number machines. The star-connected topology exhibited the same
degradation in the AC and DC waveforms, regardless of the location of the open-circuit
fault. As phase number increased, the fault handling capability of the system showed that
the need for filter capacitance, to remain within tolerable DC ripple limits, was reduced.
The 15-phase generator was marginally outside of MIL-STD-704F specification, requiring
filter capacitance in the event of a fault but at reduced size, weight and cost. Single phase
faults are sustainable under light loads. However, as loading increases and the equal

current sharing diminishes, the de-rating of the generator will increase.
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6.1 Introduction

This project has focused on the development of an electrical generation system to provide
an aircraft DC power network. This thesis has met the project aim of investigating the
effects that phase number, connection topology and winding pitch have on the behaviour
of an AC synchronous generator connected to a diode rectifier. The work carried out
through the finite element and dynamic simulation modelling has been validated by the

experimental testing using the purpose-built test-rig.

This chapter evaluates the work contained within this thesis, identifying key findings with
respect to the aims and objectives set out in Chapter 1, and determines prospective future

work, discussed in Section 6.4.

6.2 Review of Presented Work

This section provides a brief summary of the work that has been presented in each chapter

of this thesis.

Chapter 2 contained a review of previous research on multiphase machines. The majority
of the literature focused on the benefits of multiphase motors, in particular induction

machines. As a result of this literary survey, this thesis evaluates the wound-field
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multiphase synchronous machine as a generator for the production of DC power using an

uncontrolled rectifier.

Chapter 3 outlined the simulation modelling techniques undertaken to quantify and qualify
the generator-rectifier system behaviour. Mathematical analysis, using ideal scenarios for
ease of calculation, was used to verify the simulation. It also allowed general trends to be
identified in DC voltage ripple and current harmonic content as phase number increased
and connection topology changed. The equations that were outlined in Section 3.5.3
provided a good match in most cases. Differences could be attributed to the idealistic
assumptions in the analysis; these could be accounted for in the simulation. Further detail
was added to the simulation model from the information provided by the FEA. This
completed the first of the objectives set out in Section 1.2, which was the development of a

generator-rectifier simulation model.

Chapter 4 detailed the finite element analysis that was carried out based on the
electromagnetic characteristics of the generator. Open-circuit voltages were investigated
as the phase number increased and the pitching of the windings was changed. This was
used in the dynamic circuit simulation model for the representation of harmonic effects.
Other assumptions made in the simulation modelling on saliency and inductance scaling
were shown to be valid. Finally, core losses were evaluated for a five-phase generator
connected to an uncontrolled rectifier. This was conducted for both the star- and polygon-
connected generator when fully- and short-pitched under static conditions. The results
were compared with the standard three-phase generator-rectifier system, highlighting an
approximate average 50 % saving in stator core losses for the five-phase machine at 2/3"
rated current and 25 % at full rated current. The polygon-connected generator also offered
similar reductions of over 28 % at 2/3" rated current and 19 % at full rated current, when
compared with the star-connection. This chapter accomplished the second objective from

Section 1.2 in ascertaining the losses incurred and the harmonic content of the back-emfin

the windings.

Chapter 5 provided the full experimental results for normal operating conditions as well as
investigating open-circuit faults within the generator and the rectifier. The connection
topologies offered different behaviour when open-circuit faults were imposed. The star-
connected generator showed no significant difference in behaviour with respect to the
location of the open-circuit fault. The polygon-connected generator provided a distinct

advantage compared to the star configuration for an open-circuit generator phase fault.
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However, this topology still suffered from circulating harmonic currents with an open-

circuit diode fault that affected the losses induced in the generator.

Some harmonic components could be removed through the short-pitching of the generator
windings. This provided a more sinusoidal back-emf developed at the generator terminals
in most cases. The simulation model provided accurate representation of the experimental
generator-rectifier system for the short-pitched case. Extension of the simulation to include
back-emf harmonics improved simulation accuracy for the fully-pitched configuration. This
correctly predicted the presence of harmonics but with some error in the phase
relationship. Referring back to the objectives set-out in Section 1.2, the construction of the
test-rig is detailed in Appendix 7.1. The remaining two objectives are addressed through
the work carried out in Chapter 5, in the validation of the simulation model through
comparison with experimental results and the investigation into open-circuit effects on the

star- and polygon-connected generators.

6.3 Contribution to Knowledge

This project has addressed the design, modelling and analysis of a reconfigurable
multiphase synchronous generator-rectifier system. Key findings are summarised here to

provide an overview of the significant findings and contribution to the field.

6.3.1 Effects of an Increase in Phase Number
The increase in generator phase number, when connected to a diode rectifier, has been
observed to have significant benefits in the production of DC power. A key advantage of
this technology is the reduction in DC side pk-pk ripple voltage, which under normal
operating conditions can be as low as 2.5 %, as a percentage of the average DC waveform
for the 15-phase generator compared with 20 % for the three-phase generator. This is well
within the MIL-STD-704F tolerances and would require no filter capacitance to be present,
reducing system costs and also DC fault current. Analytical expressions developed in
Chapter 3, along with the simulation models, provided a method of predicting voltage
ripple for an arbitrary number of phases. The finite element modelling showed that core
losses were reduced for the five-phase generator when compared with the three-phase

machine for both connection topologies.

Further effects of increasing the phase number can be observed through the change in

commutation effects. The uncontrolled diode switching results in the commutation taking
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up a greater proportion of the time and multiple diodes conducting simultaneously, this

leads to a reduction in voltage on the DC side.

6.3.2 Connection Topology
The connection topology has a distinct effect on the generator output characteristics under
normal operating conditions. Short duty, high peak currents were drawn from the star-
connected generator. In the five- and 15-phase generator, this resulted in high time-
harmonic content, increasing core losses. However, under high current loading, for high
phase numbers, the peak AC current drawn from the generator reduced as a result of
current conduction occurring simultaneously in a number of other phases. The polygon-
connected generator showed much longer duty waveforms with constant current
conduction in the lightly loaded cases. However, circulating currents in the fully-pitched

windings led to increased copper losses, particularly in the three- and five-phase machines.

Under heavy loading, the two connection topologies showed different behaviour also. The
reduction in AC voltage under high load conditions was shown to be attributed to excessive
loading, highlighted in Section 5.5, taking the machine beyond its rated output. As the
phase number increased, it was observed that the peak DC voltage characteristics
worsened for the star-connected generator but remained relatively consistent for the

polygon configuration.

6.3.3 Winding Configuration
The pitching of the stator windings was seen to reduce the harmonic content of the
generator voltage as intended, for most cases. The short-pitching was chosen based on the
minimisation of THD content. For the delta- and polygon-connection, short-pitching
reduced the circulating harmonics in the three- and five-phase generators. However, it can
be observed in Section 5.6.4 that this was not the case for the 15-phase machine, which
had lower order circulating harmonic currents present in the short-pitched windings.
Therefore, careful consideration of the pitch angle must be made to mitigate the required
harmonic content. Short-pitching provided a better match with the simulation results due
to the better approximation of the sinusoidal back-emf. It also provided a reduction in core

losses, particularly in the polygon-connected generator, observed in Section 4.7.

6.3.4 Open-circuit Faults
Open-circuit faults were investigated and simulated, for both the generator and rectifier, to

ascertain which connection topology provided the best fault mitigation. The polygon-
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connection showed a better generator utilisation under open-circuit diode device faults
due to the generator remaining in a healthy condition. The star-connection was subjected
to the same current path being removed regardless of the fault location and, therefore, the
generator incurred greater losses as a result of a single open-circuit fault. The three-phase
delta-connection provided a current path to the rectifier in the event of an open-circuit
phase fault, but for a diode device fault it then acted like a star-connected system. The
open-circuit behaviour of the 15-phase, short-pitched, polygon-connected generator was
interesting as the small difference in voltage between phases led to multiple commutation
of adjacent diode legs. As a result, the ripple voltage and generator currents were not as

expected.

