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ABSTRACT

DESIGN, ANALYSIS AND CONTROL OF A FIVE-PHASE
FRACTIONAL SLOT SURFACE MOUNTED PM MACHINE FOR
APPLICATIONS WITH A WIDE SPEED RANGE

By
WALEED JEBIR HASSAN

Reliability problems associated with a three-phase electrical machine lead the re-
searcher to investigate multi-phase machines, where the number of phases is greater
than three, and which are starting to attract a growing interest. A five-phase surface
mounted permanent magnet synchronous motor (SPM) can be considered as a can-
didate for fault-tolerant critical applications such as electrical actuators in aircraft
and aerospace applications, in addition to other characteristics like high torque-to-
mass ratio and high efficiency. This thesis is concerned with the design, analysis
and control of a five-phase SPM machine equipped with a fractional slot winding.
In particular, it examines the possibility of using five-phase SPM machines for fault
tolerant, wide speed range applications.

The thesis covers three sub-areas. The first describes the design, analysis and
test of a five-phase SPM motor with improved capability in fault event and flux-
weakening operation. A five-phase SPM motor has been designed by deriving all
necessary equations required for optimising the machine to produce an acceptable
torque at high operating speeds above the corner speed.

The second aims to explore the effect of varying the motor drive parameters on
the optimum flux-weakening performance of the Multi-Frequency (MF) five-phase
SPM drive. It is shown that the fundamental magnet flux linkage determines the
maximum reachable speed in the flux-weakening mode of operation. The back-emf
ratio increases the normalised electromagnetic torque for speeds below the base
speed, while it decreases the normalised electromagnetic torque for speeds higher

than the base speed.

The third deals with the modelling and control of five-phase PM synchronous
machines with a non-sinusoidal shape of the rotor flux. A discrete PI controllers for
currents and speed were designed based on the two virtual machines analysis. The

simulation and practical results showed a good dynamic response.
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Chapter 1

Introduction

1.1 Research Description

Fixed speed motors are not fitting for all applications in all conditions; consequently,
the demand for adjusting the speed according to an application is required. Variable
speed AC drives are used to control the speed of an AC motor, either an induction
motor (IM) or a synchronous motor. AC drives are used in a wide variety of in-
dustrial applications. For example, AC drives are often used with fans to provide
adjustable airflow in heating and air conditioning systems. The flow of water and
chemicals in industrial processes is usually controlled by adjusting the speed of
pumps. Water and wastewater processing, paper mills, tunnel boring, oil drilling
platforms or mining are commonly controlled by variable speed AC drives. For a
wide speed range-variable speed drive, especially in traction applications, perma-
nent magnet (PM) synchronous motors are the candidate. Although AC induction
motors can operate at high speed, their dynamic performance, efficiency and power
density are moderate compared to PM synchronous motors.

There are two main classes of PM synchronous motors. The first is surface
mounted PM synchronous motors (SPM) where the magnets are located on the
rotor outer surface. The second is interior PM synchronous motors (IPM) where
the magnets are buried in the rotor. Variable-speed IPM motor drives offer a wide
field-weakening range with good torque versus speed characteristic as a result of the
additional reluctance torque component to the magnet torque component. Usually,

IPM motors are designed with thin bridges and centre posts in the rotor to minimise
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the flux shunting between the magnets. Those bridges and centre posts are counted
as the most crucial mechanical limiting design factor where the rotor structural
integrity significantly degrades due to centrifugal forces in high-speed operation.

Thus far, the conventional SPM motor drives are extensively used for industrial
servo drives. Their flux weakening speed range is generally limited to below 2:1.
In this motor drive, SPM motors are equipped with distributed windings designed
to have a sinusoidal back-emf and operated with sinusoidal currents. Since the
inductance of the distributed winding is generally low, it is difficult to achieve a wide
speed range out of satisfying the optimum flux weakening condition by reducing the
magnet flux linkage as this is the only torque producing component.

The fault-tolerant capability is another crucial feature of AC motor drive in
applications such as traction, aerospace, ship propulsion and safety-critical applica-
tions such as the more-electric aircraft. Furthermore, reliability and fault-tolerant
aspects of motor drives are favourable in the industrial environment, due to the
related productivity enhancement. A three-phase induction motor drive with con-
nected neutral and divided dc bus may be used for fault-tolerant applications, where
it continues to operate under the loss of one phase but, the bearing maintenance
cost of the motor will increase due to the zero sequence component of the current.
Three-phase PM synchronous machine drives have been traditionally thought of as
having poor fault-tolerant capability compared to other drive types. Nevertheless,
the distinct advantages they offer such as high power density and high efficiency lead
to the need to improve the fault-tolerant capability of these drive systems by utilising
fractional-slot concentrated windings (FSCWs) and a multi-phase drive system.

The research results presented in this thesis are focused on the analysis, design,
control, implementation and experimental evaluation of a fault-tolerant SPM ma-
chine drive system with extended high-speed operation by using high inductance

five-phase fractional-slot concentrated windings.

1.2 Research Aims

The research aims of the work were to :

1. Develop a discrete-time domain current regulator based on the developed discrete-
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1.3

time domain model of the Multi-Frequency (MF) five-phase surface mounted
permanent magnet synchronous motor (MF five-phase SPM) drive which can
be implemented to control the prototype five-phase motor drive system.
Investigate the effect of varying the motor drive parameters on the optimum
fluz-weakening performance of the MF five-phase SPM.

Analyse the harmonic contents of Fractional Slot (FS) windings for a given
slot-pole configuration based on the Winding Function Method (WFM), and
characterise its suitability for low cogging torque, low harmonic losses and
flux weakening capability.

Design and build a prototype five-phase SPM synchronous motor for experi-
mental validation of the results reached by analytical and simulation investi-
gations.

Design and build a five-phase motor drive system including a two-level VSI
and its gate drive boards, current sensors, voltage transducer, speed encoder
with accompanying DSP control system to be used for investigating the per-

formance of the prototype machine under different operating conditions.

Major Research Contributions

. This research has provided, for the first time, a clear explanation of the effect

of varying the motor drive parameters on the optimum flux-weakening perfor-
mance of a MF five-phase SPM motor for achieving the necessary conditions
for optimal flux weakening. Part of the research results are presented in [1].
This investigation has presented, for the first time (based on the author’s
knowledge) an optimised design for a 10 slot/ 8 pole five-phase SPM motor
equipped with FSCWs for flux-weakening capability.

This is one of very few works in which a digital controller has been designed
and simulated for a FSCW five-phase SPM machine, which has opened the
door for the use in industrial applications.

For classical-sinusoidal distributed windings, in most cases, there are many
ready to use mathematical equations and design software. However, for

FSCW multi-phase PM machines, the design software needs to be modi-
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fied, and the analytical equations needs to be derived. All harmonic and
Fourier analyses which are presented in this thesis were calculated by hand
or through numerical calculation.

5. Design and build a prototype FSCW five-phase SPM motor.

1.4 Thesis Organisation

This thesis is organised in 8 chapters, followed by 4 appendices.

Chapter 2 presents the literature review of fault-tolerance PM machines. FSCW
is selected for further investigations due to its high fault-tolerant capability and
high-speed operation. The discussion is concluded with the selection of the slot-pole
combination.

In chapter 3 analytical expressions for magnet flux linkage, inductances and
resistance of 10 slots-8 poles, five-phase SPM motor necessary for calculating the
optimum flux weakening condition during the machine design stage are presented.
Numerical calculation of the same parameters is another option which is also studied
in this chapter. The star of slots theory is used to determine the winding layout of
the above slot-pole combination, concentrated FSCWs, while the winding function
theory (WFT) is used to calculate the magnetising inductance of the armature
winding.

Chapter 4 deals with the design of a prototype five-phase fractional-slot SPM
motor with non-overlapped coils, to be used in fault tolerant- extended speed range
applications.

The modelling and control of MF five-phase SPM motor with a non-sinusoidal
shape of the rotor flux are addressed in chapter 5. The control scheme was suggested
to be a variable speed drive system with flux weakening capability for speeds higher
than the rated speed. A decoupling transformation was applied to the two-level five-
phase Voltage Source Inverter (VSI) to obtain the voltage space vectors, represented
in two two-dimensional (2-D) planes. The mathematical model of the MF five-phase
SPM motor in terms of the physical (natural phase) variables is considered first. The
voltage, current and flux space vectors, represented in (2-D) planes, are obtained

with the use of a decoupling transformation. The mapping of harmonics of different
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order after transformation is explained. A rotor transformation is applied, and the
dynamic model of the MF five-phase SPM motor is obtained using a two-phase
fictitious equivalent to the five-phase machine approach. A discrete-time domain
current regulator is developed based on the developed discrete-time domain model
of the MF five-phase SPM motor.

Chapter 6 deals with the effect of varying the motor drive parameters on the
flux-weakening performance of the five-phase SPM motor drive equipped with both
sinusoidally distributed windings and fractional slot windings. A lossless, steady-
state, DQ model of an MF five-phase SPM motor under the voltage constraint of the
two-level VSI in the linear modulation region of the SPWM approach is utilised for
further normalisation. Only the fundamental and the third harmonics are assumed
to be in the spectrum of the back-emf waveform. A new DQ normalisation for an
MF five-phase SPM drive, based on the rated quantities of the first DQ plane, is
developed and used in the optimisation process. Non-linear optimisation problem
that aims to maximise the electromagnetic torque of an MF five-phase SPM machine
under the voltage and current constraints, for operation in the linear modulation
region, is formulated.

In chapter 7 a flux-weakening control for a five-phase SPM motor is presented.
The prototype drive system was simulated under feed-forward flux-weakening tech-
nique.

Chapter 8 provides conclusions and a summary of the thesis, highlighting the
most critical findings from each chapter. Guidelines for future research are also

given.



Chapter 2

FSCWs for Fault-Tolerance and
Wide Speed Range Five-Phase

PM Synchronous Machines

In this chapter, a literature review of the fault-tolerant requirements for PM ma-
chines is presented first. Then, based on the fault-tolerance requirements, stator
winding layouts are investigated for a five-phase drive system. The discussion is

concluded for the selection of slot-pole combination.

2.1 Review of the Literature

The research of fault-tolerant PM machine drive systems can be categorised into
two subcategories. The first is how to design an electric machine to be a fault-
tolerant. The second is how to configure and control a PM motor drive system in
both healthy and faulty operating conditions. According to a definition provided by
Bianchi [2], the fault tolerance of an electrical machine is the ability of the machine
to operate during a temporary fault such as phase-to-phase or a three-phase short
circuit, without being damaged beside its ability to run under continuous faulty
operating conditions, such as, an open or a short-circuited phase.

In 1980 Thomas Jahns published new ideas for using three-phase induction ma-
chines as fault-tolerant machines [3]. A three-phase induction motor with a neutral

connection and divided dc bus can be used for fault-tolerant applications, where
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it will continue to work under loss of one phase. But, the maintenance cost of
the bearing of the motor will increase due to the zero sequence component of the
current [4].

A systematic literature review was presented by A.M. El-Refaie [5] about dif-
ferent topologies of fault-tolerant PM machines and drives. Together, these reviews
outline that a fault-tolerant PM machine requires a relatively acceptable perfor-
mance under faulty conditions compared with the performance in fault-free condi-
tions. Furthermore and ultimately, it will fail safely without leading to destruction
of the various components of the motor drive system.

In 1996, Mecrow et al. published a paper in which they reported the require-
ments for a fault-tolerant PM machine drive [6]. Those requirements include elec-
trical, magnetic, thermal and physical separation of all phases including the power
converter. What’s more, the authors have pointed out some of the ways in which it
is feasible to realise those requirements. They have suggested locating each phase
in separate slots such that there is no overlap between the end-turn windings of
various phases. This design aspect can be realised by using single-layer (SL) FSCW
beside each phase is independently supplied by a single-phase H-bridge power con-
verter. Based on those requirements, a significant and growing body of literature
has studied the design optimisation of fault-tolerant machines [7-24].

The study of the feasible slot-pole combination for fault-tolerant PM machines
was first carried out by A. J. Mitcham et al. [9]. The authors have developed a new
approach for selecting pole and slot numbers with insignificant magnetic coupling
between phases regardless of magnet depth and other details of the design.

In [25], remarkable design thoughts of fault-tolerant FSCW PM motors were
presented. A method to design FSCW PM motors was demonstrated for both
double-layer (DL) and single-layer (SL) winding layouts. The analytical computa-
tion is extended to determine the harmonics of the magnetomotive force (MMF)
distribution. The findings show that the SL windings configurations present the
poorest performance compared to DL configurations by reason of the high harmonic
content of the MMF that may cause an unbalanced saturation and a torque ripple.

For dealing with distinctive types of faults for example, the loss of two phases,

multi-phase motors are potential fault-tolerant machines. A five-phase PM motor



CHAPTER 2. FSCWS FOR FAULT-TOLERANCE AND WIDE SPEED
RANGE FIVE-PHASE PM SYNCHRONOUS MACHINES

has been chosen for its inherently high fault-tolerant capability [4], [26]. It can
continue to operate safely under closed-loop control after losing up to two phases [2].
It can be designed to overcome the fault occurrence [4,27]. Among its principal
advantages are high controllability, reliability and smooth torque production in the
presence of a fault. [26]. Reference [11] presents an analysis for both the open circuit
of one and two phases and the short circuit at the machine terminals of one phase
and the postfault current control strategies. The authors concluded that appropriate
current control strategies enable the drive to operate in the presence of the fault while
producing a smooth torque. Several papers addressed the various design aspects of
five-phase fault tolerant PM machines, power converter topologies as well as post-
fault current control strategies for different types of faults [10-12,27-34]

For a fault-tolerant PM motor drive to be capable of sustaining winding short-
circuit faults, the phase windings have to be designed with high enough phase in-
ductance to limit the short-circuit currents to a given value [6]. Examples of PM

motor designs with high phase inductance can be found in [35-38].

2.2 FSCWs for Fault-Tolerant Machines

This section presents an extensive investigation of the fractional-slot concentrated
winding and the reasons behind the use of this kind of windings for fault—tolerant
electrical machines. The advantages and difficulties involved in using concentrated
windings are discussed. The star of slots method, which is used to calculate their
winding layout, is briefly presented. Further, the MMF harmonic contents, as well
as the fundamental winding factor, are explained. Finally, an analysis that shows
how to choose the slot-pole combination is presented.

The configuration of stator windings in an AC machine has a substantial influence
on its performance characteristics. The AC windings can be classified into two types,
distributed windings and concentrated windings. A distributed winding generally
produces a more sinusoidal MMF distribution, which makes it very popular in servo
PM motor drive applications. However, because of the manufacturing limitation,
the slot fill factor is generally low, around 35%-45% [7]. This low slot fill factor has a

significant effect on limiting the maximum torque and power density. Furthermore,
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the long end-winding connection may cause substantial copper losses. However,
since the inductance of the distributed winding is generally low, it is not suitable
for wide speed range applications.

The concentrated windings can be classified into integral slot winding and frac-
tional slot winding based on whether the value of ¢, the number of slots per pole
and phase, is an integer or a decimal [39]. The configurations of the FSCWs could
be single—layer (SL) or double—layer (DL) or more. In this research, the focus will
be on the main two types of FSCWs, namely DL and SL windings. The layout
of single—layer FSCW is such that each slot is equipped by a coil side of only one
phase. The layout of DL FSCW is such that two coil sides of the same phase or two
different phases equip each slot [7]. An example of two FSCWs arrangements for 4
pole/ 6 slot three-phase SPM machine is shown in Figure 2.1.

Several important design rules for fault-tolerant PM machines were presented
by Mecrow et al. [6]. The requirements for fault tolerant electrical machines can be
summarised as follows:

e d-axis inductance is equal to 1pu [6]. This allows operating the machine with

shorted windings without excessive heating.

e Each phase is physically separated from the others [6], [28]. Such a physical
separation is necessary to prevent a phase-to-phase fault. It can be achieved
by locating each phase in separate slots such that there is no overlap of the
end-turn windings. This design aspect can be realised with S FSCWs and
DL FSCWs.

e The mutual inductances between the phases are as low as possible to prevent
the flux produced by the healthy phases to be linked with the faulty phase,
and produce short-circuit currents, and therefore high joule losses [6], [28].

e The number of rotor poles must be close to the number of stator slots [6], [9].

e An electrical separation among the phases. Supplying each phase by a separate

full-bridge converter could be a practical application of this requirement [3,28].

2.2.1 Advantages of FSCW

Based on the fault-tolerance requirements of PM machines, FSCWs are more pop-

ular in machine design for fault-tolerant applications. The SL FSCW configuration

9
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(a) (b)

Figure 2.1: Winding layouts for FSCWs 6 slot/ 4 pole three-phase SPM machine.
(a) double-layer windings. (b) single-layer windings.

constitutes such an excellent fault-tolerant design. In general, FSCWs have reduced
copper volume end winding, which leads to a substantial reduction in the copper
losses. This type of winding is more straightforward to fabricate compared to the
distributed lap winding so that the production cost would be less [7]. For this type
of concentrated winding, the slot fill factor can be increased to 70% if coupled with
segmented stator structures [7], which can increase power density and torque den-
sity. Furthermore, the overlap between coils in the end winding region is eliminated,
which can reduce the chance for short circuit faults between different phases.

In addition to physical separation FSCWs can be used in designing multi-phase
electrical machines for fault tolerant applications [40]. FSCW SPM motors have high
values of stator leakage inductance, which permits the increase in the flux-weakening
operational range [41]. Thus, PM machines with FSCWs were investigated in this
thesis.

Despite the large number of advantages of this type of windings, there are some
difficulties that make electric machine designers tend to use other type of winding.

The most important difficulties are listed in the next subsection.

2.2.2 Difficulties Linked to FSCW

The most obvious difficulties linked with the use of FSCW can be identified as

follows:

e Performance, design steps, and detailed analytical solutions of PM synchronous

10
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machine equipped with FSCWs are not well established in the literature [7].

e Significant rotor losses and parasitic effects such as noise, vibration, unbal-
anced magnetic forces, and torque ripple due to the various harmonic contents

of MMF that are not in synchronism with the rotor [42].

For some applications, S FSCWs are more favourable while for some applications
DL FSCWs are fitting. The next subsection presents the critical aspects of both

windings.

2.2.3 Comparison Between SL and DL Windings

This section covers the key points of comparison between the two main types of
FSCWs, namely SL and DL windings. The study of two prototype PM synchronous
machine equipped with SL and DL FSCW in [43, 44|, showed that SL windings
exhibit higher self-inductance and lower mutual inductance compared to DL wind-
ings, making it suitable for fault tolerant applications and constant power operation
range. Furthermore, it was demonstrated that both winding layouts associate with
similar cogging torque when they have the same slot-pole configuration.

In [45] it was shown that when a stator with unequal tooth width, and equipped
with an SL winding provides a higher torque capability and a lower torque ripple as
compared to a standard equal tooth stator fitted with the same winding.

The investigation of El-Refaie and Jahns in [46] shows that machines with DL
stator windings have lower spatial subharmonic components in MMF distributions,
resulting in lower torque ripple and magnet eddy-current losses. A comparison of the
design aspects between SL and DL windings configurations as provided by El-Refaie
et al. in [7] shows that DL windings compared with SL windings exhibit signifi-
cant phase to phase coupling through mutual slot leakage inductance, shorter end
windings, lower phase inductance due to lower phase leakage inductance, lower rotor
losses mainly due to lower MMF space harmonic content, support many slot/pole
combinations, more difficult to manufacture, a lower synchronous winding factor,

and a more sinusoidal back-emf.

11
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2.3 Star of Slots Theory

Star of slots is a graphical method used many years ago for designing large syn-
chronous generators [40]. It can be considered as an excellent tool for designing
FSCWs [2]. Using the star of slot theory for designing FSCWs is a recent area
of research which is developed by Nicola Bianchi [2,28]. The primary use of this
method is to determine the winding arrangement of the FSCWs. Furthermore, the
star of slots method can be used for analysing the harmonic content of the back-emf
and air-gap MMF distribution.