Investigating the redundancy of the system, through open-circuit fault conditions, revealed
that the three-phase generator-rectifier system performance was very poor under phase or
diode device faults. The five-phase system showed significant improvement. However, the
15-phase generator showed minimal impact under open-circuit fault conditions with the
polygon-connection offering a better ripple reduction for both light and heavy loading. The
load sharing between the remaining healthy phases provided a reduction in the

requirement for machine de-rating in the presence of an open-circuit fault.

6.4 Further Work

The work presented in this thesis covers the project objectives set out in the introduction.
Recommendations are made here for the potential work to be carried out to further the

development and understanding of the areas to which this project applies.

6.4.1 Controllable Switching
It has been observed that the uncontrolled switching of diode devices can result in
significant distortion in the AC generator currents and poor DC power quality. For the star-
connected generator, as the phase number increases the commutation angle of the diode
devices also increases and the DC voltage drops significantly under increased load
conditions. This imposes limitations on the generator performance for high phase number

machines as multiple diodes conduct simultaneously.

The ability to control the switching events will allow full control of generator currents. The
control strategy can also act to enhance the system performance in the event of an open-

circuit fault by controlling the switching of the phases adjacent to the fault. For example,
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evenly distributing the current across the remaining healthy phases will minimise the DC

voltage ripple.

A further benefit to controlled switching is the possibility of bi-directional power flow. The
Rolls-Royce Trent 1000 engine on-board the Boeing 787 no longer has a pneumatic access
point through which to start the engine [71]. Instead this is done electrically using the

starter/generator. The multiphase machine proposed will have a higher torque output for

the same volume machine [72], therefore, will be able to be utilised to start the engine.

6.4.2 High Frequency Operation
The experimental test-rig was limited, by design, to 50 Hz operation; this is acceptable for a
standalone test unit. However, aircraft generators are mechanically powered from the gas
turbine engine, which may have high spool speeds reduced through a mechanical gearbox.
The speed ranges provide between 380 — 760 Hz AC output [13] in modern aircraft, which
for a two-pole machine would be between approximately 20,000 — 45,000 rpm. The two-
pole rotor could be exchanged for a four-pole type but it would still need to be driven at a
significantly higher speed to produce a frequency output within the range of modern
aircraft. The dynamic circuit model developed could be used to simulate the high frequency

operation with relevant adjustments made to the parameters.

The higher frequency operation will have an effect on the diode commutation for high
phase number machines. It was observed that the commutation time for the 15-phase
machine with a constant current load on the DC side was significant, leading to a reduction
in DC side voltage. Controlled switching may then become particularly beneficial in limiting
the time for which the switching device is closed, reducing losses in the generator and

improving power quality on the DC side.

6.4.3 Saturation Effects

The simulation results did not account for the effects that magnetic saturation has on the
dynamic model performance. The characteristic of the machine material has a significant
bearing on the behaviour of the back-emf and generator current developed. Where the
material is used in its non-linear region, the dynamic circuit model will incorrectly predict
the generator outputs. Further testing could be carried out, involving the change in the
open-circuit characteristic of the generator as the field excitation is increased. Saturation
will cause the back-emf developed to increase less for a greater field as the permeability of

the stator material is reduced. Time-stepped FEM, discussed in Section 6.4.4, could also be
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used and would show, in its solution, the regions of the generator that are most affected by

saturation.

6.4.4 Time-stepping Finite Element Modelling
The best method of modelling the generator behaviour is through FEM. The FEA carried out
in Chapter 4 was performed to provide a static solution for known generator conditions,
such as two phases conducting current to the diode rectifier in a star-connected system, for
example. Time-stepped FEM allows the software to evaluate the internal distribution of the
flux within the generator at one point in time before it changes. If the correct material
properties are input into the model parameters, saturation effects will be taken into
account. The effects of pitching the windings could also be more accurate since the model
will account for the change in rotor field interaction with the stator over time.
Furthermore, the 15-phase core losses could be more readily assessed. However, the
process of time-stepped FEM is computationally intensive and requires accurate and

detailed machine parameters to produce the correct solution.

6.4.5 Representative DC Loads
The DC loads investigated in Chapter 5, were chosen to observe the generator under two
distinct conditions. However, for aircraft applications, the DC distribution system wouldn’t
be subject to a single resistive load and would instead have a number of loads with varying
characteristics. For example, motor loads would most likely have a power electronic
converter attached to the DC load side, which would appear as a constant current demand.
The combination of loads for a flight profile would affect the DC distribution network and,

consequently, the power drawn from the generator.

6.4.6 Torque Ripple
The torque ripple was not investigated in this project. However, with the validation of the
dynamic circuit model and the installation of a torque transducer on the experimental test-
rig, it is possible to simulate and measure torque ripple under normal operating and open-
circuit fault conditions. Extending the open-circuit fault analysis to non-adjacent faults
occurring in the polygon-connected generator will provide an insight into the machine
performance under significant stress with the unequal current sharing in phases affecting

the torque transferred through to prime mover.
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6.5 Publications

Conference presentation and publications are listed here:

S. Jordan and J. Apsley, "Diode Rectification of Multiphase Synchronous Generators for
Aircraft Applications," in IEEE Energy Conversion Congress and Exposition, Phoenix, USA,

2011, pp. 3208-3215.

S.Jordan and J. Apsley, "Experimental Validation of Multiphase Synchronous Generators for
Diode Rectified DC Power Networks on Civil Aircraft," in More-electric Aircraft Conference,

Bordeaux, France, 2012

S. Jordan and J. Apsley, "Open-circuit Fault Analysis of Diode Rectified Multiphase
Synchronous Generators for DC Aircraft Power Systems," in IEEE International Electric

Machines and Drives Conference, Chicago, USA, 2013, pp. 992-997.
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7.1 Construction of Experimental Test-rig

The experimental test-rig, schematically depicted in Section 5.2, comprises a DC drive
machine, a synchronous generator and a power electronic converter. The machines were
placed in a back to back arrangement to enable the rotors of the machines to couple and

provide a suitable input to the synchronous generator, shown in Figure 7.1.
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A standard three-phase, off-the-shelf, BCI162G model was used for parameter extraction

and datasheet validation testing. A second BCI162G generator was rewound for multiphase

operation.

9

Figure 7.2: Origina/.B(_:Il6ZG Generator Stator

Figure 7.3: Modified BCI162G Generator
Stator (Under Construction)

The rewind took several months which allowed the full characterisation of the three-phase
generator, the modification of the rotor and the expansion to the test-rig to include a

wiring cabinet.

The original rotor used a brushless excitation system which was controlled by an AVR unit,
supplied with the generator. In order to control and measure the voltages and currents
used to produce the field and provide the correct voltage output for the multiphase

generator, the exciter was removed and replaced with slip rings and brushes.
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Figure 7.4: Original Rotor with Brushless Figure 7.5: Modified Rotor with Slip Rings
Excitation

The machine was tested for accuracy before being varnished. These tests involved
establishing the correct coil position in the stator, the correct number of parallel turns and

that the insulation between coils was sufficient.

Figure 7.6: Testing of Rewound BCI162G Figure 7.7: Rewound Stator Housed in Original
Generator Casing with Spigot for Brushes

The carbon brushes were inserted into brush holders that were mounted onto a spigot and

placed inside the body of the generator, in the area that the exciter stator previously

occupied.

hes in Situ

Figure 7.8: Protective Insert to Prevent Figure 7.9: Brus
Damage to Stator Laminations
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Once the rotor had been fitted, the cooling fan could be replaced with modification due to
the change in end-winding size. The fan clearance was adjusted to prevent catching the

end-windings and balanced to ensure steady operation.

Figure 7.10: Cooling Fan Placement in Figure 7.11: Clearance between Fan and
Generator Windings

The machine was be fully reassembled in the original housing, the machine volume and

casing remained unchanged.