The use of star of slots for designing FSCWs is entirely covered in [40]. Due to
the importance as well as the use of this method in determining the winding layout
of the prototype motor, the author decided to summarise the critical steps in this
method. In this method the winding layout of double-layer FSCW, as a general
case, is designed for an m-phase machine such that each phase is displaced in space
by 27 /m mechanical radians from other phases so that the EMF's in the phases are
equal and have the maximum main harmonic waveform.

The star of slots is shaped by phasors. The number of phasors is equal to
the number of slots, and each phasor is numbered according to the number of the
corresponding slot. For example, phasor number 1 corresponds to slot number 1 etc.
A given winding layout for m-phase machine is feasible when the following condition
is satisfied:

Q

il is int 2.1
p— is integer (2.1)

where () is the slot number, and ¢ is the machine periodicity. The machine periodicity

is given by the greatest common divisor (GC' D) between ) and pole pairs (p):
t = GCD{Q.p) 22)

The star of slots is formed by @/t spokes, and each spoke contains ¢ phasors. The
electrical angle between the phasors of two adjacent slots is a¢ = pal® where, ol
is the slot angle in mechanical radians, i.e. o = 27/Q. The angle between two

spokes results in:
27

Qph = m t (2.3)

e
s
p

12
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The phasors that belong to the first phase are determined by drawing two opposite
sectors, each of them covering 7/m radians. Hence, the phasors that are within the
two sectors belong to the first phase. The coil sides within one sector are connected
with positive polarity, while the coil sides within the other sector are connected with
negative polarity. For the other phases, it is enough to rotate the two sectors by an
angle 2k7/m radians, where k = 1,2,--- - - ,(m — 1) and to repeat the selection.
Producing a winding layout by using the star of slots method requires developing
a software program capable of producing the star of slots plot for a given @), p and
m. Luigi Alberti developed a program which is capable of generating the winding
layout of integral- and fractional- slot windings a three-phase machine called KOIL,
based on the star of slots plots method [47]. For generating the winding layout
of FSCW five-phase machine, a program was developed using MATLAB software,
which is capable of generating the star of slots plot for any m-phase machine. The
star of slots of 10 slots/8 poles FSCW five-phase machine is shown in Figure 2.2

while the corresponding winding layout is shown in Figure 2.3.

Figure 2.2: Star of slots of 10 slot/ 8 pole fractional slot winding.

13
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Figure 2.3: Geometrical design and winding layout of DL 10 slot/ 8 pole five-phase
PM synchronous machine.

2.3.1 Winding Factor

To realise the torque density improvement by harmonic current injection, the wind-
ing factor of useful harmonics of multi-phase windings should be high enough. Ac-
cordingly, it is required to obtain the proper slot/pole combinations with relatively
high synchronous and harmonic winding factors for the FSCWs multi-phase motor
design. There are several methods for the winding factor calculation [2,48-51]. The
star of slots theory is adopted in this thesis. The winding factors are calculated for

FSCWs. The harmonic winding factor is defined as [2,40]:
kwy = Kavkpy (2.4)

kwe is the v™® harmonic winding factor, kg, is the v harmonic distribution fac-
tor, and k,, is the v harmonic pitch factor. The harmonic pitch factors can be

calculated as [2]:

ko = sin (”;”) (2.5)

where o, is the coil span angle given by o, = (27vy,) /Q, y, is the slot pitch
measured in the number of slots, approximated by y, = round{Q/(2p)}. The

14
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harmonic distribution factors can be calculated as:

sin(qp—hap}w)
kg, = W("Qﬂ) If @/mt even
(2.6)
sin(qp—hap}w)
kgp = 2 If @/mt odd
qphSHl(%>

where ¢,, = @/mt is the number of spokes per phase, a,, is the angle between
two v spokes. The main harmonic winding factor is calculated by using the same

harmonic factor equations with v = p.

2.3.2 Choosing the Slot-Pole Combination

1. Winding factor: The winding factor of the synchronous frequency (MMF har-

monic which is equal to the machine pole-pairs) should be as high as possible. This
leads to a higher effective number of turns, and hence, a lower current for the same
torque [42]. For five-phase machines, the third harmonic (v = 3p) may be utilised
to provide extra constant torque. Accordingly, the winding factor of the third har-
monic has also been presented. Table 2.1 represents the winding factor(s) of many
combinations for FSCWs five-phase machines. Three groups have been identified
by colours, depending on the value of the winding factor [52]. In Table 2.1, it ap-
pears that there are only two slot-pole combinations which supports SL FSCW, 20
slot/14 pole and 20 slot/18 pole. Both of those slot-pole combinations are suitable
for low-speed as well as high torque applications. In other words, choosing FSCW
five-phase PM machines for fault-tolerant as well as wide speed applications can
be realised by adopting DL windings configurations. However, if the fully physical
separation is not a critical requirement, the DL solution is favoured due to its advan-
tages in rotor losses and mechanical balancing [28,53-55]. Based on the calculated
values of the winding factors, the combinations (2p = Q +2) and (2p = Q £ 1) are
the candidates.

2. Cogging torque: Cogging is the ripple torque which occurs in the absence of cur-

rents in PM synchronous machines when the rotor tries to align with the stator to
maximise the permanence of the magnetic circuit regarding the PMs. One method
of decreasing this source of torque ripple is by selecting an appropriate combination

of the number of poles and slots, which can increase the cogging torque frequency

15
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Table 2.1: Synchronous winding factors for five-phase FSCWs [52].

Poles 2 4 6 8 12 14 16 18
Slots
5 0.588 0.951 | 0.951 | 0.588 | 0.588 | 0.951 [ 0.951 | 0.588
0.951 0.588 | 0.588 | 0.951 | 0.951 | 0.588 | 0.588 | 0.951
10 0.588 | 0.809 | 0.951 | 0.951 | 0.809 | 0.588
0.951 | 0.309 | 0.588 | 0.588 | 0.309 | 0.951
15 harml1 0.588 0.7 0.951 | 0.980 | 0.980 | 0.951
harm3 0.951 | 0.318 | 0.588 | 0.830 | 0.830 | 0.588
20 0.588 | 0.809 § 0.891 § 0951 § 0.988
0.951 | 0.309 § 0.156 § 0.588 § 0.891
Five-Phase Combinations

High winding Not bad winding High winding Single layer
factor (first factor (first factor (third winding
harmonic) harmonic) harmonic)

1/Neoy and, as a result, its amplitude is decreased. N, represents the number of
cogging torque periods during a rotation of a slot pitch, and its value is given by

equation (2.7). Ny, should be as high as possible [42,47].

2p _ LCMA{Q,2p}

New = GeD {02}~ Q

(2.7)

The lowest common multiple (LC'M) of the number of stator slots (()) and the
number of rotor poles (2p) is used as an indicator for choosing a suitable (Q — 2p)
combinations. Table 2.2 presents the practical list of the LC'M's which support the

five-phase configurations equipped with fractional-slot concentrated windings.

Table 2.2: Cogging torque indicator for five-phase FSCWs.

LCM {Q,2p} indicator for five-phase FSCW
1Q/2p |2 4 6 8 10 12 14 16 18 20 22 24

| |

| |
) 10 20 30 40 - 60 70 &8 90 - 110 120
| 10 |- 20 30 40 - 60 7O 8 90 - 110 120 |
15 130 60 30 120 - 60 210 240 90 - 330 120 |
|20 |- - 60 40 - 60 140 80 180 - 220 120 |
125 |50 100 150 200 50 300 350 400 450 100 550 600 |
|30 |- 60 - 120 - 60 210 240 90 - 330 120 |
'35 |70 140 210 280 - 420 70 560 630 - 770 840 |
| 40 | - - 120 - - 120 280 80 360 - 440 120 |
45 |90 180 90 360 - 180 630 720 90 - 990 360 |
| 50 | - 100 150 200 - 300 350 400 450 100 550 600 |
|55 [ 110 220 330 440 - 660 770 880 990 - 110 1320 |
| 60 |- - - 120 - - 420 240 180 - 660 120 |

16
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3. Net radial force on the machine: The net radial force between the stator and

rotor is resulting from the attraction between the stator iron core and the rotor
magnet beside the interaction between the armature and magnet fields [42]. The
main radial force in FSCW PM synchronous machines is mainly produced by the
interaction between the harmonic contents in the magnet field and the spatial har-
monic contents in armature MMF [55]. The following is utilised as an indicator for
choosing the slot-pole combination for an application [42,55].

e Choosing GCD {Q,2p} to be an even number and high causes the net radial

force on the machine to be very low.
e In DL FSCW machines with 2p = @) & 2, the lowest order of radial force is 2.

e In SL FSCW machines with 2p = Q) & 2, the lowest order of radial force is 2
when @/t is even, and is 1 when @/t is odd.

e In FSCW machines with 2p = @ 4+ 1, the lowest order of radial force is 1.
The amplitude of the first radial force harmonic is higher in machines with
2p = @ £ 1. Table 2.3 presents the GCD(Q,2p) for five-phase slot/pole
combinations that support FSCW.

Table 2.3: Net radial force indicator for five-phase FSCWs.

Net radial Force Indicator (k=GCD{Q,2p}) for 5-phase FSCW
Q/2p 2 |4 |6 |8 |10 12 14 16 18 20 22 24
5 1 1 1 1 |- 1 1 1 1 - 1 1
10 - 2 |2 |2 |- 2 2 2 2 - 2 2
15 1 |1 |3 |1 |- 3 1 1 3 - 1 3
20 - - 2 |14 |- 4 2 4 2 - 2 4
25 1 1 1 1 |5 1 1 1 1 5 1 1
30 - 2 |- 2 |- 6 2 2 6 - 2 6
35 1 1 1 1 |- 1 7 1 1 - 1 1
40 - - 2 |- - 4 2 8 2 - 2 8
45 1 |1 |3 |1 |- 3 1 1 9 - 1 3
50 - 2 (2 |2 |- 2 2 2 2 10 2 2
55 1 1 1 1 |- 1 1 1 1 - 11 1
60 - - - 4 |- - 2 4 6 - 2 12

4. Fault tolerant applications: The subject of choosing a slot-pole configuration for

a particular fault-tolerant aspect is well addressed in [2]. The research results which

were presented in [2] are utilised for choosing a slot-pole combination:

e Machines with even )/t ratio exhibit zero mutual inductance with DL wind-
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ings as in 20/18 and 20/22 slot/pole combinations.

e High efficiency machines require low rotor loss. Slot/pole combination with
low MMF harmonics are preferred.

e Limiting short circuit current requires high magnetizing inductance. Solutions
with 2p = ) — 2 are preferred.

e Because of geometrical constraints only the combinations with even slot num-

ber can be transformed to a single-layer layout.

The choice of slot/pole combination is effected by an additional constrains such
as the switching frequency of the voltage source inverter (VSI) and the requred
efficiency for machine. In order to avoid excessive iron losses caused by the working
frequency or speed, and to smooth currents, torque and speed, the fundemental
electrical frequency of the machine has to be less than the carrier switching frequency
of the voltage source inverter (VSI) by at least twenty times [56].

For example if the rated speed of 20-slot, 18-pole machine is 1200 rpm and the
maximum speed is 6000 rpm, then the rated frequency of the machine is 180 Hz (f. =
p(n/60)), and the maximum frequency is 900 Hz so that the switching frequency
has to be equal or higher than 18 kHz . Nevertheless, 20 slot, 18-pole configuration
is suitable for low speed applications up to rated speed since the efficiency of the
machine will be so low due to the iron loss caused by working frequency (o< fe.).
Based on all the aspects related to fraction slot winding, DL FSCW 10 slot/ 8 pole

configuration is selected for design a variable speed five-phase SPM machine.
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Chapter 3

Designing an Extended Flux
Weakening Capability of a
Five-Phase SPM Machine

The presented work in this chapter describes two methods, analytical and 2-D finite
element that can be used to calculate the design parameters of the five-phase ma-
chine. The primary objective is to achieve the optimal flux-weakening condition in
a five-phase SPM machine necessary for attaining a constant-power operation over
a wide speed range, and to increase the tolerance to fault by choosing a suitable
slot /pole combination and winding type. The star of slots theory is used to deter-
mine the winding layout of concentrated, fractional-slot stator windings (FSCWs),
while the winding function theory (WFT) is used to calculate the magnetising in-
ductance of the armature winding. A 2-D finite element numerical method has been
applied to estimate the parameters of a 1 kW SPM motor from which a prototype
has been built.

3.1 Introduction

A fault-tolerant PM machine with flux weakening capability as a part of high per-
formance motor drive system has been one of the attractive research areas due to
the importance of producing a reliable drive system needed for a variety of appli-

cations. For some safety-critical applications, e.g. electrical actuators in aircraft,
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electric/hybrid vehicles, aerospace applications and ship propulsion, tolerance to
faults is necessary.

For many applications, in addition to fault tolerance, some machines require
an excellent flux-weakening capability for the sake of attaining a wide speed range
of constant-power operation above the base speed. The condition for achieving
optimum flux weakening above the base speed for three-phase PM synchronous

motors was first derived by Schiferl and Lipo [57] and, can be expressed as:

>\m—7”’m5
I, = 7 =Ip A rms (3.1)
d

where I, is the characteristic current of the machine, \,,_,,.s is the flux of the
magnets (rms value) alone linked by the stator windings, L, is the d-axis inductance
and Ig is the rated armature current.

El-Refaie and Jahns [58] have proposed an analytical method for achieving op-
timal flux-weakening conditions in a three-phase SPM machine. However, reaching
the optimal flux-weakening condition in five-phase SPM machines can be considered
more complicated since the design steps, and detailed analytical solutions of five-
phase SPM machines equipped with concentrated, fractional-slot stator windings is
not well established in the literature.

One of the more significant findings in chapters 6, which will be presented in de-
tail, is that the theoretically calculated, normalised fundamental magnet flux linkage
Amin under the voltage and current constraints of the VSI determines whether the
MF five-phase SPM motor is a finite speed drive or infinite speed drive. The second
major finding was that the highest normalised electromagnetic torque in the flux-
weakening region for both an infinite speed drive and a finite speed drive is when
the motor is controlled as an SF five-phase SPM motor. Taken together, it will be
enough to use the same flux-weakening condition of the three-phase PM synchronous
motor or the fundamental harmonic plane of the five-phase SPM motor for achieving
optimum flux-weakening capability.

The purpose of this chapter is to derive analytically all the parameters of a five-
phase SPM machine equipped with FSCWs needed for calculating the characteristic
current of the prototype machine. Numerical calculation of the characteristic current

is another option which is also investigated in this chapter.
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3.2 MMF and Inductances of FSCWs

3.2.1 MMF

The spatial distribution of the armature reaction MMF of PM synchronous ma-
chines equipped with FSCWs contains sub-harmonic (harmonic components with
order lower than the main harmonic order) components that have sometimes higher
amplitude than the synchronous harmonic component. Star of slots method is used
to determine the harmonic contents of the MMF. The machine periodicity, ¢ which
is given by the greatest common divisor GC'D between ()-slot and p-pole pairs,
t = GCD{Q,p}, is used to determine the harmonic content of the winding MMF.
The harmonics are only of odd order when )/t is even, while they are of both even

and odd order when @)/t is odd [28].
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Figure 3.1: Phase winding function harmonic content of 10 slot/ 8 pole DL FSCW
SPM machine. N, : Winding function of phase a.

The prototype five-phase SPM machine has 10 slots and 4 pole pairs which
result in ¢ = 2 and @/t = 5 is odd. Figure 3.1 shows the harmonic contents of
the machine. It can be seen that, with odd /¢, even harmonics are significant
while the odd harmonics have very small amplitudes (can not be seen in the figure).
The order of the main harmonic is equal to the number of pole pairs, which is

four, for the prototype machine. It is called the main harmonic because it rotates
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synchronously with the rotor. In Figure 3.1 the existence of a sub-harmonic which
has the frequency order of 2 in the air-gap can be noted. It is worth mentioning
that when ¢ is equal to pole pair p the MMF of a fractional-slot winding is free of
sub-harmonics. Examining the synchronously rotating resultant MMF wave of the
machine shows that the harmonics of a multiple order of five disappear. The spectral
content of the resultant rotating MMF of the prototype machine is shown in Figure
3.2 when only the first time and space harmonics are considered (third harmonic is
not injected). By comparing the amplitudes of the MMF space-harmonics in Figure
3.1 and Figure 3.2, it is easy to conclude that the rotating MMF space-harmonic
amplitude is 5/2 times higher than the magnitude of the phase winding MMF space

harmonics. Also, the second sub-harmonic disappears in the rotating MMF.
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Figure 3.2: Resultant rotating MMF wave of 10-slot 8-pole DL FSCW SPM machine.

3.3 Inductances

To satisfy the optimum flux weakening condition in the fundamental harmonic plane
of the machine it is required an acceptable estimation of the machine characteristic

current. Since the characteristic current is dependent on the machine parameters, it
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is necessary to calculate the machine parameters of the two virtual planes accurately.
Besides, accurately estimated machine parameters are necessary to implement dif-
ferent control methods such as the field orientation control method (FOC) and direct
torque control method (DTC).

The winding function theory is an important tool for calculating and analysing
the magnetising inductance of a non-sinusoidal winding distribution. This method
has at least two main advantages. First, it considers exact MMF waveform i.e. all
the MMF space harmonics. Second, this technique is computer adapted and on such
a manner it is good choice for analysing and comparing different winding layouts
for a variety of machine designs. In this method the self inductance of phase n
associated with flux crossing the air-gap (magnetising inductance) L,, and mutual
inductance Ly, between phases n and m are defined for a 2-pole machine (6, = 0)

as [59]:

27
Lm:ﬁﬂﬁﬁ/‘Nymw H (3.2)
29 0
HoDgilesy o
L., = 5y N, (0)N,, (9)do H (3.3)
g 0

where

L, forn=a,b,c,d and e is the stator phase magnetising inductance [H]J;
Ly, for n,m = a,b,c,d and e is the stator mutual inductance between the
phases n and m [H];

0 rotor angle [mechanical rad];

legs  effective axial length of the machine [ml;

Dy;  stator inner diameter [m];

fo  permeability of air [H/m];

g air-gap thickness [m];
N,, and N,, represent the winding functions of phases n and m respectfully: literally,
winding function is MMF per unit current. In further text terms winding function
and MMF per unit current will be used interchangeably. The winding function of

phase m is defined as:

Ny () = 11 (6) — < 1 (6) > (3.4)
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where n,, (0) is the turns function of phase m, and its average value < n,, (#) > is
determined as: )

< g (8) >= % 0 " (0) dO (3.5)
The winding function method is used to calculate the magnetising and mutual induc-
tances of a prototype vertical DL FSCW 10 slot/ 8 pole, five-phase SPM machine.
Figure 3.4 shows the geometrical design and winding layout of the prototype mo-
tor, while Table 3.1 shows the summary of the key dimensions. Figure 3.5 shows
the turns functions of all phases besides N,, N, and the harmonic content of N,.
Plots of the turns function, average and winding function of phase a are illustrated
in Figure 3.3. Upon integrating the waveforms in Figure 3.3, the average of the

turns function and the self inductance of phase a are obtained in (3.6) and (3.7) by

assuming a 2-pole machine.

ne (6) A
Ncoi]* — ]
Ll 9m lim 1o 2
10 1
/ 0 N
<ng(0) >4
Neoil
5 > 0
N, (0) A
%Ncoil* ]
—éNcoil > 0

Figure 3.3: Plots of the turns function, average and winding function of phase a.

1 2w

:% ;

2 w/10 T
Ncoil db + / Ncoil do (36)
0 97/10

< ng (0) > ng (0) do

T or
1

= _Ncoi
5 !
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where N.,; is the number of turns per coil.

o D
Laa:,u

o Dsi le
_ B I

29

si leff /2” 5
Mo Dsilerr [ N2 (9) g0
% i (0)

w/10

0 (%Ncoil)2 df +

w/10

f97r/10 (%Ncm‘l)Q do

(3.7)

+ f97;r/10 (%Ncoil)2 dg

:M(S_WNQ ) H
29

coil

25

Figure 3.4: Geometrical design and winding layout of the prototype DL FSCW 10
slot/ 8 pole five-phase SPM machine.