Figure 7.12: Front of Rewound Generator Figure 7.13: Rear of Rewound Generator with
DC Input Lead to Brushes

The cabinet used to house the terminals of the multiphase synchronous generator was

attached to the end of the test-rig bed plate. This also housed the power electronics.
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Figure 7.14: Multiphase Synchronous Figure 7.15: External Wiring Cabinet for
Generator in Situ Multiphase Terminals and Power Electronics

The rectifier was connected to a resistive load bank and the measurement devices were

connected to a LeCroy Oscilloscope for data capture.

Figure 7.16: Experimental Test-rig in Operation
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Three-Phase

Short-pitched 36°
Five-Phase

Left Block Right Block Left Block
I+ A 23- 1+
16+ 9- 16+
2+ | 24- 2+
17+ i 10- 17+
3+ B— 25- 3+
18+ 1 11- 18+
4+ 26- 4+
19+ 12- 19+
5+ \ 27- 5+
20+ W 1 20+
6+ |— XX 28- 6+
21+ /A 14- 21+
7+ WY XN 29- 7+

DA/
2+ \\ s.f 15- 2+

N\ XA
8+ W/ YO0X,—  30- 8+

MWK /X0
23+ .».. \..}\\. 1- 23+
9+ \ ...ss "...\ 16- 9+
24+ W ‘ " 2 24+
10+ A "\s\/ 17- 10+
25+ \ '..... g — 3 25+
11+ @b ... 18- 11+
26+ 4- 26+
12+ 19- 12+
27+ 5- 27+
13+ By— 20- 13+
28+ 1 6- 28+
14+ 21- 14+
29+ 7- 29+
15+ 22- 15+
30+ Ci— s 30+

Short-pitched 36°

Fifteen-Phase
Right Block Left Block Right Block
23- 1+ A, G,— 23
9- 16+ 0, Iy 9-
24- 2+ |[—B; Hp =— 24-
10- 17+ =4, 3 10-
25- 3+ G L= 25
11- 18+ Ba g, 7/ 11
26- 4+ =D, 2,26
12- 19+ | C |, = 1-
27- 5+ [=—E; K, 27-
13- 20+ D, M 13-
28- 6+ [—F L~ 28
14- 21+ B N, 14-
29- 7+ =G, . M 29
15- 22+ O 15-
30- 8+ t==H, N,=  30-
1- 23+ G2 A 1-
16- 9+ [—Nh 0, 16-
2- 24+ [ H2 By 2-
17- 10+ =17, A= 17-
3 5+ —— (@} 3-
18- 11+  p=—K; By 18-
4- 26+ [ J2 Dy 4-
19- 12+ —L C— 19
5- 27+ | K2 E 5-
20- 13+ =M, D, 20-
6 28+ L. R 6
21- 14+ =N E:— 21-
7- 29+ [ M Gy 7-
22- 15+ [—O1 Ee— 2
8- 30+ | N2 Hy 8-

Numbers correspond to lettering of phase windings not stator slot position
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7.2 Winding Factors

The winding factors for the machine show the harmonics magnitudes for the expected
winding distribution when short-pitched. The following tables show the expected
magnitudes for the harmonic developed in a simple distributed winding, a fully-pitched
winding and the proposed short-pitched winding. These are calculated from Equation (49)

which was taken from [62]:

{8
fon = m, sin(nﬂ/ZZ)COS(nZ j )

where Kyn is the harmonic scaling magnitude, M is the number of coils per phase belt, n is

the harmonic number, f is the slot angle and as is the short-pitch angle.

7.2.1 Three-Phase Winding Factor

Coils per phase belt me 5
Slot angle ) 12° (0.209 radians)
Short-pitch angle Os = kf§ (where K is an integer value)

Table 7.1: Three-phase Winding Factors

Harmonic Simple distributed Winding factor k, Winding factor k.,
number winding for short-pitch angle for short-pitch angle
(n) (1/n) o, =0° o = 60°

1 1.0000 0.9567 0.8285

3 0.3333 0.6472 0.0000

5 0.2000 0.2000 -0.1732

7 0.1429 -0.1494 0.1294

9 0.1111 -0.2472 0.0000

11 0.0909 -0.1095 -0.0948

13 0.0769 0.1022 0.0885

15 0.0667 0.2000 0.0000
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7.2.2 Five-Phase Winding Factor

Coils per phase belt Mme 3
Slot angle S 12° (0.209 radians)
Short-pitch angle Ois = kff (where K is an integer value)

Table 7.2: Five-phase Winding Factors

Harmonic Simple distributed Winding factor k, Winding factor k,,
number winding for short-pitch angle for short-pitch angle
(n) (1/n) o, =0° o = 36°

1 1.0000 0.9854 0.9372

3 0.3333 0.8727 0.5129

5 0.2000 0.6667 0.0000

7 0.1429 0.4030 -0.2369

9 0.1111 0.1273 -0.1211

11 0.0909 -0.1128 0.1072

13 0.0769 -0.2757 0.1621

15 0.0667 -0.3333 0.0000
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7.2.3 Fifteen-Phase Winding Factor

Coils per phase belt Mme 1
Slot angle S 12° (0.209 radians)
Short-pitch angle s = kff (where K is an integer value)

Table 7.3: 15-phase Winding Factors

Harmonic Simple distributed Winding factor k, Winding factor k,,
number winding for short-pitch angle for short-pitch angle
(n) (1/n) o, =0° o = 36°

1 1.0000 1.0000 0.9511

3 0.3333 1.0000 0.5878

5 0.2000 1.0000 0.0000

7 0.1429 1.0000 -0.5878

9 0.1111 1.0000 -0.9511

11 0.0909 1.0000 -0.9511

13 0.0769 1.0000 -0.5878

15 0.0667 1.0000 0.0000
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7.2.4 Rotor Winding Factor
A k, N
B — %( wr f J I ;
79 p

4-47x107 (kwrsgojs
7-00012 \ 2

0.85=

0.85 =1.33x10-3(@j5

k,, =0.6538

where, B is the peak flux density taken from an air-gap contour, My is the permeability of
free space, g is the air-gap length, kwris the rotor winding factor, Nf is the number of rotor
windings, P is the number of poles and |} is the rotor field current (magnitude assumed

based on stator referred simulation levels) [62].
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7.2.5 Current Density
The current density within the stator slot can affect the performance of the generator. The
generator is currently air cooled, due to the current density being within acceptable limits,

i.e. less than the quoted value of 6 A/mm? [50, 73].

2 .5094

el

4508

Figure A. 1: Stator Slot

6 strands of 0.85 mm thickness conductor in parallel provides a 5.1 mm?® copper cross-
sectional area. There were 8 turns per coil giving a total copper area of 40.8 mm? for one-
layer winding in the old machine. Manufacturer quoted data shows a fill factor of 83.7 %,
which can be deemed excessive and assumes that the enamel thickness is included. The
rewound machine has 7 coils which gives a copper area of 35.7 mm?. Fully-pitched with

both coils carrying maximum current, the current density is given by Equation (50).

J= A%Iot ' Nss 'kfill (50)
6-W,-1

where Aglot is the useful copper slot area, Nss is the number of stator slots, K., is the copper

fill

winding fill factor, WA is the turns per path per phase and |n is the rated current.

_ 71.4x30x0.837
6x1.667x76

=2.359 A/mm?

This uses the winding factor from the manufacturer datasheet which would appear to be
an overestimation of the copper fill factor. A lower fill factor will reduce the current density
and the generator will still remain in acceptable limits. The generator, therefore, requires

no special cooling techniques.
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7.3 Calculation of Equivalent Circuit Parameters

The generator is supplied with a datasheet, providing parameters gained from testing the
unit; these include synchronous, transient and sub-transient reactance values for both the
d and q axes as well as generalised information regarding the brushless exciter. This section
shows how the equivalent circuit parameters were determined from the datasheet values.
As a result of the limited information provided, the brushless exciter, at this stage, is not
fully modelled and the complexity of the system prevents characterising it through testing,

field coil parameters were the only values used.

The provision of the d and q axis synchronous reactances, depicted in the equivalent circuit
form in Figure 7.17, and the leakage reactance allowed the simple calculation of the

magnetising reactance illustrated in Equation (51).

de = Xd _XI

(51)
Xog = Xqg =X,

Equivalent d-axis circuit
R4 L

\Z

Vi

Equivalent g-axis circuit

Rq +

L Riq Likg

W Pqg

Figure 7.17: Equivalent circuit of a synchronous generator [53]

From these, further d-q axis parameters could be calculated such as the damper and field
winding resistances and reactances, in per unit and Standard International (SI) units. The d
and q axis damper winding leakage reactances are calculated in Equation (52), taken from
[53]. Power system generators rely on two damper windings on the g-axis where smaller
generators, as in this case, need only one damper winding placed on the g-axis.
Assumptions made in calculating the inductance values are that resistances are assumed

small enough to be neglected and associated time constants allow for separate calculation.
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(Xé’ - X| ) de le

) X g Xyt _[(Xé’_xl)(xmd + Xy )]
Xkd = Xlkd + de

X Ikd

(52)
« :xmq(xg—x,)
S
Xiq = Xig + Xing

The parameters shown in Equation (52) are in per unit notation, conversion from per unit

to Sl units is highlighted in Equation (53).

Xia(st) = Kia(pu) * Loase (53)

where

Z _ (Vbase )2

base ~
Sbase

The resistances can be found in a similar manner, however, they require information about
the transient and sub-transient time constants for calculation, as the field resistance

calculation illustrates in Equation (54).

X, +((xmdxlf )J
Xoa + Xy

_ ) (54)
Rf(SI) - Tdr B base
Extending this to the damper winding resistances gives Equation (55).
(de X Xy )
Xig +
(dexl )"‘(de X )+(X|le )
de(SI) = T" base
d a)base
(55)
X 4+ (qu Xl )
Ikq
qu X,
RkQ(SI) - an Dy e ’ Zbase
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7.4 Characterisation and Testing of a Three-Phase Synchronous
Generator

7.4.1 Introduction
Cummins Generator Technologies specialise in the manufacture and distribution of high
quality brushless AC generators for commercial and industrial applications. The BCI162G is
a self-excited three-phase, two-pole, salient rotor synchronous generator rated to produce
20 kW with a terminal voltage of 380 V.., rus in series-star configuration. The supplied
datasheet, see Appendix 7.5, provides detailed information regarding the stator and rotor

parameters.

In establishing the datasheet as being accurate, the parameters contained within can be
utilised in the mathematical modelling of the BCI162G synchronous generator and
compared with experimentally obtained data. The pre-processor script for the model in
Chapter 3 was altered accordingly to include the datasheet parameters before configuring
the model to simulate the required test. In order to verify that the mathematical model
developed was accurate, a standard synchronous generator model was used from the

SimPowerSystems library to directly compare the simulation outputs.

Conducting open-circuit tests establishes the machine performance aspects, internal
voltage magnitudes, for example, and provides information about the excitation of the
machine [62]. Short-circuit testing infers the behaviour of the current carrying paths,
providing information with regard to leakage impedances and losses associated with the

current loading of the machine, I’R and stray load losses.

The test platform comprises the three-phase synchronous generator being driven by a DC
machine capable of rotating at 3000 rpm, synchronous speed. The speed of the DC
machine was controlled by altering the rotor field voltage locally, allowing slip testing to be
carried out. Measurement of the rotor speed was obtained from a Standard Instruments
ST-6236B digital tachometer which has a measuring accuracy of 0.05 % [74]. The speed was
measured on the DC machine side of the shaft which was coupled to the synchronous
generator through a torque sensor and torque coupling. The coupling is fixed with a clutch
mechanism to disengage the two shafts if peak torque is exceeded. Since the peak torque
was not achieved, it can be assumed that the speed at both ends of the shaft is consistent.
Noise present within the measurement of the voltage and current may lead to the results

being over estimated. The resolution of the Tektronics oscilloscope used is good for short
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transients. However, in order to capture the full waveform as it peaks and troughs results

in a lower resolution and the inclusion of noise becomes more evident.

7.4.2 Slip Test
Conducting slip tests enables the evaluation of d- and g-axis synchronous reactance
parameters through the relationship between the stator current and voltage [75]. The
stator is supplied with a reduced voltage through a variable transformer in order to prevent
saturation within the stator core. The field winding of the synchronous generator is open-
circuited so that there is no external excitation imposed on the rotor. Under slip conditions
the stator interacts with the rotor damper windings, however, it is important to retain the
slip at a low value. This reduces the magnitude of the currents driven around the damper
windings, allowing their effects to be neglected in the calculation of the d-q synchronous

reactances. If this is not the case then the synchronous parameters will be underestimated.

Since the machine is driven at a rotational speed, wy, and the stator is supplied with
voltages of a fixed frequency, wyg, a difference arises between the stator field and the rotor
field as an emf is developed in the rotor winding. The saliency of the rotor causes the stator
field to fluctuate in a periodic motion. This gives rise to peaks and troughs in the sinusoidal
currents and voltages at the stator terminals, providing information on the synchronous

reactances, highlighted in Equation (56).

Xd — EaMAX X — aMIN (56)

The mathematical model can be configured to reflect this testing by introducing a
proportional integral control loop to the field winding, driving the current to zero and,
therefore, simulating the open-circuit condition imposed in the practical experimentation.
The speed reference is configured to ensure that the machine runs at below synchronous
speed, enabling the damper interaction in the simulation model. The same voltage was
applied to the simulation model as in the experiment with a reduced voltage — 40 % rated
voltage — preventing saturation of the stator iron. The simulated results are shown in

Figure 7.18.
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Figure 7.18: Simulated slip test at 2990 rpom

The test was repeated across a number of speeds down to 1 % of the synchronous speed.

Using the measured stator currents in the finite element model, with an unexcited rotor for

different rotor positions, allowed the parameters gained in the experimentation to be

verified. The results, displayed in Figure 7.19, support the experimental data rather than

that gathered from the datasheet. The generator is acting in a state which is not

representative of its intended application where it would run at synchronous speed with

rotor excitation present.
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Figure 7.19: Finite Element Simulated Inductances (Unexcited Rotor)

Since the experimental values have been verified by the finite element analysis, it is
important to establish how this new data affects the simulation of the slip test when the
experimental values for this generator are implemented. Together with the short-circuit
parameters detailed in Section 7.4.3, the d- and g-axis synchronous reactances can be

applied along with the respective time constants obtained.

The standard three-phase SimPowerSystems model was used to verify that the
experimental parameters used in the dynamic circuit model for the slip test conditions. The
average d- and g-axis inductance is 0.0794 H and 0.0345 H, respectively. This can be
observed for both the SimPowerSystems and standard dynamic circuit model. Extrapolating
the data to find the no-slip case gives a value of 0.0763 H and 0.0345 H, respectively.
Comparing this data to those from experimental testing, the average d- and g-axis
inductance across the slip test speed range is 0.0745 H and 0.0352 H, respectively. The
simulation results, performed using experimental parameters, represent a 6.6 % deviation
from the experimentally measured values for the d-axis inductance and 2 % for the g-axis

value.
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Figure 7.20: d-q axis Inductances for Slip Test

It is clear from Figure 7.20 that the datasheet parameters are not consistent to describe the
behaviour of the machine used in experimental testing. The simulation of the parameters
derived from the experimental testing showed a much better agreement. This could be due
to differences in the construction of the generator during the manufacturing process
resulting in variations in the parameters that invalidate the parameters contained within

the datasheet.

7.4.3 Short-circuit Test
Open-circuit testing, such as the slip tests performed, provides only a fraction of the
information contained within the datasheet. Conducting the short-circuit tests will provide
d-axis reactances and transient time constants based on the machine performance when
subjected to a short-circuit fault across all three phases. The methodology for conducting

this type of test was sourced from the IEEE standards [75].