Table 3.1: The dimensions summary of the prototype five-phase SPM machine.

Parameter Value Parameter Value
Number of slots 10 Rotor core thickness  7.17 [mm]
Number of poles 8 Rotor inner diameter 50.06 [mm]
Number of phases 5 Rotor outer diameter 64.4 [mm]
Tooth width 13.86 [mm] Magnet angle 37.46 [deg]
Back iron height 7.17 [mm] Magnet thickness 2 [mm]
Stator inner diameter 69.4 [mm] Air-gap thickness 0.5 [mm)]
Stator outer diameter 120 [mm] Tooth width 13.86 [mm]
Slot height 18.13 [mm] Slot top width 19.334 [mm]
Slot area 212.38 [mm?] Slot bottom width 10.142 [mm]
Slot opening width 3.2 [mm)] Slot opening height  3.46 [mm)]
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The mutual inductance between phases a and b can be evaluated depending on
the winding functions of both windings. The winding functions of phases a, b and

their product are shown in Figure 3.6.
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Figure 3.6: Plots of the winding function of phases a, b and the resulting product.

Hence the resulting mutual inductance between phases a and b can be evaluated

as:

o st le °n
Loy = po Dsi legs N, (0) N, (0) db
29 0

B w/10 w/2
- fO 4 NCQO’LZ do + f /10 215 Ngozl do
_ o Dyi legs /10 4 97/10 1
== 2 v 25 Nea dO+ [0 55 Naw dO 58
T 4
- f97‘r/10 %Ngoil df J
o Dsi le 2
= u __TFNCQmZ
29 25
1
= __Laa H
4

For a P pole machine the result is

[ Ho Dsz o Dsi leys ( ) / N2 (0
(3.9)
o Dsz e
lu l 11 Ncozl H
2 P 25
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o Dsi le 2 o
Lab == u (ﬁ) / Na (ee) Nb (ee) dee
0
2

2g
Ho Dsi leff 2 2
e el (2 ) (2D N2 (3.10)
2¢ P 25 coll
1
== __Laa H
4

To help further analysis it is useful to express the winding function N () in terms of
its Fourier components. Since the winding function is completely defined over the
entire stator periphery from 0 to 27 [mechanical rad], it is possible to consider the
winding function to be a periodic function of period 27, i.e., N(#) = N(0+27), and

it is represented by the Fourier series of the form:

N () =ao+ Y _ [a, cos (nf) + b, sin (nf)] (3.11)
where,
0 — % N (6) df (3.12)
0 = % / " N (0) cos (n) do (3.13)
by — % / "N (0) sin (n) d6 (3.14)

To simplify the math, the winding is referred to the magnetic axis of phase a as
shown in Figures 3.3 and 3.6. If the winding function shows even symmetry (i.e. f

(-0) =£(0)), by, is zero for all n. The winding function for even symmetry is given

by:

N (0) =a, + i ay, cos (nh) (3.15)

where,
0 — % / N (6) 6 (3.16)
ap = %/W N (0) cos (nd) do (3.17)

For most fractional slot windings the coil sides are located such that a positive turn is
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situated diametrically opposite the corresponding negative turn [59]. In such cases:

/ TN (0)do =0 (3.18)

In other words, a, = 0. The winding function of phase a of the proposed machine

i Ncoil | —
5

0

Figure 3.7: Winding function of phase a .

N,(0) is replotted as shown in Figure 3.7. This function can then be described by
the Fourier series. It can be noted that since the winding function of Figure 3.7 has
the desired even symmetry about 6 = 0, that is, N,(0) = N,(—0), the winding series
for this function will contain only cosine terms. The Fourier series for this function

18:

N, (0) = as cos (20) + a4 cos (46) + ag cos (60) + - - -

Nt [ 1 1 1 (3.19)
= 2 Ko~ cos (260) 4+ Ky— cos (46) + Kg= cos (66) + - - -
T 2 4 6
where
2Ncoil - 1
L= E K,— 6 2
a . ~cos (nh) (3.20)

n=2, n even

. (nm . (9nm
K, =sin <E> — sin (1—()) (3.21)

The winding function for phase b is

2N i 1 2 1 2
Ny (0) = ;ml |:K2§ Cos <20 — %) + K4Z Ccos (40 — %) +-- } (3.22)

Due to the winding symmetry, the winding function for all phases can be expressed

in matrix form as:

29



CHAPTER 3. DESIGNING AN EXTENDED FLUX WEAKENING
CAPABILITY OF A FIVE-PHASE SPM MACHINE

N [, 5 e even Ko 08 (nf)

Ny (9) %ﬂ z:n:Z7 n even Knﬁ COs (77,0 - ")/)

Ne(0) | = |22t 32 5 o cven Ky 08 (nf — 27) (3.23)
N (0) % ZZO:Z, n even Kn% COs (n@ — 3’}/)

Ne0) el 3 o even Kny 08 (nf — 4)

where v = 27/5.

Self inductance of phase a is evaluated as:
o Dsi le 2
Laa:%/ Ng(e)de

o D Lo AN > 1
_ H ff ( cozl) Z Ker_g COS2 (nQ) (3 24)
n .

2 2
g n=2, n even

— Ho DSi leff 4‘chozl i ﬁ ?
N 2g s n

n=2, n even

The mutual inductance may be expressed as:

o Dsi e 2
Ly = Ho Do lets / N, (6) Ny (6) do

Mo Dsi le 4Ncoz S 1
2
Ho Dsi le coz Kn
_ . ff z [ > cos (m)]
g n=2, n even "

For a P pole machine the result is

ODS’L e
- ) v

_ Ho DSi leff 4N02ml Oo 2 1 2
= nﬁ cos” (nf,) (3.26)

2
g n= 2 n even

_ o D;; ey (4N3ml) ( > Z (n”)2]

n=2, n even

Lab — /1’0 st eff ( )/ N )d9€

Ho Dsi le 4‘choz 2 L
_ if ( - I = Z K — cos (nd,) cos (nf. — 7e) (3.27)

2
9 n=2, n even

fto Dai legs (AN2.\ [ 2 > K.\’
=" ff(wl B)| 2 () costme)

n=2, n even
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where 6, = g@ is the displacement of the rotor referred to the magnetic axis of phase
a in electrical degrees and v, = gfy. If few terms of the Fourier expansion of the
winding function N, are added up, the graphical representation would be like the
original winding function. Figure 3.8 shows the graphical depiction of the phase a
winding function. Due to the winding symmetry the harmonic contents of all phase

winding functions are the same.
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Figure 3.8: Graphical depiction of the phase a winding function for few terms of the
Fourier expansion. (a): Adding up 20 terms (red waveforms). (b): Adding up 100
terms. (c): Harmonics content.

3.3.1 Calculation of the Slot Leakage Inductance

The inductance calculation based on the winding function method incorporates both
the magnetising inductance and the harmonic leakage inductance, while slot leakage
inductance, tooth-tip leakage inductance and end winding leakage inductance are
not dealt with and need to be calculated. Although the tooth-tip and end leakage
inductances are quite small for an FSCW, the slot leakage component is an essential

part of the machine inductance. Classical equations that assume a leakage flux path
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parallel to placing the conductors in the slot is usually used in single-layer windings
and horizontal double-layer windings [60]. With the purpose of gaining further
accurate results, a 2-D Poisson problem associated with the slot region for calculating
the slot leakage inductance is the superior choice for the intended vertical double-
layer windings [61]. The calculations are based on the assumption of a rectangular
slot geometry, which is described by the parameters shown in Figure 3.9. A general
expression of the slot leakage inductance for double-layer windings can be stated
as [60]:

2 o lop; N2
Ly = 2Hetell Rer y 4Ny — 20)  H (3.28)
p

while the following expressions are used to calculate A,, and Ay, [61]:

h
Aa,a 6aa ’7&& €aa 3bb
_ b .2
{)\bb} |:ﬁab Yab eab:| 12h (3 9)
S
h 8b2 00 sin2 (bsown)
S — so + 2= 2b 3.30
b b2, n:;:a... (7n)” tanh (2m) (330
Baa Voo €aa] _ [3(1="5) 7 Bea Bae (3.31)
ﬂab Yab  €ab T—; _Bab Bab
bSS bSS
b:% (3.32)
2
L ‘5]3_1’ (3.33)

where

bss1  slot bottom width [m];

bss2  slot top width [m];

Q number of slots;

q number of slots per pole and phase;
m number of phases;
N,

o« number of turns per phase connected in series;
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Figure 3.9: Simplified slot geometry.

3.3.2 Inductances in the Rotating Reference Frame

The matrix of the stator armature reaction inductances (L) of a five-phase PM

synchronous machine is given by:

-Lls + Laa Lab Lae ]
Ly, Lis + Ly Ly
L,= : (3.34)
i L'ea L‘eb Lls + Lee_

where:

Ly is the stator leakage inductance [HJ;

Ly, for n = a,b,c,d and e is the stator phase magnetising inductance [H];

Ly, for n,m = a,b,c,d and e is the stator mutual inductance between the phases
n and m [H];

The magnetising and mutual inductances of the stator phases are calculated by
utilising the winding function method:

L,, forn=a,b,c,d and e = L,,

Ly, forn,m =a,b,c,d and e = —iLm

Substituting the calculated values of the magnetising and mutual inductances in

(3.34) yields:

_ Ly Ly T
Las Lls "EmLm L 4L Ly,
Lbs 1 ls + m 4
L= |Le| = L (3.35)
Lds :
Les
B LTm - LIL Lls + Lm_
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The stator inductance matrix in the rotating reference frame (3.36) is obtained by

using the Park transformation P ! (5.25) and its inverse to (3.35).
_Lls + ng |
PL,P ' = (3.36)

Lls + %Lm
Lls_

Hence, by inspecting the inductance matrix in (3.36), the values of the two plane

inductances can be expressed as:

Ldl Lls + ng

Ly, Lis + §Lon

La| = |Lis+2L,| H (3.37)
LQZ Lls + ZLm

Lzs Lls

This analytical result shows that the inductance of both planes is the same. For
surface mounted PM synchronous machines its usual for the d-axis and g-axis com-
ponents of the same plane to be equal. However, this is not the case for different
planes, where their values are affected by the type of the armature winding. Despite
the restriction of the determined result of the magnetising inductance to cover only
the presented 10-slot, 8-pole combination, the approach can be easily programmed
in MATLAB to compute the magnetising inductance for any slot/pole combination
by adopting the numerical integration. The author has developed two programs: the
first was used to draw the star of slots for any slot/pole combination, and the second
accepts the resulting coil distributions of the winding to calculate the magnetising

inductance.

3.4 Magnet Flux Linkage Calculation

A magnetic equivalent-circuit method is used to calculate the magnet flux linkage
under open-circuit condition where saturation is ignored [62]. The method is fast,
robust, and is a good starting point. The main weakness of the equivalent magnetic

circuit is the approximation of the spatial distribution of the air-gap flux by as-

'Park transformation is covered in detail in chapter five.
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suming a sinusoid air-gap spatial distribution. The expression for the fundamental

component of the phase magnet flux linkage A1 _ms can be written as [62-64]:

Figure 3.10: Relationship between the air-gap flux density and its fundamental.

B Dsi le Nsr kw
Aol rmme = —2 1/ L rms Wb
V2p
(3.38)
<Dsi leff Ne kwl)
=|——=—| Ba Nc
V2p
while the magnet flux linkage in the rotating reference frame is equal to
)\ml = \/iAml—rms (339)

where k,,; is the synchronous component winding factor; By, is the peak fundamental
air-gap magnet flux density and n, is the number of coils per phase. Although (3.38)
does not involve the influence of harmonics, it represents a good approximation to
flux linkage and back-emf waveforms that are quite sinusoidal as will be shown in
the next chapter. The magnet has an arc of «,, [mechanical radians]. The air-gap
flux density will have a constant magnitude of B, over o, in the positive half cycle
and -B,,, over o, in the negative half cycle as shown in Figure 3.10 for a surface

mount magnet rotor. By can be calculated as [62].

«

B, = % o SID (p7’”) (3.40)
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By studying the flux path in the machine as shown in Figure 3.11, and assuming a
typical flux leakage in the rotor, a reasonable operating point on the demagnetisation
characteristics of the magnet may be determined. Figure 3.11 shows that the flux
crosses from the north pole of the rotor magnet to the stator through the air-gap
and then closes the flux path from the stator to the rotor south pole, via the air-gap.

The straight line portion of the magnet demagnetization curve is described by:
By, = phoptrmH,y, + B, (3.41)
whereas in the air-gap
By = poHgm, (3.42)

From Ampere’s law, assuming that the air-gap is replaced by an equivalent gap,
Hphy + Hypy ge = 0 (3.43)

where

H, is magnetic field intensity in the magnet;

Hyp is magnetic field intensity in the air-gap;

The magnet operating flux density is required, and derived by substituting for H,,
from (3.43) into (3.41), and then substituting for H,,, in terms of B, from (3.42):

B,, = B, — urmg—eBgm (3.44)

The leakage factor is defined in general as the ratio of air-gap flux ¢g,, to magnet

flux ¢,,:

¢gm ¢gm
= = <1 3.45
fLKG (bm ¢gm + (bL ( )
where ¢y, is the magnet leakage flux in the rotor
or
(bgm FLKG¢m FLKG Am
B, = = = B, A, = Frxkg— B, 3.46
AR Ap Ap LKG AL (3.46)

where Ap is the area of one pole measured along the rotor surface and A,, is the
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Stator e /—>—\I\

Figure 3.11: Simple layout of a 2-pole PM motor with surface magnets.

magnet area. Eliminating B, using (3.44), equation (3.46) can now be written as:

F
Bgm = LEG B, (3.47)

(ﬁ—i + FLKG,f—;Hrm>

where

B, s the remanent flux density [T];

hm  is the radial thickness of the magnets [m];
[rm 1S the relative permeability of the magnets;
ge s the effective air-gap length [m];

ge is calculated as:

ge = keg (3.48)

where k. is the Carter’s coefficient for correcting the air-gap for stator slotting effect,

and is calculated as:

ke = - (3.49)

(3.50)

where
75 is the slot pitch [m];

Dy; is the stator inner diameter [m];
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bo is the slot opening width [m];

3.5 Resistance Calculation

The phase winding resistance is given by:

NS’I" l(w
n, Ae

Q (3.51)

rs =p

where p is the copper resistivity, l,, is the average length of a coil turn of a slot
winding, A. is the conductor area, and n, is the number of parallel paths. 7, is a
function of temperature 7', primarily because the resistivity of copper is a function

of temperature [63].
p = pa [l +a(T—20)] =1.72410"%[1 4 0.00393 (T — 20)] . m (3.52)

where 7" is in °C. The length of wire is generally impossible to calculate accurately
from the geometric dimensions of the motor, mainly because the end-windings do not
follow a geometric shape that is mathematically known. For this reason the length
law is often obtained empirically. The average length [,, is given approximately
as [39]:

low =~ 2y +247,+0.1 m (3.53)

where [, is the length of the stator stack of the machine and 7. is the average coil
span, both expressed in meters. Since the phase windings resistance in (3.51) is
proportional to Ny, and by using Ny = n. N, it is possible to find an expression

for 74 which is directly proportional to N.; as follows:

Nsr lav
rs = pm Q
_ (pnc (2l5t + 2.47’c + 01)) Ncoil (354)
Ny A,
= K’rchoil
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For n, =1 and n, = 2, K,; may be expressed as:

_ 2

KT‘S
A

(2 + 247, + 0.1) (3.55)

3.6 Calculation of the Number of Turns N,,; and
the Magnet Remanence B,

The goal of this section is to calculate the number of turns per coil N,,; which
satisfies the optimal flux-weakening condition necessary to implement the design of
the five-phase SPM machine. The calculated parameters in the last sections, L4

and A1 can be expressed in effective form as in (3.56) and (3.57), respectively.

5

Ldl = Lls + ZLm H
2fto e N2 5p0Dgiless1 (8
:M(Aaﬁ%b_%bﬂ_u_ —Wme‘z
p 129 P\ (3.56)
. (QMoleff ()\aa + >\ab - 2/\ab) nz + 7T_Nol)si leff 1) N2
p 5 g p coil

= Ky N?

coil

Dsi le Uz kw
)\ml—rms = (#) Bgl Ncoil
V2p

_ ( Dsi leff ne kwl) FLKG (é Sin <p05_m>) B N il
V2p ( ))\7 ’

Ap Fe
Am + FLKG hom Horm

= mdBr Ncoil
(3.57)

where

2tolers (Aaa + Aab — 2\ap) 02 oD Loy 1
sz=< polefy ( b= 2Aa) e T p ff)

3.58
D 5 g P (3.58)

Koo - ( Dy; le\f/%;lc kw1> ( Frra > (% sin (p%n)) (3.59)

j_: + FLKG }?_;Nrm
leads to the following expression for the characteristic current:

)\ml—rms Kmd Br
I, = = A rms 3.60
" Ly K4 Neoit (3.60)
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The steady state model for the machine under the assumption of zero reference

voltage of the second plane and MTPA control is expressed as:
Vg1 = —We L1 tgg (3.61)

vgsl =Ts 7;231 + We )\mlfrms (362)

By assuming the rated-fundamental component of the current is equal to the char-
acteristic current and the fundamental phase voltage Vg is equal to the maximum

available voltage of V7, it is possible to solve (3.63) and (3.64) for N.,; and B,:

]R =leh = —F/ A rms (363)

VR = V U(gsl + vgsl
= \/(TSIR + ermlfrms)2 + (erSIIR)2 (364)

- \/(KTSNCOil]R + wTKmdBT Ncoil)2 + (erld N2

coil

Iz)® Vrms

where w, is the rated angular speed (corner speed) of the machine.

3.7 Finite Element Approach For Optimal Flux
Weakening

There is no standard method in the literature for calculating the inductances of the
machine, which are necessary for achieving the optimum flux weakening of a five-
phase SPM machine by employing a finite element software. The limited capability
of the most available design software for the design of a three-phase machine with
limited types of commonly used machines make the design of five-phase machines a

very complicated task.