The mechanical and thermal stress on the machine can be considerable and it was
therefore decided to limit the terminal voltage at which the test was conducted. As a safety
precaution the DC machine driving the shaft connected to the synchronous machine is
fitted with a torque limiter ensuring that no excessive load could be transferred through
the rotor shaft. The synchronous generator was supplied with a low voltage DC input to the
field winding of the brushless exciter, bypassing the automatic voltage regulator (AVR).
Synchronous speed was maintained by varying the field winding voltage supplied to the DC

machine, ensuring that the machine returned to synchronous speed for the steady-state
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fault condition after the initial transient. The short-circuit test set-up is depicted in Figure

7.21.
LA ROTOR E loc Fiewd
: 2% 4 -
ROTOR ;
. x4k &
' AAAS
: lA STATOR
Ipc exciter '
STATOR i
FIELD | g staTOR
DC PSU i
i lc STATOR
EXCITER ! GENERATOR SWITCH

Figure 7.21: Diagram of Short-circuit Test Conditions Applied to a Synchronous Generator

The synchronous generator terminal voltage was increased in 50 V steps from the initial
150 Vi rms, Up to 250 Vi rus. The output waveform gave an exponential decay which can
be used to determine the magnitude of the time constants governing the machine
behaviour. The d- and g-axis sub-transient time constants cannot be found in this instance
as they occur too fast to be detected in a machine of this size. Such time constants can be
found in large-scale synchronous generators used in power systems, as discussed in [53],
since they are designed to have a low resistance, hence a slower transient response to

short-circuit fault conditions.

Running the machine over the range of terminal voltages described, the peak short-circuit
current magnitudes and steady-state values can be compared with those obtained from the
simulation results using the nominal datasheet parameters, shown in Table 7.4. Using the
averaging function within Excel the noise included within the experimental transient data
acquisition can be accounted for to a degree, particularly in the steady-state fault

condition.
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Table 7.4: Experimental and Simulation Short-circuit Transient Currents

Terminal Experimental MATLAB Simulink Experimental MATLAB Simulink
Voltage Peak Transient Peak Transient Steady-State Steady-State
Current Current* Current Current*
(V) (Agk) (Apk) (Apk) (Apk)
150 108 85 10 6.67
200 134 1131 11 8.89
250 144 141 12 11.11

* Nominal Datasheet Parameters

The discrepancy in the peak values could be due to the instance of time at which the short-
circuit fault is invoked. The position of the rotor at that instant will have an effect on the
emf induced in the stator winding aligned with rotor flux. The switching of the short-circuit
fault in laboratory conditions occurs at arbitrary times. However, it was carried out a
number of times to ensure that there was not a significant variation of the peak current

magnitudes.

The transient behaviour of the simulation with datasheet parameters does not coincide
with the behaviour seen from the test generator. The sinusoidal exponential decay
observed in the experimental testing is not replicated by the simulation, as shown in Figure

7.22 and Figure 7.23, respectively.
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Figure 7.22: Experimental Short-circuit Current Transient at 250 V,_,
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—Simulation
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Figure 7.23: Simulation (Datasheet Parameters) Short-circuit Current Transient at 250 V.,

It is clear from these two figures that there is a discrepancy in the behaviour of the
generator when simulated with the datasheet parameters. Referring back to Table 7.4, the
steady-state current is comparable at rated voltage, which would indicate that the d-axis
synchronous reactance agrees with that quoted by the datasheet. The SimPowerSystems
model gave the same response as that depicted in Figure 7.23, signifying that the model

was acting correctly for the parameters given.

Implementing the reactances and time constants gained from the open-circuit and short-
circuit experimental testing it is possible to assess the validity of the information contained
within the datasheet. The field resistance, R;, used in the simulation model is shown in

Equation (57).

X 4 (de X )
T X + Xy
Rf(SI) = T/ o, Z (57)

where Xt is the field leakage reactance, Xmq is the d-axis magnetising reactance, T4’ is the
d-axis transient time constant, wpase is the line frequency and Zpage is the per unit base

impedance.
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Implementing these changes, the resulting AC short-circuit transient current waveform is
depicted in Figure 7.24, highlighting the distinct difference in performance due to the
parameters entered into the simulation. The field voltage required to achieve the
maximum test line-to-line RMS terminal voltage was greatly reduced as a result of the

value for the field resistance, Ry, being changed.

—Simulation
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Figure 7.24: Simulation Short-circuit Current Transient from Experimental Parameters

The behaviour of the simulation with experimental parameters is much more consistent
with the machine transient behaviour in Figure 7.22. The parameters gained from the
short-circuit testing are drawn through the consideration of each separate stage of the
short-circuit response. The initial transient governs the sub-transient reactance, followed
by the transient reactance and finally the steady-state synchronous reactance. As
previously discussed, the d- and g-axis sub-transient time constants cannot be found.
However, the d-axis transient time constant can be obtained from the time at which the
short-circuit condition was invoked up to the time at which the peak magnitude falls to 1/e
its original value. The transient time quoted in the datasheet for the d-axis transient time
constant is 0.012 seconds. The experimental data, with the exponential envelope, gave a
much slower transient time constant value of 0.0468 seconds. The calculation method is

illustrated in Figure 7.25.
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Figure 7.25: Calculation of Parameters from Short-circuit Response

The current values marked, in Figure 7.25, denote the value of current at the instant of the
short-circuit event based on the envelope of the sub-transient (blue dashed line) and
transient (purple dashed line) value. The synchronous reactance is based on the steady-
state short-circuit fault envelope which, since it is in a steady-state, is the maximum (or

minimum) value. The initial peak current, y,, determines the transient time constant, as

discussed above.

xr =V _[¥2x250) J2g 1 14040
L V3

x; =V _[¥2x250) fog 1 47990 (58)
R 3

X, =Y _ V22501 41458030
1, NE)

The values, calculated in Equation (58), are in Sl units. The pre-processor script used in
MATLAB to initialise the variables for the mathematical model uses per unit values,
requiring the simple division of the Sl unit values by the base impedance, Za. A list of the

new experimental values obtained for the BCI162G generator can be found in

Appendix 7.5.
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7.4.4 Summary
Slip testing showed that there were significant differences in the synchronous parameters
provided in the datasheet and those obtained from conducting the relevant testing. Further
characterisation was conducted to find more parameters in order to calculate the
remaining necessary information for the accurate modelling of the dynamic circuit

behaviour.

Transient effects were investigated through short-circuit testing. This allowed for the
extraction of sub-transient and transient reactances and time constants. The synchronous
reactance calculated from this test, however, is much lower than that quoted in the
datasheet. It also differs from the experimental slip test calculations which were
consistently above the quoted data. The verification of the slip results with finite element
modelling, configured to reflect the currents in the machine, would suggest that these are
the best values to utilise for further simulation work regarding the generator at reduced
rotor excitation, ensuring the machine has not entered saturation. The measured
parameters improve the match between simulated generator response under short-circuit

fault conditions and experimental results, as highlighted in Figure 7.24.
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7.5 Parameters for Synchronous Generator

Three-phase Five-phase 15-Phase
Datasheet Experimentally T t
Derived*
Voltage \ \ 380 3325 199.5 66.5
Rated Apparent S kVA 25 21.875 21.875 21.875
Power
Base Impedance Z Q 5.779 5.054 3.032 1.016
Stator Resistance R Q 0.353 0.432 0.259 0.086
d-axis X4 p.u. 3.184 4.419 4.419 4.419
Synchronous
Reactance
d-axis Transient X4’ p.u. 0.322 0.443 0.443 0.443
Reactance
d-axis Sub- Xq4”  p.u. 0.203 0.183 0.183 0.183
transient
Reactance
g-axis Xq p.u. 1.586 2.165 2.165 2.165
Synchronous
Reactance
g-axis Sub- Xq”  pu 0.358 0.183 0.183 0.183
transient
Reactance
Leakage X p.u. 0.131 0.126 0.126 0.126
Reactance
Transient Time 74 s 0.012 0.056 0.056 0.056
Constant
Sub-transient T4’ S 0.003 0.017 0.017 0.017

Time Constant

* De-rated for 7 turns rather than 8

T Inductances will be scaled by per unit base impedance for five- and 15-phase generators
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Simulation Model
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Figure 7.26: MATLAB Simulink Model Overview
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Figure 7.27: Harmonic Voltages from Winding Factors



B. Park Transform
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Figure 7.28: Park Transform
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C. Higher Order d-gq Harmonics and Zero-sequence Recombined with Fundamental

Currents (Three-phase)
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Figure 7.29: Recombination of Fundamental d-q Values with Higher Order d-q Harmonic Pairs and

Zero-sequence Components
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D. Rectifier Block (Three-phase)
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Figure 7.30: Rectifier with SimPowerSystems Diode Models
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7.8 Experimental and Simulation Results

Table 7.5: Short-pitched Results

Normal Operation Generator Open-circuit Diode Open-circuit
Vae iac Ve Avg of Vae iac Ve Avg of Vac iac Ve Avg of
(VpQ (ApQ (VpQ Ve (Vplo (Apla (Vplo Ve (Vpla (Apla (Vpla Ve
ripple ripple ripple
o %) ) %)
E 58 297.589 8.319 492.781 27.70 281.589 8.479 479.982 165.18 307.188 8.799 486.381 166.15
o T S 58 279552 8327 482801 1963 - - - - 285921 8661  502.340 15572
@ L E 5 50558 15994 77437 2605 51198 23679 113506 17812 51838 24319 116796 18107
%_ S 5 47.293 13.209 66.042 6.28 - - - - 62.553 23.391 116.955 156.19
7
g « E 58  287.989 5269 294389  28.24  287.989  4.864 291189  30.97  300.788 5119 294389  179.98
S £ g 58 308204 5200 306788 3663 285053 4888 288443  47.79 381187  6.611 383391 16241
= d E 5 115.196 23.359 113.596 28.62 119.995 23.039 116.796 45.28 167.994 33.279 158.394 163.93
O g 5 116152 22906 114531 4534 104732 26231 13157 7855 173498 35192 175956  158.31
E 58 180793 5759 329587 1359  188.793  6.079 329587 6171  191.993 5919 335987  61.73
% S 58 172.533 5.599 324.756 5.61 - - - - 171.111 5.584 323.950 46.54
% £ E 5 71677 22079 109437 2262 68797 26239 132795 0L20  67.197 26239 132795  89.76
= § 5 72720 25156 125776  9.97 - - - - 68.484 25217 126760  45.90
@ E 58 251.154 4.671 265.590 11.37 180.793 4.608 265.580 13.99 179.193 4.544 268.790 47.49
-E 9 > S 58 178723 4862 281937 1009 171248 4593  267.365 1611  167.440 4502 261090  48.47
50 E 5 11358 21110 1103% 1874 113506 23339 110.396 3400 110396 10199 110396 3243
o S 5 87.373 23.091 115.455 25.89 86.974 22.555 113.503 57.86 86.989 22.560 113.256 57.88
E 58 57171 2208 108878 484 57598 1952 110396  12.25 55678 1952 111996 1213
E S 58 5234 1707 99010 3.80 - - - - 58737  1.817 105334 2256
@ 5 E 5 62.718 23.319 115.196 14.92 67.837 22.399 107.196 27.36 68.477 19.871 108.796 27.09
(2]
& S 5 62927 22239 111358  2.82 - - - - 55539  19.695  98.876  17.42
[ E 58 59518 5170 259190  7.70 51198 2560 147194 2377 57598 2240  107.196  14.22
ﬂ g = S 58 61.142 4.304 249.520 2.06 40.613 1.836 137.224 5.57 33.295 1.967 114.116 4.36
30 E 5 409 11649 90358 7.29 55678 20799 113596 2535 49918 20159  107.196  14.46
& g 5 31809 21164 107189  6.47 33639 20956 105954 1978  37.173 24225 121812  19.60
Table 7.6: Fully-pitched Results
Normal Operation Generator Open-circuit Diode Open-circuit
Ve [ Ve Avg of Ve [ Ve Avg of Vac [ Vac Avg of
(Ve (Ao (Vo Vee (Vi) (Api) (Vi) Vee (Voi) (Api) (Voi) Vee
ripple ripple ripple
o %) %) %)
E 58 345.587 8.480 486.381 24.85 319.988 8.799 505.581 170.67 297.589 8.639 486.381 171.36
o & S 5 2785 8141 472126 1666 - - - - 274113 8323  482.688  155.06
@ £ E 5 105596 14710 70.397 1830 80507 21119 10239 18606 95996 21439 108796  198.03
s S 5 45483 13007 65038 876 - - - - 54943 21572 107.860  158.93
8 E 58 275189 4607 271990 2024 291189 5183  297.589 3479 265590 4672 265590 16101
E }E S 58 276.050 4.732 274.441 13.68 291.276 4.995 289.666 36.10 274.974 4.760 276.110 162.16
F @ E 5 119995 28150 118395 4621 145504 30398 148794 12516 175993 33918 172793  178.70
O g 5 110388 2355 117.772 1954  139.161 27.504 139.203 67.830 171321 34669 173344 15601
E 58 188793 6008  339.187 2276 198392 6332 361586 5639  188.793 5920 342387 58.29
& S 58 155228 5150 298650 956 - - - - 191651 5827  339.087 47.28
8 F 5 103996 23179 115196 29.72 94396 23579 129595 11533 94396 23039  127.995  116.87
[ n E
.g_ S 5 67.135 22.576 112.877 12.01 - - - - 80.069 25.353 126.761 54.50
& E 58 195193 4540 248278 7.8 185593 5140 278389 3753 198392 4736 252790 4050
-E 9 > S 58 180.663 4117 238775 1088 155408 4635 322607 5696 162849 4510 261605 54.57
6] (o] E 5 121.595 19.672 125.195 24.79 118.395 21.439 126.395 58.13 118.395 19.539 117.196 42.66
= 5 82793 20804 104020 31.04  93.894 24603 123015 7230  78.802 23510 117.548  69.32
S
E 58 56958 1984  106.063 8.72 59518  1.856  107.196 1434 61438 2080 111996 13.95
T 5 58 5482 1821 105530 082 - - - - 54906  1.823 105671  7.24
@ b E 5 67837 22079 125563 99.89 78077 20799 1087% 27.32 76157 20479 108796 2892
(2]
g S 5 51.414 18.220 94.865 3.39 - - - - 65.511 23.884 119.415 17.89
o E 58 58238 4746 246391 952 58.238 4544 249590 1355  58.878  4.608 252790  11.99
b9 > S 58 68896 4328 251338 206 68.825 4347 252083  4.98 69.379 4399 262736  7.55
B3O E 5 58878 12320 100479 225 58.878 13600 107.196 2093 60158 13280 105596  11.08
o S 5 40.743 23.269 116.342 10.42 37.308 20.069 102.551 24.84 40.589 23.334 116.666 20.72
E = Experimental S = Simulated
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7.9 Further Experimental Results

7.9.1 Introduction
This section provides an explanation of the generator and rectifier circuit behaviour with an
open-circuit phase. Supplementary experimental test results are also included. These
results support the trends identified in Chapter 5 but do not add new information to the

content discussed in the thesis.

7.9.2 Explanation of Circuit Behaviour
Investigating the delta-connected generator behaviour under an open-circuit phase fault,
depicted in Figure 7.31 and results presented in Figure 5.67, shows the effect of the missing
generator current path. The generator current contribution from the b-phase (is gen) is zero,
observed in Figure 7.34. However, the ab- and bc-phase diode currents exist due to the
voltage developed between the generator terminals from phases a and ¢ switching on the
diodes +Dgp, -Dap, +Dyc and -Dy, respectively. Since the windings are connected together, a
current path exists to create the diode line currents for the missing phase. The numbers in
the diagram of Figure 7.32 correspond to the system states at the end of the period in

Figure 7.33 and Figure 7.34. The commutation occurs midway through the period.