3.7.1 Inductance Calculations

MagNet 2D electromagnetic field simulation software is used to calculate the machine
inductances in the rotating reference frame. The method is based on the definition

of the machine flux linkage equation. In general for five phase PM synchronous
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machine the flux linkage equation is defined as 2:

AZbcde = LSIZbcde + Am

L; is the machine winding inductance matrix, I}, , is phase current matrix and
A,, is the magnet flux linkage matrix. The magnet flux linkage is turned off by
setting the magnet remanence B, to zero. The armature flux linkages Aj ;4o 0

the rotating reference frame are determined from the flux linkages of phases a, b, c,

d and e as:
PA(Szbcde = PLSP_IPIZdee
>‘21q1 d2q2 — PLsP_1i21q1 d2q2
where
Ly
qu
PL.P ' = Lgo
ng

Lus
For instance, the phase flux linkage in the MagNet 2D software is calculated for a
given current as a sum of the flux linkages of all phase coils. The flux linkage of
each coil is equal to the line integral of the magnetic vector potential Az along the
contour of the coil. By assuming the calculated flux linkage per phase Aq, A, Ac, Ag
and ). are calculated when N,,; = 1, the stator flux linkages A\gs1, )\;51, Aas2 and )\;52

in the rotor reference frame are obtained by applying the the Park’s transformation:

- A
Ads =
Ao A
sl — p |\ (3.65)
)\5152 )‘_d
>\q32 X

The inductances of the machine Lgy, Lgi, Ly and Ly can be directly obtained ac-
cording to only four rotor positions. Four simulations in 2D-MagNet and MATLAB
are used to calculate the four inductances. Since the resultant current vector must

be aligned with the required rotor axis, the five-phases of the machine should be

2Modelling of five-phase PM synchronous machine with a non-sinusoidal shape
is covered in detail in chapter five.
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supplied with suitable dc currents so that the current space vector has a value only in
the required rotor axis. The components of the current space vectors in the rotating

reference frame can be expressed as:

1ds1 ib
1 .
ast| — p |4, (3.66)
1ds2 id
1gs2 i
e

The first simulation is used to calculate Lyi. By using MATLAB, we can solve the
system of equations (3.66) for iy, 4, ic, iq and i, such that iy, ias2, 1452 are equal to
zero and 744 is equal to one. The currents in the stator reference frame are used as
an input for calculating the flux linkage of the phases (Aq, A\, e, Ag and A.). Using
(3.65) shows that the flux linkage in the dj-axis only (A; = A2 = Az = 0). In
general, for different values of 4451, Lg1 is calculated as:

_ by
Ldl _ dl

(3.67)

Z'dsl

It is worth mentioning that the rotor angle (north pole of one of the rotor magnets)

i

iq

le

(a)

Figure 3.12: References for the rotor reference frame. (a) Fundamental harmonic
component with a positive sequence (+). (b) Third harmonic component with a
negative sequence (-).

has to be aligned with the magnetic axis of a-phase for getting the 6.-angle equal

to zero as shown in Figure 3.12a. By following the same procedure, the other
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inductances are calculated as follows:

~ A

Ly =2 (3.68)
qul

_ by

Lgp = 22 (3.69)
1ds2

_ by

Ly =2 (3.70)
qu2

The actual values of the inductances in the rotating reference frame are proportional

to the number of turns per coil and evaluated as:

Ldl - L_dl choil (371)
Ly =Ly N2, (3.72)
Lgy = Lgy N2, (3.73)
Lgy = Lgy N2, (3.74)

3.7.2 Magnet Flux Linkage Calculation

The magnet flux linkages \,,,; and A2 are calculated by analysing the phase magnet
flux linked by the armature winding resulting from the magnets in the rotor. The 2D-
MagNet software can be used to generate a phase magnet flux waveform by setting
the armature currents equal to zero and moving the rotor 27 electrical radians. A
is the amplitude of the first harmonic in the phase magnet flux linkage waveform
while A, is the amplitude of the third harmonic in the phase magnet flux linkage

waveform. The final values of the magnet flux linkages are calculated as:

/\ml - /\T_nl Ncoil (375)

/\m2 = /\T_nQ Ncoil (376)
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3.7.3 Calculating N,.,; and B,

The analytical results in (3.56) and (3.57) show that the d;-axis inductance is pro-
portional to the square of the stator turns per coil (Lg oc N2 ), while the magnet
flux linkage is proportional to the stator turns per coil (A, o Neyi). These two
results can be utilized to calculate the number of turns per coil N,,; and remanent
flux density B, which satisfy the optimal flux-weakening condition. L4 and A,,; are
calculated with an assumption that there is only one turn per coil. The final values

of Ly and A,,;; are substituted in (3.63) and (3.64) for calculating N,y and B,.
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Chapter 4

Design of Five-Phase FSCW PM

Synchronous Machine

4.1 Design Methodology

This chapter presents a systematic approach for designing a prototype DL FSCW
five-phase SPM machine. The initial sizing of the machine can be deduced depend-
ing on the required specifications while FEA software should verify the results. Due
to the availability of accurate and fast software packages, these design steps are con-
sidered as the best choice when compared with completed analytical design methods.
It is assumed that the machine is operating in a drive system with variable speed
up to five times the specified rated speed. It is worth mentioning that most of the
steps of the design process of this methodology can be adopted in designing any
machine with fractional or distributed winding configurations. After presenting the
design steps, a flowchart is constructed to summarise the initial sizing steps. The
initial sizing steps are summarised as follows:

1. Choosing optimum slot/pole combination. In chapter 2 the criteria of choos-

ing optimal slot/pole combination for high inductance fault-tolerant FSCW five-
Phase SPM machines have been explained in detail.

2. Determining the outer diameter and active axial length. For many applica-

tions, the outer frame is determined due to space constraints. If there is no con-
straint a sizing method should be used. One of the best sizing methods is the TRV

sizing method. In this method the rotor volume V,, can be estimated from the
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required rated torque T, and a standard value for torque per-unit-volume (TRV):

T
TRV = Nm/m? (4.1)

70

The standard values of TRV are given in Table 4.1 for different classes of machines

[56].
Table 4.1: Standard values for torque per-unit motor volume (TRV).
Class of machine TRV ~ kNm/m?
Small totally- enclosed motors (Ferrite magnets) 7-14
Totally- enclosed motors (Sintered Rare Earth or NdFeB magnets) 14-42
Totally- enclosed motors (Bonded NdFeB magnets) 20
Integral- hp industrial motors 7-30
High performance servomotors 15-50
Aerospace machines 30-75
Large liquid-cooled machines (e.g. turbine-generators) 100-250

3. Determining the rotor to stator diameter ratio (£} /). For a given maximum

stator outer diameter D,, or calculated rotor outer diameter D,., the rotor to stator

diameter ratio may be expressed as a function of the rotor pole number as suggested

in Table 4.2 [56].

Table 4.2: The rotor to stator diameter ratio as a function of pole number.

P 2 4 6 8 10 12
Foe (% 50 53 56 60 65 70

4. Determining the air-gap thickness (g). Despite the critical effect of the air-

gap on the machine characteristics, there is no optimum theoretical solution for
its thickness [39]. Large air-gap thickness means decreasing the probability of de-
magnetising the permanent magnets. However, small air-gap reduces the machine
efficiency due to the increase of the eddy current losses caused by the created har-
monics due to the open or semi-closed slots. The practical range of the air-gap
thickness for various motor sizes is presented in [56]. These ranges are summarised
in Table 4.3. Furthermore, empirical equations may be used to estimate the air-

gap thickness. In the presented work empirical equation is employed, in which the

46



CHAPTER 4. DESIGN OF FIVE-PHASE FSCW PM SYNCHRONOUS
MACHINE

air-gap thickness is calculated as [39] :

[ 0240.01P*" mm  whenp=1
T 10.18 +0.006P%* mm  when p > 1

The rated output power of the machine (P,) must be given in Watts.

Table 4.3: Practical ranges for the air-gap thickness.

Motor size Air-gap thickness [mm]

Very small motors 0.127-0.254
Medium motors 0.381-0.508
Large motors 0.635-0.889

5. Determining the magnet to the air-gap thickness ratio (F,/,). For a given

air-gap thickness, this design parameter decides the thickness of the magnets h,,.
Thick magnet reduces the risk of demagnetisation while increasing the cost. Besides,
increasing the thickness of the magnets leads to increasing effective air-gap thickness,
which in turn, will decrease the rotor volume and subsequently the torque produced
by the machine. An estimation of the magnet thickness of approximately 4-10 times
the air-gap thickness may be used, which ensures that the permeance coefficient is
> 4. Finally, the final design has to be checked by using FEA for demagnetisation
effects.

6. Determining the magnet angle divided by the pole pitch ratio (F,,, /a,). For

a given number of poles, F, /o, is used to calculate the magnet arc angle o, or
the angle between successive poles. This ratio can effectively form the shape and
value of the cogging torque waveform. The optimum value of the ratio at which
the cogging torque is minimum is an attractive subject for researchers due to the
significant influence of the cogging torque on machine performance. In FSCWs the

optimum value of F, /o, may be calculated as [65]:

£L'—k31

+k’2 y k‘l :172, ....... 71’—1 (43)

Fam/aP -

_ LCM(Q, P)
r = T

where ks is typically 0.01 to 0.03 depending on the air-gap thickness.

7. Determining tooth width (wy,), stator back iron depth (ws,) and rotor core
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thickness (w,,). The general steps presented in [66] used in the design of PM syn-

chronous machines are selected to achieve the initial sizing of the prototype machine.
If the leakage flux in the rotor is ignored, the total flux leaving the magnet is equal

to the flux crossing the air-gap, and it may be calculated as:
¢t0tal = BglAg = Bgl (QWRroLst) (45)

where By is the fundamental amplitude of the air-gap flux density, Ly is the axial
stack length, A, is the air-gap area and R, is the rotor outside radius. The mag-
nitude of the maximum flux in each tooth can be calculated by dividing the total
magnet flux by the number of stator teeth (number of slots () equals the number of

teeth). In other words, the tooth flux (¢;) is:

_ (btggtal _ Bgl (27TQRroLst) (46)

o

The density of the tooth flux B, is calculated by dividing the tooth flux by the area

of the tooth, and is given as:
Pt

B, =
! Wipkst Lot

(4.7)

where wy, is tooth width and k; is the lamination stacking factor. By substitution

(4.6) into (4.7) a final expression for the tooth width is deduced as:

27 R, By

katBt (48)

Wy =

Contrarily, the stator back iron depth w,, and rotor core thickness w,, can be
calculated based on the assumption that half of the total flux passes through any
one point of the stator back iron and the same for the rotor core. The flux density

in the stator back iron By, and rotor core B,, can be expressed as:

¢total/2
By, = ——— 4.9
Y wsykstht ( )
¢total/2
B, = —— 4.10
Y wrykstht ( )

where ¢y in this case is the total flux leaving one magnet. Substitution of (4.5)
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into (4.9) and (4.10) leads to expressions for the stator back iron depth and rotor

core thickness as:

7TRT’OBgl
oy = ——o—91 4.11
Wsy P kstBsy ( )
7T-FiroBgl
=9 4.12
wry PkstBry ( )

It is worth noting that w,, w,, and wy, depend on the flux density in each path in
addition to the air-gap flux density. For a common machine design, the ferromag-
netic material is identical for all iron parts of the machine such that the designer can
choose a suitable single value for teeth, stator back iron and rotor core flux densities
depending on the magnetic characteristics of the iron such as saturation and losses.
However, B, can be decided depending on past experience or can be obtained from
one of the equations (4.8), (4.11) and (4.12) in which all the quantities except B
are known.

8. Determining the slot cross-section area. A general slot form with all dimen-

sions is depicted in Figure 4.1 [67]. The slot surface area is calculated from initial
sizing data, namely (wy), (Wsy), (Dro) and (Dso). The slot depth hg is calculated
as:

hes = = (Do — Dy; — 2wy, (4.13)

N | =

where D, is the stator inner diameter, and calculated as:

Dyi = Dyy + 2hom + 29 (4.14)

The slot area Ag,; is calculated as:

1

Aslot == 5 (bssl + bss2) (hss - hsw) (415)

where bgs1 and bsgo cab be calculated as in (4.16) and (4.17).

Dsi + 2hws

bssl =T (T) — Wesg (416)
Dg; + 2h

b352 =T (%) — Wts (4.].7)

9. Determining the number of turns per coil N,,;. The first step in finding N,
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Figure 4.1: Stator slot form and dimensions.

is defining the current density in a slot conductor as:

J.o =2 (4.18)

where I is the rated (rms)-phase current of the machine and A, is the conductor
cross section area. Typical values for current densities of different cooling methods

are shown in Table 4.4. The conductor cross sectional area is calculated as:

Aslotksf 1 _ 1 1
A - A—NC%I for single-layer winding (4.19)
%ﬁ for double-layer winding

where ks is the slot fill factor. Once A, is set, substitution of (4.19) into (4.18) and

simple algebra gives the number of turns per coil as:

JcAslotksf 3 _ 1 1
Ny — J—A I for single-layer winding (4.20)
%%‘M for double-layer winding
R

Table 4.4: Typical phase conductor current densities.

Motor enclosure and cooling A/mm?
Totally Enclosed (convection) 1.5-5
TEFC Air-over, Fan-cooled 5-10

Totally Enclosed, Liquid cooled 10-30
Hollow Conductor, Liquid Cooled 20-40
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During the motor design process, the designer can use the required current density
as an indicator for choosing suitable TRV ratio due to the relation between the
required torque and the rated current of the machine. Figure 4.2 shows a summary

of the initial sizing steps as a flowchart.

[ Choose optimum slot/pole combination ]
y

[ Determine the outer diameter and active axial length ]

[ Determine the air gap thickness. ]
A 4

[ Determine the magnet to the air gap thickness ratio. ]

[ Determine the air gap thickness ]

[ Determine the magnet to the air gap thickness ratio ]

[ Determine the magnet angle to the pole pitch ratio ]

\4

Determine the tooth width, stator back iron depth and rotor
core thickness

A4
[ Determine the number of turns per coil ]

Yes Is the tqrque
meeting
specification?
"‘ [ Increase the tooth flux density ]
Is flux density >limits Yes

Is current density >limits

No

>[ The design is done J

Figure 4.2: Initial sizing flowchart for the designed machine.
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4.2 Initial Sizing of the Prototype Machine

The set of the specifications is listed in Table 4.5. The slot/pole combination was
selected to be 10/8 according to the presented criteria in chapter 2. The stator outer
diameter and the maximum axial length are given as 120mm and 50mm respectively
due to the availability of such machine frame in the lab.

The machine is excited by multi-frequency two-level five-phase voltage source
inverter fed by a constant dc voltage of 270V. The winding layout was designed by
using the star of slots method, and presented in Figure 3.4 in the previous chapter.

The rated shaft torque can be calculated as:

TO = =

1000

27 (%50°)

= 4.77464 N.m

while the electrical angular frequency is calculated as:

n
—
w 7 f, 7rp60

= 837.758 rad /sec

Table 4.5: The design specifications.

Rated power (P,) 1 kW

DC voltage ( Vi) 270 V

Rated speed (n) 2000 rpm

Excitation fundamental and third harmonics
Number of phases (m) 5

Number of pole pairs (p) 4
Stator outer diameter (Dy,) 120 mm
Axial length (Lg) 50 mm
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so that the rated frequency f. is equal to 133.333 Hz. The air-gap thickness:

g = 0.18 +0.006 P**
= 0.18 + 0.006(1500)°*

=0.2918 mm

Due to the high-speed operation, the calculated value has to be increased by 60%
to become 0.4669 mm which can be further approximated to be 0.5 mm [39]. For
reducing the cost of the used magnet, a value of 4 could be used for the initial sizing
of I,/ By knowing this ratio and the air-gap thickness, the magnet thickness h,

can be calculated as:

hm:Fm/ng
=4 x 0.5 mm

= 2 mm

Since the prototype machine has four pole pairs, F,/; can be selected as 0.6 so that

the rotor outer diameter can be calculated as:

D,o = r/s X Dy,
= 0.6 x 120 mm

=72 mm

By using (4.3) and (4.4) it is possible to calculate three values for the magnet pole
pitch ratio F,,,, /a,. k1 has been selected to be one depending on the published work
in [65], while the value of ky is selected to be 0.01. The magnet arc angle can be

calculated as:
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The air-gap flux density is assumed to be 0.85 T while the flux density in the other
parts of the machine is fixed and equal to 1.5 T. These assumptions depend on the
researcher experience, where a value of 1.5 T in the iron material is high enough for
producing the required torque and at the same time below the saturation value of
the used iron material. wy, ws, and wy, are calculated as 12.8177 mm, 8.0111 mm

and 8.0111 mm respectively. The stator inner Diameter D,; can be calculated as:

Dy = D,y + 2h,, + 29
=T724+2x2+2x0.5

=77 mm

The slot height can be calculated as:

1
hs - (Dso - Dsi - 2wsy)

2
1
2

(120 — 77 — 2 x 8.0111)

= 13.4889 mm

The dimension hg, is depicted in the slot shape presented in the Figure 4.1. By
choosing the default value in MotorSolve design software for initial sizing to be
hgw = 4.3837 mm for side-by-side coil placement method b, and b, are calculated

as 14.1269 mm and 19.8479 mm respectively. The slot area Ay, is calculated as:

Aslot = (bssl + bssZ) (hs - hsw)

1
2
1
=3 (14.1269 + 19.8479) (13.4889 — 4.3837)
= 154.6733 mm?

The rated current of the machine can be calculated by assuming a reasonable power
factor as 0.9. In ten step mode of operation the fundamental component of the

output phase-to-neutral voltage has an rms value of;

V2

Ve = —V4 =045V, =045 x 270 = 121.5 V rms TEN STEP (4.21)
s
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P
Ip=—2 A TEN STEP
R 5VR cos ¢ Hs
B 1000
5 x121.5 x 0.9
=1.8289 A

For SPWM the fundamental component of the output phase-to-neutral voltage has

an rms value of:

V2 V2

Ve = Tvdc = x 270 = 95.459 V rms SPWM (4.22)
Ip = L A rms SPWM
R 5Vg cos ¢
B 1000
5% 95.459 x 0.9
=2.3279 A

At this design stage, the designer has to choose a value for the conductor cross-
section area A, or the current density J.. The first choice enables the designer to
calculate a current density for a given rated current or power, while in the second
option the current density has to be decided depending on the necessary application.
For this prototype application a fan-cooled, small and enclosed machine application
is under design, so 6.5 A/mm? is fitting. For double-layer winding half of the slot

surface area is used for determining the number of turns per coil:

1 CAS O kS

Ny = L JeAstobisr o sTRP
2 Ig

165 x 154.6733 x 0.51
2 1.8289

~ 140 TURNS

Ncoil = EJCASIO_tka SPWM
2 Ir

~ 16.5x 154.6733 x 0.51
2 2.3279

~ 110 TURNS
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Those design steps are not optimised for optimum flux weakening. Nevertheless,

they can be considered as the starting stage for the next optimising steps.

4.3 Machine Design Optimization

The analytical expressions presented in the previous chapter were developed to pre-
dict the motor flux-weakening performance and to calculate necessary parameters.
The predicted parameters can be used in the design stage to determine the motor
dimensions. The design aims are high efficiency, high torque density, low pulsat-
ing torque and wide speed range. A five-phase SPM machine using double-layer
fractional slot winding was designed for variable speed drive applications.

Based on the initial design steps, a machine model with all necessary dimensions
was used for further optimisation. The magnet arc angle «,, was calculated for
minimising the cogging torque. The computed value was further optimised through
the finite element numerical software to be 37.46 [mechanical degrees|. The cogging
torque is also affected by the slot opening. A large slot opening leads to a higher
cogging torque and vice versa. The slot opening was selected to be 3.2mm to fit the
practical requirement for the needle-wound coils method. It is worth mentioning
that the magnet arc angle substantially controls the shape and harmonic content of
the back-emf. In the next chapters, it will be obvious that the third harmonic of the
back-emf participates in the developed torque of the machine for speeds below the
base or rated speed. However, since the primary purpose is the design of a machine
with smooth torque and a wide speed range, the priority of calculating the magnet
arc angle is given for reducing the cogging torque.

Besides the design variables there are also a number of parameters with as-
signed constant values that do not change during the design for optimum flux-
weakening. Those parameters are listed in Table 4.6. Machine design for optimum
flux-weakening requires calculating the magnet remanence B, and the number of
turns per coil N,,; which satisfy the characteristic current and the rated phase volt-

age of the main virtual plane. The conditions for optimum flux-weakening can be
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rewritten in compact form as:

o Kmd Br

[p = ——
f Kld Ncoil

A rms (4.23)

Iz)® Vrms (4.24)

coil

VR = \/(K'I’SNcoil]R + ermdBr Ncoil>2 + (WrKld N2

Table 4.6: Parameters with assigned constant values.

Parameters Value

Stator outer diameter 120 [mm]
Slot opening width 3.2 [mm]
Slot opening height 3.46 [mm]

Axial length 50 [mm]
Magnet arc angle 37.46 [mec degrees]
Air-gap thickness 0.5 [mm)]

In this design methodology, its assumed that the rated voltage of the machine is
equal to the maximum available voltage of the voltage source inverter. For single-
frequency drive, five-phase SPM machine, the maximum phase voltage, Viyax, is
decided by the dc link voltage, V. of the PWM inverter and the PWM method.
If the carrier-based pulse width modulation method (SPWM) is used, the obtained
Vimax in the linear control range is V./2. If the inverter is controlled in the ten-step
mode of operation, Vipax, can be increased up to 2V, /.

The next step in the optimising process of the machine design for optimum
flux weakening is checking the values of the flux density in the rotor, stator tooth
and back iron and making sure they are below the maximum value for the iron
material. Checking the value of the current density is an important step to make
sure it is also below the standard limit for the given application. It is important
to make the required adjustments to the tooth thickness and back iron thickness
to limit the flux density and current density to practical and acceptable values.The
magnet thickness could also be varied to optimise the design based on cost, then
check that the machine is producing the required power at the rated speed. In most
cases the calculated values of N.,; and B, are impractical. In this case, their values
should be approximated to the nearest available value and then readjust the machine

dimensions to fit the required power and speed.
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4.4 Results for Optimal Flux-Weakening Design

DESIGN OF FIVE-PHASE FSCW PM SYNCHRONOUS

A double-layer FSCW five-phase SPM synchronous machine was designed for a
fault tolerant variable speed drive application. The requirements suggest a constant
torque region for speeds up to 2000 rpm and a constant power region for speeds up to
five times the rated speed of the machine. The set of the dimensions, specifications
and the calculated parameters are listed in Table 4.7. The machine was designed
and analysed initially using the standard sizing procedure presented in the previous
sections with the help of two software packages from Infolytica; MotorSolve and

2D-MagNet.

Table 4.7: Summary of the dimensions, specifications and the numerically calculated
parameters of the designed SPM machine.

Parameter Value Parameter Value
Number of slots 10 Rotor core thickness 7.17 [mm]
Number of poles 8 Rotor inner diameter 50.06 [mm)]
Number of phases 5 Rotor outer diameter 64.4 [mm]
Series turns per coil 123 Magnet angle 37.46 [mec deg]
Back iron height 7.17 [mm] Magnet thickness 2 [mm]
Stator inner diameter 69.4 [mm]| Slot fill factor 51.17 [%)]
Stator outer diameter 120 [mm] Winding resistance 2.603 []
Slot height 18.13 [mm]  Efficiency 89.5 [%)]
Air-gap thikness 0.5 [mm] Rated current 2.43 [A]
Slot area 212.38 [mm?] Total loss 0.0926 kW]
Slot opening width 3.2 [mm] Rotor speed 2000 [rpm]
Slot top width 19.334 [mm] Rated torque 3.77 [Nm)]
Slot bottom width 10.142 [mm]  Remanent flux density 0.72 [T]
Slot opening height 3.46 [mm] Relative permeability of the magnets 1.3022
Tooth width 13.86 [mm]

The slot opening was selected to be 3.2mm due to practical constraints. The flux

pattern at rated load is shown in Figure 4.3. It is clear from the flux patterns that
the flux density in the rotor core, stator teeth and back iron is uniformly distributed
and approximately equals to 1.5 T at rated load conditions, which is below the
maximum limit of the used M19 steel material. The waveform of the air-gap flux

density is shown in Figures 4.4 .
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Prototype Design 1 Flux function (Wb/mm)

Flux density (T)

Shaded Plot (T)
0.701 0.934 1.17

0.00021 0.234 0.467

1.4 1.63 1.87

Figure 4.3: Flux-line pattern of the designed machine at the rated load.

Air-gap flux density [T]
o

0 100 200 300 400
Angle [electrical degrees]

Figure 4.4: Airgap flux density of DL 10 slot/ 8 pole five-phase SPM machine.
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4.4.1 Resistance

The stator resistance was determined to be ry = 3.037 €2 by measuring the voltage
across one of the phase windings while excited by the rated value of dc current.
Ideally, the resistance has to be the same for all phases, but realistically, a minimal
error is expected. The problem was solved by repeating the measuring process for
all five phase windings and taking the average. Table 4.8 shows the measured and

calculated per phase resistance of the prototype five-phase machine.

Table 4.8: The measured and calculated per phase resistance of the prototype five-
phase machine at 25 °C.

Resistance calculation

Lab measurement Analytical calculation

3.037 [)] 2.603 Q]

4.4.2 Inductances

Techniques for lab measurement of the different components of the machine induc-
tance in PM synchronous machines can be arranged into two general categories: the
standstill tests [68-71], and the rotational tests [72,73]. The latter category requires
a drive system for running the machine under different loading conditions, whereas
the standstill tests can be performed without the need for a drive system. The self-
and mutual inductances of the lab prototype five-phase machine are measured by
using the single-phase excitation at standstill with a blocked rotor test.

The main reason for choosing this technique is that the air-gap permeance, and
consequently the winding inductance of the SPM machine does not vary with rotor
position, because the air-gap permeance is approximately equal to magnet perme-
ance, such that few measurements at specific rotor positions are enough to measure
the machine inductances in the linear operation conditions. Cross-coupling and non-
linearity are out of the scope of this thesis and this will be part of the future work.
In this technique, one phase of the stator is supplied with a constant AC current,
while the four other phases are open circuited. The five-phase voltages are then

measured at different locked rotor positions. The self- and mutual inductances can
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be derived as a function of the rotor position 6., as follows:

(Va/[a)2 — 72

Lo (0) = on (4.25)
Ma:c (96) = 271"/;]@ (426)

where V, is the line-to-neutral rms voltage of phase a and V) is the line-to-neutral
rms voltage of phases b, ¢, d and e respectively. [, is the rms current in phase a, and
f is the supply frequency. Assuming the machine to be symmetric, the complete
5 x 5 stator inductance matrix for any particular rotor position can be constructed
from this data. For example, the stator inductance at the rotor position of 6, = 0°
is given in the matrix below:

0.023091603 —0.003551995 —0.006844593 —0.006843384 —0.003824159
—0.003824159  0.023091603 —0.003551995 —0.006844593 —0.006843384
—0.006843384 —0.003824159 0.023091603 —0.003551995—  0.006844593
—0.006844593 —0.006843384 —0.003824159  0.023091603  —0.003551995
—0.003551995 —0.006844593 —0.006843384 —0.003824159  0.023091603

Here, the dy-¢; plane inductances and ds-¢» plane inductances can be indirectly cal-
culated from the obtained self- and mutual inductances. By application of Park’s
transformation, the stator measured inductance matrix is computed in dq coordi-

nates as:

0.031886
0.031886
[Laiqiazqz] = PL,P' = 0.024829
0.024829
0.002027

From this matrix, the dg inductance components can be identified and are stated in
Table 4.9. Practical measurements show that the mutual inductance between the
AC supplied coil (phase a) and the closest coils (phases ¢ and d) are higher than
the inductance of the other coils (phases b and e). This result fully aligns with the
classical machine theory as explained in equation (5.16).

The lab measurements, numerical simulation and analytical calculations show

that Lyg = Ly and Ly = Lge. The analytical calculations show that those dg

components of both planes are exactly equal. Analytical calculations of the d; — ¢;
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match very well with the experimentally obtained data and numerical simulation.
However, the analytical calculations of the second plane inductances give very dif-
ferent values from the measured and numerically obtained values. The harmonics
present in the MMF' as a result of the FSCW layout are responsible for the devia-
tion of the second plane inductances. The winding function method considers the
exact per phase MMF. In other words, the calculation of the mutual inductance
between any two phases assumes all MMF harmonics of an excited phase winding
are linking the other phase windings, while the practical results indicate different
outcomes where the closest phase windings to the AC excited phase have a higher

mutual inductance due to a higher number of linking flux lines.

Table 4.9: Lab prototype five-phase machine stator inductance components, analyt-
ical calculation and numerical simulation in dg coordinates.

Inductance calculation [H]

Lab measurement Numerical simulation Analytical calculation

L4 0.0319 0.0315 0.03175
Ly 0.0319 0.0315 0.03175
Lgo  0.0248 0.0239 0.03175
Ly 0.0248 0.0239 0.03175

4.5 Back-emf and Magnet Flux Linkage

Figure 4.5 shows the lab measured back-emf waveform of the prototype five-phase
machine while figure 4.6 shows its harmonic content. As will be presented in the next
chapters the torque producing component of the main virtual machine is the funda-
mental component of the back-emf waveform, while the torque producing component
of the secondary virtual machine is the third harmonic of the back-emf waveform.
In spite of the magnet arc angle is optimised for minimising the cogging torque and
the magnet thickness is optimised for decreasing the magnet cost, the 3'¢ harmonic
represents 8.455% of the fundamental harmonic which may be used as an additional
torque-producing component for speeds below the rated speed. The increase in

torque ratio ( %7 _inerease) as a result of controlling the second plane parameters
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was calculated as follows:

T +To) —To
%Te—increase = ( L T2) . x 100
el

x 100

TeQ

Tel
_gl2dm2 00

Z.ql ml
=92 x 100
At

where the i,/1,, ratio is calculated for speeds up to the rated speed of the machine

in (6.27) as:
iﬁ o 3)\m2

iql )\ml

For A\,,1 = 0.10882 Wb and A5 = 0.00306 Wb, %T. _inerease = 0.7117.

Tekpreve [t ¢ ¥ 1

. [2.00ms 500kS/s bE W ;
10k points 0.00Y

Yalue Mean Min Max Std Dev 8 May 2017
4 1773 3 : 00:26:22

Figure 4.5: The back-emf waveform of the lab prototype five-phase machine.

The 9 harmonic represents only 3.279% of the fundamental harmonic. If the
prototype machine is controlled as a single frequency drive system for a sinusoidal
current, the torque ripple is almost the same as the torque produced by pure sinu-
soidal back-emf synchronous machines. The 7*" harmonic of the back-emf, which
is only 3.702% of the fundamental, represents 43.78% of the 3" harmonic. Conse-
quently, the back-emf of the secondary machine is composed of 3"¢ and 7*" harmonics.

Table 4.10 presents the list of the lab measurement, analytical calculation and
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Figure 4.6: The harmonic content of the lab prototype five-phase machine.

numerical simulation of the back-emf and magnet flux linkage for the lab prototype
five-phase machine. The numerical simulation is performed by using the 2D-Static
MagNet software. The percentage error of the numerical simulation to the lab
measurement is about 0.5%, while the percentage error of the numerical simulation
to the lab measurement is about 0.6%. The numerical simulation waveform of the
back-emf is shown in Figure 4.7. This figure shows the back-emf concerning the
fundamental harmonic. The waveform represents a reasonable approximation of the

sinusoidal fundamental harmonic.

Table 4.10: Prototype five-phase machine stator back-emf and magnet flux linkage:
lab measurement, analytical calculation and numerical simulation.

Parameter Lab measurement Numerical simulation Analytical calculation

Ami 0.10882 [Wh] 0.1082 [Wh 0.108175 [Wh]
Am2 0.0031 [Wh] 0.003 [Wh —
Ept—mas  91.1695 [V] 90.707 [V] 90.616 [V]
Eyromaw  7.7084 [V] 7.6522 [V] —

4.6 Cogging Torque

The cogging torque is minimised by an extensive study with the purpose of selecting
the angle between successive poles or the magnet angle («,). The cogging torque
of one period for different magnet angles is shown in Figure 4.8. The peak-to-

peak cogging torque amplitude is approximately 1.39% of the machine average rated
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Figure 4.7: The numerical simulation waveform of the back-emf of the lab prototype
machine.

torque which can be considered an acceptable result.

0.1
0.08
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0

-0.02 :37.45°

Cogging torque [Nm]

-0.04 e+ 37.3° o+ 37.46°
-0.06 Qo+ 37.35° — Q2 37.47°
-0.08 a1 37.4° — am : 37.6°

0.1 — oy : 37.5°

1 2 3 4 5 6 7 8 9 10

Rotor position [mechanical degrees]

Figure 4.8: Cogging torque of DL 10 slot/ 8 pole five-phase SPM. Optimum magnet
angle is 37.46°.

4.7 Characteristic Current

The characteristic current of the machine was calculated during the design stage
by using the analytical method which is described in the previous chapter. The
numerical simulation was used to calculate the magnet leakage flux, to validate the
analytically computed values of the inductances, and the magnet flux linkage of the
prototype machine. The magnet leakage flux was calculated for the initially sized
machine to be 8% of the magnet linkage flux to be used in the analytical model of the
computed magnet linkage flux. The numerically calculated value, the analytically

calculated value of the characteristic current, and the rated current of the prototype
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machine are listed in Table 4.11.

Table 4.11: The numerically calculated value, the analytically calculated value of the
characteristic current, and the rated current of the prototype machine. All variables
are rms quantities.

Parameter Lab measurement Numerical simulation Analytical calculation

Ly, 2.412 [A] 2.430 [A] 2.409 [A]
Ir 2.365 [A]

Figure 4.9 shows the torque-speed characteristic of the prototype machine based
on both the numerical simulation and the analytically calculated parameters. The
numerically estimated value of I, is 1.0274 times the rated current of the machine,
the analytically derived value of I, is 1.0186 times the rated current of the machine
while the lab measured value of I, is 1.0198 times the rated current of the machine.
Those results show that the prototype machine substantially satisfies the condition
for optimum flux-weakening operation, enabling a wide constant-power speed range

for speeds higher than the rated or base speed.
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Figure 4.9: The torque-speed characteristic of the designed machine.
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Chapter 5

Modelling and Control of the MF
Five-Phase PM Synchronous
Motor Based Drive

5.1 Modelling of the Two- Level Five-Phase Volt-
age Source Inverter

The power circuit topology of a two-level five-phase voltage source inverter is shown
in Figure 5.1, where the inverter is feeding a five-phase PM synchronous motor.
This topology was first proposed by [74]. it is assumed that constant ripple-free dc
voltage is provided at the inverter input and all the power semiconductor switches
are assumed to be ideal. Each leg consists of two switches connected in series and
is controlled by pulses obtained by the comparison between the reference command
and the triangular carrier waveform. It is important to note that the two switches
in the same leg are never conducting simultaneously since in such shoot-through
case a high short-circuit current passes through the leg and leads to damage of the
inverter module. However, practical inverters will need a dead-time based on the
power switch data sheets to avoid the shoot-through problem.

Considering the states of the two switches in the same inverter leg are comple-
mentary, then the number of possible switching states for this topology is equal

to 2", where n is the number of inverter legs/phases. For a five-phase VSI, if it
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Figure 5.1: Five-leg VSI supplying a five-phase PM synchronous motor.

is operated in Sinusoidal Pulse Width Modulation (SPWM) mode, there will be
32 switching states (2°). The relation between the phase-to-neutral voltage (v;)
where i € {a,b,¢,d, e} and the pole voltages Vx where K € {A, B,C, D, E} can be

expressed as:

Va (t) = va () + van (2)
Vi (t) = vy (t) + v (t)
Ve () = ve () + van (£) (5.1)
Vi (t) = v4 (t) + van (1)
Vi (t) = ve () + von (£)

where v,y (%) is the voltage difference between the star point n of the load and the
negative rail of the dc bus N. By adding each term of the equation (5.1), and putting
the sum of phase-to-neutral voltage equal to zero (assuming a balanced five-phase

voltage), we obtain:

UnN (t) = (%) (VA (t) + Vg (t) + Ve (t) + Vb (t) + Vg (t)) (52)

Substituting equation (5.2) back into equation (5.1), the following expressions for

the phase-to-neutral voltage are obtained
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lalalalal @ ~4

=l R ol
| | | | . a feofer oo oo
Vdc# | | | T—'
I | | T_. = (4*u(1)-u(2)-u(3)-u(4)-u(5))/5
d (u(1)+4*0(2)-u(3)-u(4)-u(5))/5
5 9 =
VE (-u(1)-u(2)+4*u(3)-u(4)-u(5))/5 1
(U()-u)-uB) +4*u(A)-u(5)/5 Vaneen
(-u(1)-u(2)-u(3)-u(4)+4*u(5))/5
= o B H HI®
<

va (t) = (4/5) Va (£) = (1/5) (VB () + Ve (8) + Vb () + Ve (1))
vy (t) = (4/5) Vi (t) = (1/5) (Va (t) + Vo () + Vb (1) + Vi (1))
ve (1) = (4/5) Vo (t) = (1/5) (Vi (t) + Va () + Vb (1) + Vi (1)) (5.3)
va (t) = (4/5) Vp (t) = (1/5) (Vi (£) + Ve (1) + Va () + Ve (1))
ve (t) = (4/5) Vi (t) = (1/5) (Vi () + Vo (t) + Vb () + Va (1))

The relationship between pole voltage and switching signals is given as:

Vi = SsVdc; ke {A,B, C,D, E} (54)

where Sy = 1 when the upper power switch is ‘ON’ and Sy = 0 when the lower switch
is ‘ON’. Substituting equation (5.4) back into equation (5.3), gives a values for the
phase-to-neutral voltages v;, (j € {a,b,c,d,e}) for each state of the 32 switching
states. Figure 5.2 shows the SIMULINK/MATLAB model of the two-level five-
phase voltage source inverter that includes the expressions for the phase-to-neutral

voltage. Phase-to-neutral voltages for the 32 switching states are listed in Table

B.1.

5.1.1 Phase Voltage Space Vectors of the Five-Phase VSI

The phase to neutral voltage space vectors of n-phase system (n is an odd number),

can be entirely described by using (n — 1)/ 2 two-dimensional (2-D) planes plus zero-
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space component which are obtained with the use of a decoupling transformation
applied to an n-phase VSI. Particularly the five-phase inverter can be represented
by two space vectors plus a zero-space component. In other words, space vectors of
phase voltages in the two orthogonal planes al — 1 and a2 — 52 can be defined in
the stationary reference frame by substituting the phase voltages of the 32 switching
states into the Clarke transformation [75]. Space vectors for the al — 1 plane are
expressed in equations (5.5) and (5.6), while space vectors for a2 — 52 plane are
expressed in equations (5.7) and (5.8). The third plane is single-dimensional (zero-
sequence) and is assumed to be zero as a result of the star connection of the motor.
The phase voltage space vectors in al — 1 and a2 — 32 planes are listed in Table
B.2 for all 32 switching states. The five-phase VSI space vectors in the al — 1
plane and a2 — §2 plane are shown in Figure 5.3.

It can be seen from Figure 5.3 that for each plane there will be 32 space vectors,
two of them are zero space vectors and the rest forming three concentric groups based
on their magnitudes. The nonzero space vectors can be categorized into three groups
(each consists of ten space vectors) based on their magnitudes: small, medium and
large. The amplitudes of the small, medium and large space vectors are equal to
0.2472Vy., 0.4V, 0.6472V,., respectively [76]. Further, it is observed from Figure
5.3 [76]:

e The large space vectors of the al — 81 plane form the small space vectors in
the a2 — 52 plane.

e The small space vectors of the al — #1 plane form the large space vectors in
the a2 — 52 plane.

e The middle space vectors of the a1l — 31 plane form the same space vectors in
the a2 — 52 plane.

e The phase sequence a, b, ¢, d, e of the a1l — 1 plane corresponds to a,c,e,b,d
sequence of the a2 — 32 plane, which are the 3" harmonics of the phase

voltages.

each plane can be broken into ten sectors each spanning 7 /5.

Ua1p1.k = Valk + JUs1k Kk €{1,2,---,32} (5.5)
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Va1p1..1 Va1l Va2 - Ua32
Yapr.2 | 2|1 cosy cos2y cos2y  cosY 2{;1 :jw 5b32 (5.6)
: T 5|0 siny sin2y —sin2y —siny| | ¢ €32 '
Udl Ud2 -+ U432
Valp1...32 Vel Ve *° Ue32
Va2p2.-k = Va2--k + jU,B2~~k k€ {17 2, 732} (57)
Vag2..1 Ual Va2 - Va32
Va2p2.2 | 2 1 cos2y cosdy cosdy  cos2y :jbl ng o zm
: T 510 sin2y sindy —sindy —sin2y| | ¢ 2 ez
Ud1 Vd2 -+ Uds2
Va2p2...32 Vel Ve2 - Ue32
(5.8)

Harmonic mapping into different planes can be accomplished with the use of space
vector decomposition [76]. Families of odd harmonics are mapped according to the
rules listed in Table 5.1 [76,78,79]. When a five-phase VSI supplies a five-phase
machine with a concentrated stator winding the first plane is used to control the
1%¢ harmonic of the phase voltage while the second plane is used to control of the
37¢ harmonic of the phase voltage. Table 5.1 shows that output voltage harmonics
of the order (1,9,11,---) map into the a; — $; plane while harmonics of the order

(3,7,13,---) belong to the as — 3 plane.