R
‘ +Dca N 'Dca
'+DbC N _DbC
‘ +Dgp N -Day
iab* ibc+ ica+
€a Lls >< €c Lls
- - -
Va Vb VC

Figure 7.31: Three-phase Open-circuit Diagram

The switching patterns of the diodes in the presence of the open-circuit phase fault are

presented in Figure 7.32 along with a description of each numbered stage.
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i
il

@ = Most positive phase winding * = Most positive conducting diode
@ = Most negative phase winding * = Most negative conducting diode
@ = Current path through phase winding * = Non-conducting diode

Figure 7.32: Formation of Diode Current Path

1. At the start of this period, the voltage V. is falling and voltage V, is rising. Positive
current flows through the c-phase diode line and returns through the b-phase
diode line; the negative voltage V,, which is the inverse sum of V, and V,, holds
diode -Dy on. Only the c-phase of the generator conducts. As V, increases, the
voltage impressed across the diode +Dg, turns the device on, allowing current to
flow to the DC side. The voltage V;, being at its lowest magnitude, creates this
return path through -Dy.. Therefore, the a-phase and c-phase generator windings

both conduct positive current, shown in Figure 7.34.
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Voltage (V)

The voltage V, is still at maximum and therefore +D,, remains switched on. The
commutation to diode -D, creates the return current path. At this point, current
only flows through the a-phase generator winding.

The extended duty of voltage V, falls below V, resulting in diode +Dy turning on.
At the end of the commutation event, only negative c-phase current flows from the
DC side, through the c-phase winding and back through the b-phase diode line.
The positive voltage V, remains impressed across diode +Dy. whilst V, now reaches
a minimum. The diode -D, turns off and diode -D,, begins to conduct. Return
current now flows in a negative direction through the a-phase winding and
continues through the c-phase winding, forming the diode line current iy..

Voltage V. reaches maximum, commutating from diode +Dy to +D¢,. The return
current path is formed through the a-phase winding.

The voltage V, reaches its most negative and turns on the lower leg diode, -Dy, to
create the return path from the DC side. Only c-phase positive current is drawn

from the generator as a result.

—Va —Vb —Vc
Vb:'(Va"'Vc)

w 000000 T

200 -+ YA AN N Y P N

R AN IR R S AN (o v
200 NG I NG YA N
400 bbb | |

0 0.01 0.02 0.03 0.04

Time (s)

Figure 7.33: Delta-connected Generator Voltage for 58 Q Load
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Figure 7.34: Delta-connected Generator Current with Open-circuit Phase Fault for 58 Q Load
At points 2, 3, 5 and 6 of the cycle, all of the current is transferred to the DC side from
either the a- and c-phase windings solely but there are also periods, in 1 and 4, where the

current measured travels through both healthy phase windings, highlighted in Figure 7.35.

—iab —ibc —ica

Current (A)
o

1
I
1 . .
T f 1

0.03 0.04

0 0.01

Figure 7.35: Diode and Generator Current with Open-circuit Phase Fault
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The open-circuit conditions will present themselves in the same way as for the fully-pitched
machine topology. The results for the star-connected system for a fault occurring in either

the generator or diode leg are shown in Figure 7.36.

—Va —Vdc —ia —idc
600 —---rroropeemrreee s ot s s s s - 12

400

200

Voltage (V)
o
Current (A)

-200

T e e e i e -8

600 3 3 3 12
0 0.01 0.02 0.03 0.04
Time (s)

Figure 7.36: Short-pitched Star-connected Generator Open-circuit Phase Fault 58 Q Load
The rectifier is acting as a H-bridge, since the current path that has been removed in the
star-connected system also removes the corresponding diode leg. The presence of the
open-circuit phase fault causes the voltage of the b-phase diode leg to float. At point X, V¢,
is increasing to a maximum. The a-phase voltage must, therefore, be at a lower magnitude,
allowing the diode to conduct, forming the return path. At point Y, V., has reached its
maximum value, and maximum AC current is drawn from the generator phase before the
remaining healthy phases commutate to the next conduction mode. The neutral reference
point, against which the phase voltage is determined, changes in magnitude as the line-to-
line voltages fluctuate; therefore, the voltages referenced to the b-phase are ignored in

Figure 7.37.
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@ = Most positive phase winding * = Most positive conducting diode
@ = Most negative phase winding * = Most negative conducting diode
@ = Open-circuit phase winding * = Non-conducting diode

Figure 7.37: Star-connected Generator b-phase Open-circuit AC Voltage and Current

The three-phase analysis can be extended to the five- and 15-phase generator-rectifier
behaviour for a single open-circuit phase fault under lightly loaded conditions for both the

star- and delta-connected machines.

7.9.3 Three-phase Short-pitched Generator
The behaviour of the three-phase, short-pitched generator, presented here, is very similar
to the fully-pitched generator results that are described in Chapter 5. The discussion that
accompanies the fully-pitched results throughout Chapter 5 is sufficient to describe the

behaviour here, where differences are outlined.
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The combined results, shown in Figure 7.38, are similar to those observed in the fully-
pitched case. The fifth harmonic that was dominant in the AC voltage due to the rectifier

has been removed.

Voltage (V)
Current (A)

-150 i ? i -40
0 0.01 0.02 0.03 0.04
Time (s)
Figure 7.38: Three-phase Short-pitched Star-connected Generator Open-circuit Phase Fault 5 Q Load
The short-pitched, delta-connected generator under normal operating conditions shows
the current waveform expected from the analysis carried out in Chapter 3, highlighted in

Figure 7.39. The current drawn from the generator contains fifth harmonic to distort the

waveform.
| —Va —Vdc —iaDIO —ia GEN —idc | | —Va —Vdc —iaDIO —ia GEN —idc |
400 6 150 40
200 \ N 3 75 "~N\A 20
133 133 va"
s P‘ < s \
B 0 e N e M 0% B 0 drpmdd e LD .
E s % N\
-200 \d 'V \] 'V -3 75 - o -20
Z e A
-400 - -150 | | -40
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Time (s) Time (s)
Figure 7.39: Three-phase Short-pitched Delta- Figure 7.40: Three-phase Short-pitched Delta-
connected Generator AC and DC Voltage and connected Generator AC and DC Voltage and
Current 58 Q Load Current 5 Q Load

The 5 Q resistive load leads to a reduction in peak AC voltage and peak DC voltage. The
short-circuit characteristic of the machine causes the volt drops across the stator

impedance to reduce the output voltage, discussed earlier in Section 5.5.1.
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The behaviour observed in Figure 7.41 is similar to that discussed in Figure 5.67. The AC

voltage shows a more sinusoidal characteristic giving a smoother DC ripple despite the

open-circuit phase fault.

The diode open-circuit fault, depicted in Figure 7.42, creates the 100 Hz ripple frequency,

seen in Figure 5.68, but no longer exhibits the same AC behaviour. The circulating harmonic

currents in the delta-connected windings have been removed through short-pitching, giving

a more sinusoidal generator current.
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Figure 7.41: Three-phase Short-pitched Delta-
connected Generator Open-circuit Phase Fault
58 Q Load
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Figure 7.42: Three-phase Short-pitched Delta-
connected Generator Open-circuit Diode Fault

58 Q Load

The data presented in Table 7.7 highlights the benefits of the delta-connected generator in

maintaining DC power quality under open-circuit phase faults.

Increasing the load current drawn for both fault conditions is shown in Figure 7.43 and

Figure 7.44. The behaviour is very similar to the lightly loaded systems. The results are

presented in Table 7.7.
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Figure 7.43: Three-phase Short-pitched Delta-
connected Generator Open-circuit Phase Fault
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Figure 7.44: Three-phase Short-pitched Delta-
connected Generator Open-circuit Diode Fault
50 Load
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Table 7.7: Three-phase Short-pitched Star- and Delta-connected Generator Open-circuit Faults

Vac iac Voc inc Ve Vbc Ripple

(Vi) (Agk) (Vi) (A)  (Vokp) (% of AVG)
Star- Gen/Dio 58Q 281.6 8.48 479.9 8.26 492.8 165.2
connected o/C 5Q 51.2 23.7 113.6 22.7 115.2 178.1
Delta- Gen 58Q 2879 5.03 291.2 5.01 80.0 31.0
Connected o/C 50 120.0 23.0 116.8 234 44.8 45.3
Delta- Dio 58Q 300.8 2.82 294.4 5.02 307.2 179.9
Connected o/C 5Q 1679 20.5 158.4 32.2 161.6 163.9

The results in Table 7.7 show that for a short-pitched, three-phase synchronous generator a

diode open-circuit fault has a significant impact on the system regardless of the connection

method. The diode rectifier becomes an effective H-bridge, limiting the performance of the

DC side and drawing current from the generator — in the star-connected case — that is 7

radians out of phase in the two remaining healthy windings. This gives the high pk-pk ripple

magnitude observed in Table 7.7, underlining the problems of using a three-phase

generator for the provision of DC power.