Table 5.1: Distribution of the harmonic families for Y-connected, five-phase machine.

ar — B ay — By
1,9,11,---, 5h£+1 3,7,13,---, bh £ 2

The second harmonic component in the aq — 4y plane is the 9", of which the
emf component of the fractional slot winding machine is likely to be low with a high
frequency (ten times the fundamental frequency) leading to almost a sinusoidal
emf [78]. Concerning the ay — 3, plane, the main harmonic component is the 3"
while the second harmonic is the 7**. If the emf amplitude of the third harmonic
is high enough, it is possible to generate an additional constant torque. However,
the 7" harmonic component of the phase currents may interact with the emf 7
harmonic component and cause torque ripple [78,79]. Consequently, the emf of the
secondary machine can not be considered as sinusoidal because it is composed of 37

and 7" harmonics.
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Figure 5.3: Five-phase VSI phase voltage space vectors in the: a. a; — (5, plane,
and b. as — B2 plane [77].
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5.2 Modelling of the MF Five-Phase PM Syn-

chronous Motor

In this section power-variant model for modelling five-phase electrical machine in a
compact and general form is proposed. In particular, the section deals with the mod-
elling of five-phase permanent magnet synchronous machines with a non-sinusoidal
shape of the rotor flux. The mathematical model of the motor in terms of physical
variables (natural phase variables) is considered first. A space vector representation
of the two orthogonal planes of the machine is applied. The resulting equations
are with time-varying coefficients. For this reason, a rotational transformation is
applied. The dynamic model of the motor is obtained using a two-phase fictitious

equivalent to a five-phase machine approach and in the rotor frame reference.

5.2.1 Phase Domain Model of the MF Five-Phase PM Syn-

chronous Motor

A five-phase symmetrical concentrated winding permanent magnet synchronous ma-
chine, such that the spatial displacement between any two mmfs produced by any
two consecutive phases is (7 = 27/5), is under consideration. The following assump-
tions were made:

e The air-gap is uniform.

e The B-H curve of the iron core is linear and so the main flux saturation can

be neglected.

Iron core losses are neglected.

e The winding resistance and inductance are constant.

The phase voltage equations of a five-phase machine can be written in matrix form

as [75] [80],

dA?
s — RSIS abcde 5.9
abede abede + dt ( )
Zbcde = LSIZdee + Am (510)
The following definitions of the phase voltage matrix V., current matrix I, .,

resistance matrix R, and flux linkage matrix A$, ;. are applied to equations (5.9)
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and (5.10).
stzbcde = [UQS Vps  Ves Uds Ues]T (511)
s . . . . . 1T
Iabcde:[las bs  les  lds Zes] (512)
Alpete = Pas Mos Aes Aas Acs]” (5.13)
R, =diag(rs rs rs 75 75) (5.14)

The flux linkage of the stator winding matrix A}, ;. is related to the stator currents

by the stator inductance matrix L. The matrix of the stator inductances is given

as:
Las Lls + Laa Lab Lac Lad Lae
Lis Liq Lis + Ly Ly Lig Lpe
Ls = Lcs = Lca ch Lls + Lcc Lcd Lce (515)
Lgs Lga Lay Lyc Lis + Laq Lge
Les Lea Leb Lec Led Lls + Lee

Due to the symmetry of the machine configuration under study, the inductance
matrix can be written with (v = 27/5):
Lis+ L, Lpycos(y) Lpycos(2y) Ly cos(3y) Ly, cos(47)
Ly, cos(4y) Lis+ Ly Ly cos(y)  Lpcos(2y) Ly, cos (37)
L, = |Lycos(3y) Lycos(4y) Lis+ Ly,  Lpcos(y) Lycos(2y)| (5.16)

Ly, cos(2y) Lpycos(3y) Lpcos(4y)  Lis+ Ly Ly cos ()
Ly cos(y) Lycos(2y) Lycos(3y) Lycos(4y)  Lis+ L

Laa = Lbb = Lcc = de - Lee = Lm (517)

where Ly, (kk € {aa, bb, cc,dd, ee}) is the magnetising inductance per phase and L
is the slot leakage inductance per phase. This symmetry is termed as “circulant” [75]:
the second row of the inductance matrix is written by placing the last element in
row 1 at the start of row 2 and shifting all other elements to the right. Similarly,
row 3 can be formed from row 2, etc., until the the 5* row is reached. A,, is the

flux linkage matrix due to the permanent magnets and is expressed as:
Am=ma Aob Ame Amd Ame]” (5.18)

As the fundamental and third harmonic components of the permanent magnet flux

linkage are the torque producing components of the main and secondary fictitious
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machines, they will be used in developing the machine model. \,,; and \,,» in
(5.19) are the amplitudes of the fundamental and the third harmonic flux linkage
components established by the permanent magnets on the rotor as viewed from the

stator windings.

Mna sin (9,,)2 sin (367«)2
Amb sin (0, — = sin3 (6, — <
A = | Ame| = At |80 (0, —25) | 4+ g |sin3 (0, — F (5.19)
Amd sin (6, + 4?” sin 3 (6, + 4%
)\me sin (97« + 2% sin 3 Qr + 2%

5.2.2 Machine Model in the Stator Reference Frame

The stator reference frame of the physical machine variables = (voltage, currents and

flux linkage) is achieved by applying Clarke’s transformation K defined in [75]:

1 cosy cos2vy cos2y Cos Y
9 0 siny sin2y —sin2y —siny
K,=—-|1 cos2y cosdy cosdy  cos2y (5.20)
510 sin 2y sindy —sindy —sin2y
1 1 1 1 1
2 2 2 2 2
Tal Lq
Tp1 Ty
Too| = K, |2, (5.21)
T2 Xq
2‘:ZS xe

where v = 27/5. This is so-called real decoupling transformation in power-variant
form (Clarke’s transformation), which in essence decomposes a 5-dimensional vector
space into two 2D and mutually decoupled planes (no magnetic coupling between the
planes) based on the generalisation of Concordia’s transformation [80]. Transforma-
tion of the phase variables results in two pairs of torque producing orthogonal space
vectors (To1 + JjZp1, Taz + j2s2) and one single-dimensional variable ( zero-sequence
component). Since the motor is balanced and star-connected with an isolated neu-
tral point, the zero-sequence space component is zero. By resolving every space
vector into a real and imaginary part, two components of the corresponding 2-D

plane can be recognised as shown in Figure 5.4. Applying Clarke’s transformation
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Le

Ta2

a a

Td

Te
(a) (b)
Figure 5.4: Two 2D and mutually decoupled planes of a five-phase motor. (a) a3 —
plane. (b) as — (2 plane.

(5.21) to the stator voltage equations (5.9), ( 5.10) leads to:

dA?®
KSVZbcdes = RSKSIZbcdes + KS%
s s d s
Valﬁl a2B2zs RSIalBl a2B2 zs + KS% (LSIabcde + Am)
s s d —11s
Valﬁl a2B2zs — RSIalBl a2B2zs + KSE (LSKS lIal,Bl a2B2zs + Am)

s s d s d
= RSIalBl a2B2zs + Lalﬁl 04262?«’5% (Ialﬁl a?ﬁst) + E (Amn-oalﬁl a2p32 ZS)

where

Liiprazsess = K LK (5.22)

5.3 Machine Model in the Rotor Reference Frame

The a1 — 1 and ay — [ planes components of the stator current space vectors in
the stationary reference frame can be transformed to d; — ¢; and dy — ¢ by using

the rotational matrix as defined by [81]:

cos (6.) sin(6.) 0 0 0
—sin (6,) cos (6.) 0 0 0
R = 0 0 cos (—360.) sin(—36.) O (5.23)
0 0 sin (—36,) —cos(—36.) 0
0 0 0 0 1

The electrical rotor position . is zero when the axis of a magnet’s north pole is

aligned with the axis of phase a. Figure 5.5 shows the references for the rotor
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Zq Tp

Figure 5.5: References for the rotor reference frame. (a) Fundamental harmonic
component with a positive sequence (+). (b) Third harmonic component with a
negative sequence (-).

reference frame. However, it is possible to transform the physical variables (voltage,
current and flux linkage) directly to the rotor frame reference by using the Park

transformation which is defined as P:

r T
x?m Tp
Yot | = P |, (5.24)
%152 Zd
xqu Te
where
P=-RK, (5.25)

5.3.1 Voltage Transformation

In the rotor reference frame, the inductance parameters become constant, inde-
pendent of position. Because the field orientation control in a motor drive system
employs space vectors, the dq model of the machine leads to the ready adaptation
of position or speed for different control strategies for speed and torque such as vari-

able speed control and direct torque control. By applying the Park transformation
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matrix to the stator voltage equations, the following can be obtained:

dA’
Pvfbbcdes = RSPIZbcdes + P%
d

r — 3 —1y7r
Vdlqld2q2zs = RSldlql d2q2 zs + P% (P Adlql d2q2 zs)

r _ s
leql d2q2zs — RSldlql d2q2zs " "’

ad o, d
+ PP 1%( d1q1d2q2zs) +P£ (P 1) Adigl d2q2 zs
but
PP =1
and
0O -1 0 0 O
d 1 0 0 0 O
P—(P)=w |0 0 0 =3 0| =w.m
di 00 3 0 0
0 0 0 0 O
The stator voltage equation can be expressed as:
r .7 d
Vgigrdeq2 = Tstdiqlazg2 T a (Adig1 d2g2) + WeMAd1q1 d2q2 (5.26)
the stator phase voltages in the rotor frame reference are:
dXgs
Vit = Ts iy + ot — We Agat (5.27)
dt
dXgs
Upot = Talger + 2 + e daa (5.28)
dAgs
v:lsQ =Ts 2.252 + ﬁ - 3("]6 )\qs2 (529)
r -y dA 52
qu? =Ts quQ + djf +3 We )\d82 (530)
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5.3.2 Flux Transformation

The stator flux equations in the rotor frame reference are obtained by applying

Park’s transformation (5.25) matrix to (5.10) as follows:
PA(szbcde = PLSP_lpIZbcde_'_PAm
21(11 d2q2 — PLsP_1i21q1 d2q2 + >‘21q1 d2q2

where

T _ _
dlqld2q2 — PA,, = )‘612

0

The stator flux equations in the rotor frame reference are as follows:

roo_ -
)\dsl - Ldl Las1 + >\m1

T

_ %
qsl — qu Lgs1

T T
Ais2 = Laz tgso + Ama

r

— T
qs2 — qu qu2

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)
(5.36)

(5.37)

Substituting the relationships in (5.34), (5.35), (5.36) and (5.37) into (5.27), (5.28),

(5.29) and (5.30) the most common form of the machine voltage equations in the

rotor reference frame can be obtained as

-
d Las1

dt

ro 0 e
Ugst = Tslge1 T Ldl — We qu Lgs1

T

)
T _ .7 qsl .y
qul =Ts qul + qu + We Ldl Ygs1 + We /\ml

dt
di’
roo_ -7 ds2 .7
Vgso = Ts lggo + Lao paie 3we Lgo lyso
ro_ - L d 2232 Lo i” A
quQ =Ts quQ + q2 7 + 3(“}6 d2 1qso + Swe m2
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5.3.3 Electromagnetic Torque Transformation

The electromagnetic torque equation can be derived by applying the co-energy
method. When there is no saliency on the rotor, the electromagnetic torque is

expressed as [27]:

OW o
T, = 5.42
0., (5.42)
Co-energy is defined as follows:
1 S S S
WCO = 5 [Iabcde]T LSIabcde + [Iabcde]T Am (543)

Taking the partial derivative with respect to 6. (6. = g@m) and considering that

there is no saliency on the rotor yields:

P 7 OA,,
T, =— [I5, |7 =—m
[ 2 [ abcde] aee

er oA,
[P 11dlq1 d2q2]T 0.

5P . v O,
=57 (1101 d2q2) P 99,

2P
= 55 ()\ml 2231 + 3)\m2 2252)

Sl iav

(5.44)

where P is the number of poles and P~ is related to [P]" by:
1O
P =[P (5.45)

If the rotor structure is salient with different Ly, and L, x € {1,2}, the electro-
magnetic torque equation changes to:

— 5P (Lar — qu) Lds1 iZsl + (La2 — ng) ldso igsz

Te — a8 A T i
22 _I'/\ml qul + 3)\m2 quZ

(5.46)

5.3.4 Mechanical System

The modelling of the motor electrical speed begins at the equation of the electromag-
netic torque generated by the machine (5.47). Equation (5.47) generally represents
the electromagnetic torque generated in the two types of five-phase PM synchronous

motor: interior PM synchronous motor and surface mounted PM synchronous mo-
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tor. Surface mounted PM synchronous motor can be considered as a special case
in which L4 equals Ly and Lgy equals Ly . Hence, the reluctance torque of the
electromagnetic torque equals zero.

In order for the motor to operate at a given speed, the electromagnetic torque
needs to overcome all torque components in the opposite direction, which include
load torque, friction torque, and the torque that results from the combined rotor

and load moment of inertia. The torque equation is expressed by:

dwn,
T, = J% + Ty + Bwn (5.47)

where J is the moment of inertia of the load and machine rotor combined in [kg m?].
Wy, is rotor mechanical speed in [rad s7!]. 7T} is the load torque in [Nm]. B is
the friction coefficient of the load and the machine in [Nmrad s™!]. Rearranging

equation (5.47) gives the mechanical speed:

1

= l / (T, — Ty — Buwy,) dt (5.48)

5.4 Field Orientation Control of the Drive System

The PWM and the digital control delay cause the digital implementation to deviate
from the continuous-time domain model. The robustness of the system is degraded
if a controller designed in the continuous-time domain is simply converted to the
discrete-time domain. A discrete-time domain model of the machines is proposed.
Based on this model, a discrete-time domain current regulator design methodology

is proposed.

5.4.1 The Control Structure of the Five-Phase PM Syn-

chronous Motor Drive System

The implementation of the vector-controlled PM synchronous motor is presented in
this section. The machine model, Clarke’s transformation and Park’s transformation

play important role in deriving the speed and current controllers.

81



CHAPTER 5. MODELLING AND CONTROL OF THE MF FIVE-PHASE PM
SYNCHRONOUS MOTOR BASED DRIVE
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Figure 5.6: Field orientation control diagram of the five-phase PM synchronous
motor.

5.4.2 Current Controller

The structure of the five-phase PM synchronous motor field orientation control is
shown in Figure 5.6. The current regulator consists of four PI controllers, each one
acting on an axis of current, as shown in Figure 5.7. The outputs of the current
regulators result in a rotor reference frame voltage command which is converted
to a phase voltage command in the stationary reference frame. The conversion is
accomplished using the measured or estimated rotor angle, .. The starting point

is rearranging equations (5.38), (5.39), (5.40) and (5.41) to be

dit (1) 1, . 1
dd; — L_dl (Udsl (t) - Tsldsl(t> + We/\q1> = L—dlUdsl (549)
dirsl (t) 1 r o, 1 B
i = oy G =i (t) —wedan) = v (5.50)
d il (t) 1 , . 1 .
_cij i =1 (vas2 (1) — Tsigea(t) + Bweg2) = T Vi (5.51)
di’ o (t) | P . 1
th B L_q2 (UQSQ(t) — Talgep(t) — Bweda) = L_quqs2 (5.52)

The nonlinear cross-coupling terms in d;q; and dygs planes defined by (5.49), (5.50),
(5.51) and (5.52) through weAg1, WeAdr, 3weAg2, 3weAaa respectively, can be eliminated
by using a technique called input-and-output linearisation and also decoupling using

T
qs2?

T

feed-forward manipulation [82]. Using the auxiliary variables vj,;, vy, Vs, and v

and then applying the Laplace transform and rearranging the expression for the
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functions, we obtain the first order transfer functions for the electrical part of the

machine dynamics as:

]Zl:sl (S) 1
Via(s) 7rs+La
IZ]nsl (S) _ 1
qufﬂ () retLap
]Zlis2(8) 1
Viso (s) s + Laz
1532<S) _ 1
Vi (8) 75+ L2

(5.53)

(5.54)

(5.55)

(5.56)

Note that with a simple R-L. model of the motor in the rotor reference frame, there

is no cross-coupling between the d;-axis and ¢;-axis and between ds-axis and ¢o-axis.

The machine model can now be combined with the current regulator models and

nonlinear feedforward compensation into one block diagram so that the initial tuning

of the regulator can be obtained as shown in Figure 5.7.

The discrete model of

l' r wqusl
st g e

o7

1

-r*

lqs2 +

-r*

Current Controllers Machine Model
. r*
lqsl fl + v rsl + ! L as!
2 + rx+Lq:I S i » gsl
me }\'dsl q?l X
Decoupling Cross Coupling

1 dsl +
r.r+Ld:I S LdSI + 7\,d 1
s
7\'m1
+ )i qs2
Q +? rFL,S KT qu 5
30, 42 X
Decoupling Cross Coupling
; 300, T X
ds2 + + )i ds2 +
4’-?—’ rtL, S Ldsz _:r 7
ds2
kmS

Figure 5.7: Electrical part of the machine dynamics and current controllers.

the electrical dynamic model of the machine is shown in Figure 5.8. The discrete-

time domain transfer function of the PI controllers can be derived by using the

backward difference approximation of Laplace transform. The backward difference
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Q)?_’ D,(2) b 7' V“—(Z)> G,(2) i";(ZL
o o v () 2 i;ﬂ(z);
i (%) : % D@}z Yol G (7) A
N(Z) W v (2) o fl?)

Figure 5.8: The discrete models for designing the D,(z) controllers for i, iy, , 7.,
and iy

approximation of the Laplace transform is [83]:

= (5.57)

1 Tz
S z—1

T is the sampling time of the digital system. Figure 5.9 shows the model of the sug-
gested discrete-time domain PI controller D, (z). Based on the backward difference

approximation of the Laplace transform, D, (z) is obtained as:

1

z
k k;
pa:+ i (Z—1>

. (5.58)
B p—

(Kpz + Kiz) (z - kpfizkx>
B z—1

where, k,, and k;, are proportional and integral gain respectively, and = € {dy, ¢1, d2, g2}
The discrete-time domain transfer function for the electrical part of the machine dy-

namics G,(z) (x € {di,q1,ds,q2}) is derived by introducing a zero order hold [82]:
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* 4+ ‘
rref e(Z) > kp + - i u(Z) >
measm% i Limiter
ki
1-z!

Figure 5.9: Backward difference approximation discrete PI controller.

6. ()= 2{* ‘) 6. (o)

= (1 — e—TS) Z{Gl‘_(s)}

- (1_21)Z{s(rs—|1—sLm)}
(1-z"z(1- 615) (5.59)

where,

(5.60)

L)

=T
Ty = — Qg = > by =€
Ts Ts

By assuming one sampling time delay 27! for data conversion and computation as
shown in Figure 5.8, the unity gain, negative feedback transfer function of the two

planes in the rotating reference frame (x € {dy, q1, ds, ¢2}) can be expressed as:

i (2) D.(2)G.(2)2 (5.61)

in(z) 14 Do(2)Ga(2)2!
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The forward transfer function of the system is

Ups(2)

) - PR

kpa
B (kpx + kwc) (Z - k‘pzikix> Gy -1

-1 2=b. (5.62)
(ke + ki) (2 = 525
z2(z=1) (2 = bs)
= k.H, (2)
where
ks = az (kpe + Kiz) (5.63)

kpa
H,(z) = . 5.64
)= o= (564)
The pole-zero cancellation approach proposed in [84] is used to obtain the gain of
the system (k,) . In this approach, the complex system pole is cancelled by placing

a zero at the same location by:

Fpa

T

Table 5.2: Practical measurements of the machine parameters.

Machine parameters Values

Ty 3.037 [

J 0.001128 [kg/m?]

B 0.0002178 [Nm s/rad]
Lo 31.9 [mH]

Ly 31.9 [mH]

Las 24.8 [mH]

Ly 24.8 [mH]

At 108.82 [mWh]

Am2 3.1 [mWb]

P 8

Suitable software such as MATLAB/SIMULINK can be utilized for plotting the
discrete root locus based on the listed parameters of the machine in Table 5.2. Since

the machine under consideration is a surface mounted PM synchronous motor, the
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d-axis inductance approximately equals the g-axis inductance in each plane. As a
result, only one discrete root locus is enough to calculate the parameters of the PI
controller for each plane. For a given system gain kg and machine parameters, the

proportional and integral gains for each PI controller are obtained as:

oy = o, (5.66)

P ay

b = (10, (5.67)

Qg

The root locus and the selected closed-loop poles for the rotor i, and i, axes

1 T T T —

—F T T T

- 0.5%/T —
0.67/T 0.47/T
08r _07nIT _ 04 7 _
System: igs_1 0.2
0.6 / Gain: 0.256 0.3
/08alT Poles: 0.5 + 0.0743i 04 A
0.5 - 0.0743i 05
04 / 29 =l 06
/ Damping: 0.977 0.7
o on /05T Overshoot (%): 0.001 0.8
- Frequency (rad/s): 6.98e+03 0.9
2 oL1T , ' -
E 0 | AT g ) ‘
g ‘ |
< \
E-02F |
Q 9r/T 01 W/Tv
041\ /]
\.0.87/T 05T
061 \\\ -, Y /// 7
0.8 - \ 0.77/T 04T |
0.67/T 0.47/T
-1 I I L . 05x;T | |
1 08 06 04 02 0 02 04 06 08 1
Real Axis

Figure 5.10: The discrete root locus of the negative feedback loop of the rotor
and iy, axes currents.

currents are shows in Figure 5.10, while the root locus and the selected closed-loop
poles for the rotor i, and ij,, axes currents are shown in Figure 5.11. The natural
frequency (wy) of the rotor ij,, and i, axes currents is 6980 rad/sec, which gives
the bandwidth of the current controller as 1111 Hz, which is about 0.11 times the
sampling frequency of the system (10 kHz). Nevertheless, w, of the rotor 7}, and iy,
axes currents is 7040 rad/sec, which gives the bandwidth of the current controller
as 1121 Hz, which is about 0.1121 times the sampling frequency of the system. The

resulting proportional and integral gains of the machine electrical dynamics parts
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Figure 5.11: The discrete root locus of the negative feedback loop of the rotor i),
and iy, axes currents.

are listed in Table 5.3.

5.4.3 Speed Controller

The speed control of the five-phase PM synchronous motor requires studying and
analysis of a cascade feedback control structure, in which the inner-loops are de-
signed to control ;. and iz, currents, while the outer-loop is utilised to control the
speed. Since the bandwidth of the inner-loops is designed to be much higher than
the outer-loop bandwidth, the dynamics of the inner-loops is neglected by assuming
it as a unity gain. The starting point for designing the outer-loop control system is

by rearranging equation (5.47) to be:

dwn(t) 1
a J

(T.(t) = Bum(t) - T) (5.68)

but
We (5.69)

W, =

ol

88



CHAPTER 5. MODELLING AND CONTROL OF THE MF FIVE-PHASE PM
SYNCHRONOUS MOTOR BASED DRIVE

Table 5.3: Proportional and integral gains of the machine electrical dynamics con-
trollers.

paramters values

kpa 88.1879
Kiar 0.7774
Fpq 88.1879
Kigt 0.7774
Kpa 85.8008
Kid 0.7956
Kpg2 85.8008
Kigo 0.7956
K 0.1770
K 3.4176 x 1076

hence

dwe(t) (P/2) B
i = (0 gy -7)

dwdt) | B _(P/2) p
dt ;Je @%fﬂ® 7 (5.70)
sQe—l—er(s):T(Te(s)—Tl)
Q.(s)  (P/2)

T.(s)—T; Js+B

The load torque is regarded as a disturbance. The outer-loop controller should
contain an integrator to entirely reject the disturbance caused by the load torque.
The structure of the speed control system is shown in Figure 5.12. By using the
same steps which are used in deriving the current controllers, the discrete PI speed
controller D, (z) is derived in equation (5.71).

_ K

1 -2t

(Fpos + Fic) (z - kpfiwkw

- z—1

D, (2) = kpw +

) (5.71)

where, kp, and k;,, are proportional and integral gains of the speed controller respec-

tively. The discrete transfer function of the machine’s mechanical dynamics part is
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Figure 5.12: Feedback control system for the speed controller design.

derived as:
G (2) = Z{(l _SeTS) G (s)}
-y 2 Get)
-0 2
(=22 (1 - 6%> (5.72)
O B(z-1) (%)
(-9)
(=)
Tz iwbw
where
G, (s) = ﬁ (5.73)
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nt ) ;> by =7 (5.74)

a,, =

First order low-pass filter F'(s) with a cut-off frequency f. is used to filter speed

measurements:
w,
F = < 5.75
()= (5.75)
we = 27 f, (5.76)

Using the bilinear transform [82] which is stated in equation (5.77), gives the discrete
form of the speed filter F'(z) as expressed in equation (5.78):

2(z—1)
cw(2+1)
F 5.78
() = (579
where
Tw
= = 5.79
€ 2+ Tw, ( )
2—Tw
o = = 5.80
2+ Tw, ( )

The forward transfer function of the speed feedback system is

#% = D, (Z) + Gu(2)F (2)
el k) (- g ) GHD) (5g)
(z—=1)(z —by) (2 — dy)
=k,H, (2)
where
ko = awcy (kpw + kiw) (5.82)

kpw
(-5 G+

Hw:(z—l)(z—bw)(z—dw)

(5.83)
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The pole-zero cancellation approach is also used to obtain the gain of the system

(k). The system slow pole is cancelled by placing a zero at the same location by:

kpw + kiw

w

(5.84)

The discrete root locus is used to design the transient response of the speed feedback
system based on the listed parameters of the machine in Table 5.2. For a given
system gain k,, and machine parameters, the proportional and integral gains for the

speed PI controller are obtained as:

k.,
k w — bw 5.85
= (5:5)
o = (1 1) (5.86)
iw 0o w .

The discrete root locus and the selected closed-loop poles for the speed controller
are shown in Figure 5.13. The natural frequency (w,) of the outer speed loop is
888 rad/sec giving the bandwidth of the speed controller to be 141 Hz, which is
about 0.014 times the sampling frequency of the system (10 kHz). Nevertheless, the
ratio of the bandwidth of the current controllers of 7;, and 4y, to the bandwidth of
the speed controller is about 7.86 and 7.93 respectively. Hence the dynamics of the
inner-loops control of the ¢;-axis current and ¢e-axis current are ensured to be much
faster than the dynamics of the mechanical system. The resulting proportional and

integral gains of the machine electrical dynamics parts are listed in Table 5.3.

5.4.4 Symmetric Sampling SPWM

The practical implementation of the motor drive system is entirely covered in the
next chapter. However, for accurate modelling and simulation of the implemented
drive system, it is necessary to build the exact model of the SPWM in the SIMULINK /-
MATLAB software. The modelling of the SPWM requires sampling the reference
phase voltage for comparison with the SPWM carrier signals to generate the SPWM
duty cycles. The symmetric sampling method is utilized. The sampling frequency
of the digitised sample reference is equal to the carrier SPWM frequency, and it is

assumed that it is executed at the instant of the positive peak of the SPWM carrier
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Figure 5.13: The discrete root locus and the selected closed-loop poles for the speed

controller.

signal.

The resulting gate pulse from the comparison of the digitised sample reference

signal with the carrier SPWM signal is symmetric about the negative peak of the

carrier SPWM signal as shown in Figure 5.14. Figure 5.15 presents the SIMULINK

model of the symmetric sampling SPWM, while Figure 5.16 shows the result of the

comparison of the digitised sample reference signal with the carrier SPWM signal.

In PWM converters, the feedback currents contain the sideband harmonics of the

switching frequency, which lead to current ripple. Synchronous sampling can be

sufficient enough to avoid low-pass filtering before sampling [85].
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Figure 5.14: Symmetric sampling SPWM at carrier frequency.
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Figure 5.16: Comparison of the digitised sample reference signal with the carrier
PWM signal.

5.5 The Dynamic Performance of the Drive Sys-

tem

5.5.1 Simulation

Using the measured parameters of the drive system and the controller design param-
eters listed in Table 5.2 and Table 5.3 respectively, the entire drive system described
in Figure 5.6 was simulated. Both the switching frequency and sampling frequency
of the drive system were set to 10 kHz. There are two sampling intervals used in the
simulation. One is the sampling interval for the control system (0.0001 sec), and the
other is the sampling interval for the IGBT semiconductors (2 x 107 sec). Three
speeds within the operating range of the drive system in the constant torque region,
500 rpm, 1000 rpm and 2000 rpm, were tested. The load torque 7; was chosen to
be zero.

In general, the response was fast, and there was very little overshoot. Figure 5.17
shows the speed response to a step change command in motor speed from standstill
to 500 rpm, and from 500 rpm to 2000 rpm, then step down to 1000 rpm. Figure

5.18 shows the speed response through the use of an acceleration and deceleration
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ramp. The speed reference rate of change follows the acceleration and deceleration
ramp that was defined to avoid sudden reference changes that could cause armature
over-current and destabilise the system.

Figures 5.19 through 5.23 show the results at 2000 rpm. Figure 5.19 shows the
electromagnetic torque response of the machine for a step load torque of 2 N.m. at
t =0.3 sec. There is an overshoot as the electromagnetic torque reaches the load
torque. The overshoot of the total electromagnetic torque of the two planes reaches
almost 23 % of the commanded value and takes about 20 msec to reach the com-
manded value, which can be considered acceptable. Figure 5.20 shows the response
of the 444 current while Figure 5.21 shows the response of the 7,4 current. Both re-
sponses are similar to the electromagnetic torque response of each plane. This result
coincides with the torque production of the SPM machine in which the electromag-
netic torque is proportional to the ¢;-axis and gg-axis currents only as the magnet flux
linkage is constant in the rotating reference frame (Te = gg [)\ml Tgs1 T 3Am2 2252]).
Figure 5.22 shows aq-axis, fi-axis, as-axis, and [s-axis currents while Figure 5.23

shows i, 1y, 2, 2¢ and 7, phase currents.

2500 T T T T T T T T T
Ref. speed
L — Speed h
2000 \
'g‘ 2060
£.1500 - " X: 0.3388 .
— . Y: 2013
Q 2000 /-\_’_
2,1000 o
w2
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Figure 5.17: Motor speed response for a step change in the speed set-point speed at
t=0,0.3 and 0.7 sec.

5.5.2 Dynamic Test of the Prototype Motor

The field-oriented drive system including the five-phase SPM motor is implemented
in the laboratory. Speed information is calculated by direct measurement of the

rotor position available through the incremental encoder with a resolution of 500
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Figure 5.18: Motor speed response for a step change and acceleration/deceleration
ramp in the speed set-point at ¢ = 0,0.3 and 0.7 sec.
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Figure 5.19: The response of the electromagnetic torque at the rated speed (2000
rpm) for a step change in the load torque of 2 N.m. at ¢ =0.3 sec.
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Figure 5.20: The response of the ¢j-axis current at the rated speed (2000 rpm) for
a step change in the load torque of 2 N.m. at ¢ =0.3 sec.
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Figure 5.21: The response of the go-axis current at the rated speed (2000 rpm) for
a step change in load torque of 2 N.m. at t =0.3 sec.
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Figure 5.22: The response of the «j-axis, fi-axis, as-axis, and fy-axis currents at
the rated speed (2000 rpm) for a step change in load torque of 2 N.m. at ¢ =0.3 sec.
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Figure 5.23: The response of the i,, i, 7., 74 and i, phase currents at the rated speed
of 2000 rpm for a step load torque of 2 N.m. at ¢ =0.3 sec.
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pulses per revolution (PPR). The laboratory tests show the performance of the
drive at 50% of the rated speed. The speed response is shown in Figure 5.24. The
overshoot in the measured speed is about 7% while the designed value is 5.2 %. This
small deviation of the overshoot in the speed measurement is expected, because the
various delay times in the control system were estimated.

Figures 5.25, 5.26, 5.27 and 5.28 show the current response of ¢;-axis, d;-axis,
go-axis and ds-axis respectively. The high noise in the system is caused by the
quantisation error of the incremental encoder which depends on the number of en-
coder pulses per revolution (500 PPR) and the observation time window (0.1 msec).
Figure 5.30 shows the response of i,, i, i., 7 and 7. phase currents. Although the
contribution of the third harmonic current is insignificant, (igs2 = 0.08 74s1), its im-
pact on the shape of the current waveforms is obvious. Figure 5.31 the motor phase
currents when the third harmonic is not injected. The currents are almost sinusoidal

while the motor was running very smoothly.

Figure 5.24: The speed response of the prototype motor for a step change in the
speed set-point speed at ¢ = 1.15 sec.
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Figure 5.25: The ¢-axis current response of the prototype motor.

Figure 5.26: The d;-axis current response of the prototype motor.

Figure 5.27: The ¢y-axis current response of the prototype motor.
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Figure 5.28: The dy-axis current response of the prototype motor.
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Figure 5.29: The ay-axis and f;-axis currents response of the prototype motor.
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Figure 5.30: The response of the i, %, i., 74 and 7. phase currents of the prototype
motor.
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Figure 5.31: Steady state phase currents of the prototype motor when the third
harmonic is not injected.
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Chapter 6

Flux Weakening Theoretical
Limitation for Five-Phase SPM

Drive

This chapter aims to explore the effect of varying the motor drive parameters on
the optimum flux-weakening performance of the Multi-Frequency (MF) five-phase
surface mount permanent magnet synchronous motor drive (MF five-phase SPM).
A lossless, steady-state per-unit, DQ model is presented. The flux-weakening per-
formance of the Single Frequency (SF) five-phase surface mount permanent magnet
synchronous motor (SF five-phase SPM) is considered first because it represents a
simplified case of the MF five-phase SPM drive and gives an insight into the oper-
ation of the MF five-phase SPM motor drive. Only the fundamental and the third
harmonics are assumed to be in the spectrum of the back electromotive force (EMF)
and are considered as the torque producing terms in the first plane and the second
plane, respectively. A new D@ normalisation for an MF five-phase SPM drive, based
on the rated quantities of the first DQ plane, is developed to be used in the opti-
misation process necessary for studying the effect of varying the motor parameters
on the flux weakening performance. The non-linear optimisation problem that aims
to maximise the electromagnetic torque of the MF five-phase SPM machine under
the voltage and current constraints, for operation in the linear modulation region,

is formulated.
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6.1 Introduction

The five-phase surface mounted permanent magnet brushless AC motor (SPM) can
be classified based on the torque producing harmonics of the back-emf as a Single
Frequency SPM motor (SF-SPM) and a multi-frequency SPM motor (MF-SPM).
The SF-SPM has distributed windings (near sinusoidal mmf distribution), while
the MF-SPM has concentrated windings. Both machine types are equipped with a
non-salient iron rotor with magnets. These magnets can either be glued in position
or held in place by an enclosing can or binding. Ideally, the SF-SPM has a pure
sinusoidal back-emf such that the electromagnetic torque is produced through the
interaction of the armature current and the fundamental harmonic of the back-
emf. To control such a machine, it is necessary to set the current references of
the second plane equal to zero and use the rotating transformation in the first
plane only. Examining the model of the MF five-phase PM synchronous motor
with igo = i = Amz = 0 leads to the machine model, exactly, the same as the
well-known model of the three-phase PM synchronous motor. However, the MF
five-phase SPM behaves as a two DQ-circuit machine in which the fundamental
harmonic of the back-emf is the main harmonic of the first plane, while the third
harmonic of the back-emf is the main harmonic of the second plane.

In the classical variable speed drive system, the three-phase PM synchronous
motor runs in two modes of operations: constant torque below the base speed and
constant power above the base speed, as shown in Figure 6.1. The base speed is
defined as the maximum speed at which rated torque can be developed with rated
current flowing without exceeding the maximum terminal voltage available from the
inverter.

Developing flux-weakening control techniques for three phase PM synchronous
machines has been one of the central areas of research for many decades [86-93]. In
[57] a lossless per-phase DQ model is described to determine the effects of varying the
machine parameters on the power capability of three-phase salient pole permanent
magnet motors in variable speed drives. The analysis is based on the normalisation
of the drive parameters with the inverter kVA. The normalisation model of the DQ

equations of the three-phase PM synchronous motor to per unit rated speed was

utilised in [90,94] to examine the field-weakening performance of the finite speed

104



CHAPTER 6. FLUX WEAKENING THEORETICAL LIMITATION FOR
FIVE-PHASE SPM DRIVE

A

Constant torque Constant power |
| |
| |
\ [
\ [
\ [
Rated torque | Torque |
|
I / I
I I
Power [ Rated power |
1
\ ! \
| |
| |
| |
\ [
\ [

| [

Corner speed Rotor speed Maximum speed

Figure 6.1: Mode of operations of PM synchronous motors.

drive SPM. In [91] the authors provide an in-depth analysis of the field-weakening
performance of the the theoretically infinite speed SPM drive by using the unity
speed, per-phase DQ model. The authors have classified the drive as either finite or
infinite drive based on the calculated torque versus speed characteristic.

Moreover, three-phase PM synchronous motors are designed to meet a given
requirement of power, torque and speed such that the back-emf at rated speed
allows rated current to be drawn to develop the required rated torque. Thus once
the machine reaches rated speed, it is impossible to further increase the speed of
the motor unless weakening the flux or field of the magnets, as the back-emf, which
is speed dependent, will prevent any further increase of stator current, and hence a
reduction of output torque condition. Above base speed maintaining constant power
requires satisfying the optimal flux weakening condition, which can be defined as the
equality of the rated current and the characteristic current of a machine, while the
characteristic current is the ratio of the magnet flux linkage to the d-axis inductance.

Design and control of a multi-phase SPM machine, particularly, an MF five-
phase SPM machine for a wide speed range requires studying and analysing the
effect of varying each independent variable on the performance of the motor drive
system. Based on a literature review up to 2018, no analytical derivation exists
for the torque-speed characteristic of the MF-SPM motor drive. The reasons are

detailed as follows:
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1. For a three-phase SPM motor drive there are four parameters; magnet flux
(Am), synchronous inductance (Lg), maximum available voltage and current per
phase (Vyae and Ip,q.). Using a per-unit model assuming unity base speed, such
that the rated voltage and current of the machine is equal to the maximum voltage
and current of the inverter leads to only one independent variable. However, The
MF five-phase SPM motor drive has six parameters; fundamental magnet flux A1,
third harmonic magnet flux \,,2, first plane inductance L, second plane inductance
L4, inverter voltage constraint and inverter current constraint. The per-unit, DQ
model based on the first plane can reduce the number of independent parameters to
three, but the problem is still difficult to solve analytically.

2. The operation of the MF-SPM machine as a part of a variable speed drive in
the linear modulation region requires the modulation indices of all planes to satisfy
specific relations, as addressed in detail in [95]. These relations force the reference
voltages of the two planes to obey two non-linear constraints, which is difficult to
adopt in an analytical solution.

In contrast to three-phase machines, multi-phase permanent magnet synchronous
machines are regarded as a new area for research, particularly in the flux-weakening
mode of operation. Because there is no analytical solution due to the high number of
the independent parameters and the non-linear constraints, an optimisation problem
is necessary to be adopted [96-98]. The first attempt to analyse the maximum
torque and power of a five-phase SPM in a wide speed range is presented in [98]
and [99]. The authors introduced a per phase natural variable model to find the
torque versus speed and power versus speed characteristics for unity magnet flux
linkage. Although the model is considered as the first serious attempt to analyse the
performance of the MF five-phase SPM machine, it is based on a particular case,
as it does not examine the effect of different normalised values of the magnet flux
linkage nor the performance characteristics of the infinite speed drive system.