7.9.4 Five-phase Short-pitched Generator

Comparing the short-pitched results with that of the fully-pitched generator, the results

observed in Figure 7.45 show the same trends as seen in Figure 5.73.

Again, with an increased load current drawn to the DC side, Figure 7.46 shows similarity

with the fully-pitched generator, depicted in Figure 5.74. The ripple magnitude is reduced

as a result of the increased AC voltage duty for the remaining healthy phases, allowing for a

prolonged conduction of current.
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Figure 7.45: Five-phase Short-pitched Star-
connected Generator Open-circuit Phase Fault
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Figure 7.46: Five-phase Short-pitched Star-
connected Generator Open-circuit Phase Fault
50 Load
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The short-pitched polygon-connected generator is presented in Figure 7.47, with the higher

loading shown in Figure 7.48.

| —Va —Vdc —iaDIO —ia GEN —idc | | —Va —Vdc —iaDIO —ia GEN —idc |

o
Current (A)
Voltage (V)
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Time (s) Time (s)
Figure 7.47: Five-phase Short-pitched Figure 7.48: Five-phase Short-pitched
Polygon-connected AC and DC Voltage and Polygon-connected AC and DC Voltage and
Current 58 Q Load Current 5 Q Load

The generator current in Figure 7.47 shows the removal of the circulating harmonics that
were discussed in Figure 5.41. The higher current loading results depicted in Figure 7.48,
show similar trends, however, the AC voltage now resembles waveform observed in the
fully-pitched topology of Figure 5.58. Unlike the polygon-connected, short-pitched
generator, in the fully-pitched topology, the diode line current starts to exhibit overlap in
the diode devices that are conducting current, shown in Figure 7.49. Only one diode is in a
non-conducting state during this period. This has no effect on the performance of the

generator since the current drawn from the generator to form the diode line current is

different.
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Figure 7.49: Five-phase Fully-pitched Polygon-connected Generator Diode Current 5 Q Load
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The polygon-connected generator with an open-circuit phase fault, shown in Figure 7.50,

behaves much in the same manner as the healthy generator condition. The peak voltage

and current magnitudes are near identical. However, the DC voltage ripple magnitude is

2.6 % larger, as a percentage of the average voltage. The AC current drawn from the

generator is considerably different. Two of the phases are consistent with the diode line

currents, where the other two remaining healthy phases show a similar behaviour but

extended over a longer period, observed in Figure 7.50.
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Figure 7.50: Five-phase Short-pitched
Polygon-connected Generator Open-circuit
Phase Fault 58 Q Load
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Figure 7.51: Five-phase Short-pitched
Polygon-connected Generator Open-circuit
Phase Fault 5 Q Load
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The higher current case, in Figure 7.51, again underlines the distortion of the AC generator

characteristics. The DC voltage and current ripple is affected by this, resulting in a higher

percentage ripple but offering better performance than the star-connected case.

The results of implementing a diode open-circuit fault can be seen in Figure 7.52 and Figure

7.53.
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Figure 7.53: Five-phase Short-pitched
Polygon-connected Diode Open-circuit 5 Q
Load
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The lightly loaded case, in Figure 7.52, shows a marked difference in the AC current drawn
from the generator compared with Figure 5.79. The short-pitching has a considerable effect
on the way in which the current is distributed through the phases to form the diode

current.

The effect of increasing the current drawn to the DC side shown in Figure 7.53, exhibits
similar behaviour to the fully-pitched results, depicted in Figure 5.80. The AC generator
current shows a different waveform shape due the removal of the circulating harmonic

currents distorting the output.

The full results for the short-pitched generator under fault conditions are contained in

Table 7.8.

Table 7.8: Five-phase Short-pitched Star- and Polygon-connected Generator Open-circuit Faults

Vac Iac Voc Ipc Voc Vbc Ripple

(Vpk) (Apk) (Vpk) (Apk) (Vpk-pk) (% of AVG)

Star- Gen/Dio 58Q 188.8 6.08 329.6 6.00 172.8 61.7
connected o/c 50 68.8 26.2 132.8 26.2 91.2 91.5
Polygon- Gen 580 180.8 4.34 265.6 4.32 14.0 14.0
Connected o/c 5Q 113.6 21.1 110.4 21.8 33.6 34.1
Polygon- Dio 58Q 179.2 3.39 268.8 4.65 112.0 47.5
Connected o/cC 50 1104 15.0 110.4 21.4 32.0 32.4

7.9.5 15-phase Short-pitched Generator
The star-connected configuration, depicted in Figure 7.54, offers minimal degradation
under light loading conditions which matches the fully-pitched performance shown in

Figure 5.82.

With a higher resistive loading, shown in Figure 7.55, the AC current shows the same trends
as the fully-pitched generator observed in Figure 5.83. The fully-pitched case had a number
of conduction periods where the short-pitched current waveform only has two, resulting in

a higher peak current drawn from the generator.
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Figure 7.54: 15-phase Short-pitched Star-
connected Generator Open-circuit Phase Fault

Figure 7.55: 15-phase Short-pitched Star-
connected Generator Open-circuit Phase Fault

58 0 Load 50 load

The data for the 15-phase short-pitched generator under normal operating conditions are

presented for comparison in Table 7.9.

The diode open-circuit condition, shown in Figure 7.56, has a similar effect on the
generator behaviour as the open-circuit phase fault. The same harmonic behaviour exists
for the generator current. However, in the healthy generator, the magnitudes of the key
contributing harmonic components have been reduced. On the DC output side, the pk-pk
ripple is greater than under normal operating conditions but shows minimal interruption

for the diode device fault, unlike the open-circuit phase fault case.
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Figure 7.56: 15-phase Short-pitched Polygon-
connected Generator Open-circuit Diode Fault
58 O Load

Figure 7.57: 15-phase Short-pitched Polygon-
connected Generator Open-circuit Diode Fault
50 Load
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The higher load condition, depicted in Figure 7.57, shows very similar AC behaviour as the
generator open-circuit phase case shown in Figure 5.89. However, the DC output is much

improved and shows the single fault in the waveform with a much reduced pk-pk ripple. In
both loading cases, the peak DC voltage and the pk-pk ripple is the same, however, due to
the fault being more obvious in the 5 Q resistive load case, the average is reduced giving a

different ripple magnitude percentage, highlighted in Table 7.9.

Table 7.9: 15-phase Short-pitched Generator Open-circuit Diode Fault

Vac Iac Voc Ipc Voc Vbc Ripple

(Vpk) (Apk) (Vpk) (Apk) (Vpk-pk) (% of AVG)

Star- Gen/Dio 58Q 57.6 1.95 110.4 2.08 12.8 12.3
connected o/c 50 67.8 224 107.2 21.4 27.2 27.4
Polygon- Gen 58Q 51.2 2.59 147.2 2.06 32.0 23.8
Connected o/c 5Q 55.7 12.8 113.6 21.9 25.6 25.4
Polygon- Dio 58Q 57.6 1.92 107.2 1.68 14.4 14.2
Connected o/c 5Q 49.9 12.8 107.2 20.8 14.4 14.5

The results shown in Table 7.9 underline the benefits of using a high phase number
generator to continue operation under open-circuit fault conditions. The star-connected
system has a worse generator performance with regards to the current drawn, showing a
much higher peak value under heavy loading. The pk-pk ripple almost doubles for the star-

connected generator compared with the polygon-connection.
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