In recent years two questions have been raised regarding the control and design
of MF multi-phase SPM machines. Firstly, how to control a MF multi-phase SPM
machine in the flux-weakening region such that the machine is capable of producing
the maximum electromagnetic torque for the whole speed range? For speeds below

the rated or base speed the demagnetising currents (i, and i}},,) in both planes are
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equal to zero to ensure that the MF multi-phase SPM machine is operating under
the maximum torque per ampere (MTPA) or torque angle control strategy. But for
higher speeds, there is no such study or general analysis to cover a broad spectrum of
the available machine parameters. Secondly, how to design a MF multi-phase SPM
machine to be capable of producing an acceptable electromagnetic torque for a wide
speed range? For a three-phase SPM machine it is well known that the condition for
optimal flux-weakening occurs when the machine characteristic current equals the
rated current [100]. The characteristic current of a three-phase surface PM machine,

is defined as:
Am

Ip=2"
h I,

[Amps| (6.1)

where ), is the rms magnet flux linkage and L, is the d-axis inductance. However,
regarding MF-SPM machines there is ambiguity about the condition of optimal
flux weakening condition due to the new parameters of the second plane and the
constraints of the voltage source inverter.

The main purpose of this chapter is to develop an understanding of the behaviour
of the MF five-phase SPM currents, torque, and power under the condition of max-
imum torque per ampere for the whole speed range. Therefore, this study makes
a major contribution to research on the control and design of MF five-phase SPM
machines by demonstrating the effect of varying the machine parameters on the
flux-weakening mode of operation. Also, this study can be extended in the future

to include interior permanent magnet synchronous machines.

6.2 Voltage and Current Constraints of MF-SPM

To understand the limits of the high-speed operation in MF-SPM machines, it is
useful to commence the discussion by considering the impact of the voltage and
current constraints. For a single-frequency drive five-phase SPM machine, the max-
imum phase voltage, Vinax, is set by the dc link voltage, V. of a PWM inverter and
the PWM method. If the carrier-based pulse width modulation method (SPWM) is
used, Vimax Obtained in the linear control range is Vj./2. If the inverter is controlled
in the ten-step mode of operation, Vipa.x, can be increased up to 2Vy./m. However,

in this mode of operation, current ripple and torque ripple are much larger than
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those in SPWM mode of operation.

It is worth mentioning that the current ripple and torque ripple of a five-phase
permeant magnet synchronous machine operated in the ten-step mode of opera-
tion are lower than the same ripple generated in a three-phase permanent magnet
synchronous machine operated in the six-step mode of operation. This is because
increasing the number of phases leads to an increase in the frequency of the torque
ripple, with a corresponding decrease of the ripple magnitude at the same time [101].
The maximum phase current of a PM synchronous machine, .y, is usually set by
the thermal limit of the inverter or the PM synchronous machine itself. If the con-
straint is set by the limitations of the PM synchronous machine, then the limiting
condition of the current is set by the heat dissipation from the iron and copper
losses.

However, for a MF five-phase SPM the determination of the maximum voltage
for each plane is not easy to decide since the line voltages are, in general, unrelated
and of arbitrary frequencies, magnitudes, and phase shifts [95]. Authors in [95] have
determined the linear operation region for a MF five-phase, two-level voltage source
inverter (VSI) by assuming the voltages in both planes reach the peak value at the
same instant, which represents the worse case. Equation (6.3) gives the constraints
that have to be satisfied if PWM operation is to remain in the linear modulation
region. These two equations define an area when plotted in a coordinate system
with modulation indices M; and M, as axes, The modulation index M; is defined

as:
Vi
Mi —
0.5V

(6.2)

where V}, is the phase voltage fundamental peak value and V. is the dc-bus voltage.
Graphical illustration of (6.3) is shown in Figure 6.2. Any operating point (i.e., any
combination of the two modulation indices) within the shaded area is available in
the linear modulation region. Fortunately, this assumption is completely valid for
a surface mounted SPM machine if the rotating transformation is chosen such that
the back-emf of both planes are in the same direction. Figure 6.2 shows that:

1. When M, is zero the machine operates as a SF-SPM machine (d; — ¢; plane)
with a modulation index range (0-1.0515).

2. When M, is zero the machine operates as a SF-SPM machine (ds — g plane)
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with a modulation index range (0-1.0515).
3. When M; and M, are non-zero, the dc voltage utilisation will be the sum-
mation of the two modulation indexes based on their operating point in the shaded

area.
4. The maximum dc voltage utilisation occurs when both modulations indices

are equal (M; = My = 0.6498) which is equivalent to 1.2996.

_ 1 _
% I % <1 A= o(E) 1.7013

where (6.3)
oy i< B = =1.0515

(%)

Based on (6.3) the authors in [102] have determined the reference voltage vector limit
of the MF five-phase PM synchronous motor fed by a two-level five-phase voltage

source inverter (VSI) as:

r2 + r2 r2 + r2 — 1 et
qu; Vds1 + qu; Vis2 S Vgc A COS(%) 17013
where (6.4)
Tf T T% rg + r% B = 1 - 10515
Vit | Vbt < v (%)
_ 2 2
\gs + VES < ‘/éic Vie = Ugsl + Ugsl
where (6.5)
Vis Vas Ve
5t A S Vas = \/UbZy + 032,
M,
A
A=1.7013
B=1.0515
B C=0.6498
C
M,
0 >

0 C B A

Figure 6.2: linear modulation region.
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6.3 Machine Model and Hypothesis

In arriving at a mathematical model of the star-connected MF five-phase SPM
machine the following simplifying assumptions were made:

e The rotor saliency is neglected. This is a standard assumption for surface
mounted PM machines, and suggests L4 = Lg1 = Ls1 and Lgo = Ly = L.

e The B-H curve of the iron core is linear, and so the main flux saturation
can be neglected. This standard assumption implies that the inductances L
and L are constant and there is no mutual inductance between the d — ¢
axes of the same plane or between the axes of different planes [103]. Also,
authors in [98,99,104] revealed that the machine under the above assumption,
behaves as two two-phase virtual machines that are magnetically independent
but electrically and mechanically coupled. The virtual machine in which the
torque producing harmonic is the fundamental is called the Main Machine
(MM), whereas the virtual machine in which the torque producing harmonic
is the third harmonic is called the Secondary Machine (SM).

e The machine model is a lossless model such that the input power is equal to
the output power, and iron core losses and winding resistance are neglected.

e The space harmonics are the fundamental and the third harmonics only.

e The back-emf harmonics are assumed to be the fundamental and the third
harmonics only.

e The fundamental harmonic of the back-emf is the main harmonic of the d; — ¢;
plane.

e The third harmonic of the back-emf is the main harmonic of the dy — ¢o plane.

e The d-axis of the main virtual machine and the d-axis of the secondary virtual
machine are always superimposed and in the same direction. For a star-
connected MF five-phase SPM machine the d-axes of the two virtual machines
are always superimposed because of the mechanical coupling between the two
virtual machines [98,99]. The d-axes of the two virtual machines are not
necessarily in the same direction. In the following sections, it is assumed that
the correct choice of the rotating transformation ensures that the back-emf of

the two planes are in the same direction.
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Equation (6.6) represents the model of the MF five-phase SPM drive under the above

. . . .
assumptions [102] . Here v}, v7, iy, and i), are the d;- and ¢,-axis components of
L : : Qe .
the main virtual machine voltage and current respectively, while vy ,, Vg, 1540 and iy,
are the ds- and ¢e-axis components of the secondary virtual machine voltage and

current respectively.

Vgs = —We L1 Z‘251

’U;Sl = We le Z.Zsl + We /\ml

Vg = —3We Lz 1309 (6.6)

11282 = 3We Lg2 150 + 3 We A2
5P

\ T = 55 [Aml Z.Zsl + 3Am2 7:252} )

where

( A
Vie , Voo _ Ve
A B = 2
Vi, Voo _ Va
B AT 2
Lo+ I, < I?

_ 2 2
Ils = o5l + stl

\ I = i2§2 + Zﬁ?)
The phasor diagram of the MF five-phase SPM motor is shown in Figure 6.3. Figure
6.3a represents the phasor diagram of the main virtual machine, while Figure 6.3b
represents the phasor diagram of the secondary virtual machine. In both virtual
machines the magnet flux \,,; and \,,,5 lie along the positive d;- and dy-axis and hence
the back-emf phasors Fy; and Ejy are in the same direction, and along the positive
¢1- and go-axes. The current-angles v, and v, are the angles by which the currents
Isand I, lead the back-emf phasors Ejp; and Eys, respectively. The input power

factor angles ¢; and ¢, are the angles between the terminal voltages of the two

virtual machines Vi, and V5, and the phase currents I; and I respectively.

6.4 Per Unit Model

The lossless model of the MF five-phase SPM machine drive (6.6) has six parameters:
Lg1, Lo, A1, Ama2, Vae and 1. Although the analysis in this chapter is accomplished
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Aq2—axis
Eyo=3 Ay we
A

T

Va
s qs2

d2 — axis

(a) Phasor diagram of the di-¢; plane.  (b) Phasor diagram of the da-g2 plane.

Figure 6.3: Phasor diagram of the MF five-phase permanent magnet synchronous
motor.

by using a fast optimisation algorithm, reducing the number of the drive parameters
makes the analysis of the machine performance in the flux-weakening region simpler.
The classical normalisation technique which is presented for three-phase SPM in [57]
is adopted for a MF-five phase SPM machine. For the three-phase SPM machine
by choosing the base phase voltage V}, and base phase current [, to be equal to the
rated values of the inverter, reduces the number of the independent parameters to
only two, that is L, and A,,. However, choosing the same base quantities for the
main virtual machine of the MF five-phase SPM machine reduces the number of
independent parameters to only four, which are Ly, A1, Lo and A, .

Based on the definition of the base speed, the rated voltage can be defined as
the available voltage per phase at which the maximum speed can be reached at the
rated torque with a rated current flowing. Since the design of a machine, in general,
is based on the required torque, power and speed for a given slot/pole combination,
choosing a single-frequency phase voltage as a rated voltage to supply the main
virtual machine is a natural choice [99].

In the abcde natural variables, let the rms value of the rated phase voltage V}f’

and the rms value of the rated phase current [g’ of the main virtual machine form
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the base quantities. The base power is defined assuming unity power factor as:
Py =5V0I? (6.7)

Selecting the base quantities in the d; — ¢; plane denoted by V;, and I to be equal
to the peak value of the phase voltage and current in abcde natural variables results

n:
Vi, I 5
P=5V%? =525 _ vy 6.8
N NN 0%

The base torque is given as:
PP, P55V,
Ty=——=—=—— 6.9
"Tow 22 w (6.9)
where P is the machine pole number. From (6.9) the normalised electromagnetic
torque of the d; — ¢; plane is obtained as:
T Am Z'Ts irs )\m
Tln =1 = —_asl — eliml Iqln)\mln (610)

Ty By L, %
wp wp

where the base flux linkage is defined based on the normalised electromagnetic torque
equation of the d; — ¢; plane as:
WV Al

= 2220 — L, (6.11)
Wp Wy

Ab

The normalised parameters and variables are defined as:

L L
Rsn == len = _817 LsQn = =2 Wp = Le

Zp? Ly Ly’ wp
ir i Vg Vg
__ ’gsl — _dsl _ _gsl — _dsl
Iqln — I, Idln — I, ‘/éln - W0 ‘/dln - V0 (612)
i i vy vy
— gqs2 — Zds2 — _gs2 — Zds2
[q2n — I, [d2n L ‘/;1211 - V0 Vd2n V)

From (6.3) and Figure 6.2 it can be seen that the maximum modulation index for

each plane or virtual machine (MM and SM) is obtained when:

lemax =B
} (6.13)

MQ—maac =B
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Substituting (6.4) into (6.3) shows that the maximum available voltage per plane

Vis—maz and Vo, 4. can be expressed as:

ms—max = BV:QiC
(6.14)

Ve
‘/QSfma:p =B ;

By choosing the maximum available voltage and the maximum available current per

Vgc and

plane to be equal to the base voltage and current of the machine (V, = B
I, = I) reduces the number of parameters to only four, which are Ly, A1, Lo and

Ame. Using (6.8), (6.9), (6.11) and (6.12), (6.6) can be written in per-unit form as:

Vi Va1
\ A B — B
len:_wanlanln % %S%

V:]ln = Wp len ]dln + wp >\m1n

I+1, <1

Vign = —3wn Leon Lon where V2 = Vq21n +V2 (6.15)

‘/(127L = gwn LsQn IdQn +3 Wn /\m2n ‘/2271 = ‘/;12271 + ‘/212271

L Tn = )\mln [qln + 3>\m2n Iq2n 11277, = Iq21n + I(%ln

2 _ 72 2
\ I2n - Iq2n + Id2n

The parameters can be reduced to three by choosing the base speed w;, to be equal
to the rated speed. This makes the per-unit rated speed equal to unity. Choosing

M, = B (Vi, = B

and I;; = I) as an operating point in the shaded area
in Figure 6.2, the machine produces the rated torque at the rated speed for the
maximum available voltage for a plane. From Figure 6.3 the maximum torque is
obtained when the current angles v, and 7, are equal to zero (i, = i}, = 0). By
applying this operating point to the voltage equation in (6.15) and solving V3, =1
at w, = 1 and I, = 1 when V5, = I, = 0, It can be shown that the two per-unit

parameters Lg, and \,,1, are dependent:

Lgin = \/ 1 - )\7271171
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Using (6.16), (6.15) can be written in terms of A1, as:

len = —Wh 1-— )\2

mln ]qln

VdZn =-3 Wn, Ls?n ]q2n

‘/:1271 = 3wn Ls2n IdQn + 3w,

‘/qln = Wn \/ 1— )\72—,1171 [dln + wy, )\mln

Tn = )\mln Iqln + 3)\m2n [q2n

where

/\m2n

Vie Voo 1)
A B — B
Vie , Vo _ 1
B A ™ B

I+ 15,<1
Vi =V, + Vi,
Voo = Vg + Vi

Ilzn - It?ln + Ic%ln

2 _ 72 2
[2n - Iq2n + [d2n )

(6.17)

The d; — ¢ and dy — ¢o current components can be expressed in terms of the current

angles 71,72 and currents [Iy4, I utilising the phasor diagram in Figure 6.3 as:

(

\

\
Iqln = I, cos

Iy, = —1Iipsiny;

[q2n = IQn COS 72

Loy, = —1Is, Sin’Yz,

Using (6.18), (6.17) can be written as:

‘/;]271 =3 Wn L32n [2n sin 2

\

( 3
Viain = —wn y/1 = A2 1,, L1, cos v
‘/qln = —Wp \/ 1—- )\gnln Iln sin T + wy, /\mln

VdQn =3 Wn, Ls2n I2n COS Y2

Tn - )\mln ]ln COs 1 + 3)\m2n ]277, COS 72

+ 3 Wn, )\m2n

where

(Vin Vo
Hn oy P2
R
Vi Vi
B4 S

Vi = Vs

\ ]227L - I2

‘/1271 = ‘/:12111 + Vd21n
2

q2n + Vd2n

]1271, = ](?ln + ]gln

2
q2n + Id2n )

(6.18)

(6.19)

Equation (6.19) shows that the per-unit flux-weakening characteristics of the MF-

five phase SPM can be analysed by utilizing three parameters only A1, Ls1, and

Amon. To simplify the analysis it is possible to define the following two parameters:

e [y as the ratio of the normalised back-emf of SM to the normalised back-emf

115



CHAPTER 6. FLUX WEAKENING THEORETICAL LIMITATION FOR
FIVE-PHASE SPM DRIVE

of the MM as:

Eb2n 3)\m2nwn 3)\m2n 3>\m2
v Ebln )\mlnwn >\m1n )\ml ( )

e [ as the ratio of the normalised inductance of the SM to the normalised

inductance of the MM:

Ly = = (6.21)

For a given A1, Epo1 and Loy the remaining machine parameters are determined
as follows:

Ls2n - L21len - L21 1— )\2

mln

1
>\m2n = gEb21 )\mln

A numerical optimisation method is applied to solve the torque optimisation problem
under the non-linear constraints of the inverter. The optimisation variables are the
current components and current angles of both virtual machines. The optimisation

variables are stated as:
]ln

X (1)
X = §E§§ - | (6.22)
X (4) Y2

The lower and upper limits of the optimisation variables are expressed as:

0 1
—T ™
o | <xX<|] (6.23)
—T ™

The objective of the optimisation problem was to maximise the electromagnetic
torque. The effective function was formulated by using a MATLAB built-in function
called ”fmincon” as expressed in (6.24) and (6.25).

[X, cost] = fmincon (—Ap1n, X (1) cos X (2) — 3Aman X (3) cos X (4)) (6.24)

T maz (X) = —cost (6.25)
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The inverter non-linear constraints are:

Vinx) n Vant) _ 1

A B =B

Vinxy  Vonxy 1
< = (6.26)

B A B

X1+ X2*(3) <1
6.5 Results

6.5.1 Characteristics of the SF Five-Phase SPM Machine

Figure 6.4 shows the performance characteristics of the SF five-phase SPM machine.
In this machine type, there is no third harmonic, and the torque production is from
the fundamental only. The machine characteristics are entirely determined using
the MM magnet flux linkage parameter only (\,1,). It can be recognized that
the machine under the inverter current and voltage constraints acts as an infinite
speed drive for A1, < 0.71, and a finite speed drive for higher values. Those
results confirm that the SF five-phase SPM operates exactly as the classical three-
phase SPM machine in which the optimum flux-weakening occurs when \,,;, = 0.71
[91]. Although those results can be determined analytically, the primary purpose of
showing the results is to validate the optimisation code and to confirm the condition

for optimum flux-weakening.

6.5.2 Drive System Characteristics for Different Back-emf
Ratios

Figures 6.5a, 6.6a and 6.7a show three examples of the torque versus speed charac-
teristics of MF five-phase SPM machines. The calculations are for different values of
the back-emf ratio (Ejy2;) under the optimum flux-weakening condition of the main
virtual machine and different inductance ratio: Loy = 1, Loy = 0.5 and Ly; = 1.5 re-
spectively. The results show that for all values of Ey; the drive shows infinite speed
characteristics. The highest torque in the flux-weakening region is when Ej; = 0.
For speeds lower than the base speed, the normalised electromagnetic torque is pro-
portional to the back-emf ratio, Ejs1, while the speed range for constant maximum

torque is inversely proportional to Ejpo;.
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(a) Electromagnetic torque characteristic.
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Figure 6.4: Characteristics of the SF five-phase SPM machine based drive with A1,
as a parameter.
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Figures 6.5b, 6.6b and 6.7b show the variation of the machine variables for a
particular case in Figures 6.5a, 6.6a and 6.7a respectvely, in which Ej; = 0.25. For
speeds below the base speed, I;1, and Iz, = 0. This indicates that the current
angles 7, and 7, are equal to zero, and the machine satisfies the maximum torque
per current angle control strategy (MTPA). The prediction of the current sharing
between I,1,, and I, requires the back-emf and the current vectors to be co-linear

[105]. In other words, MTPA assumes:

Loon
fi = By (6.27)

qln

Using (6.27) and assuming the machine to operate at rated maximum torque at rated

speed gives the predicted values of the currents in the two planes under MTPA as:

Iqlnmax = 2
Vi B (6.28)

I _ __ By

@2Nmax m

In the flux-weakening region, the electromagnetic torque is proportional to /1, only
(2, = 0). The flux-weakening components are Iy, and Ige,. It can be seen that
14 increases negatively with speed while I, is constant and equal to —A,2,/ Lson-

Figure 6.5¢, 6.6¢ and 6.7c show the torque versus speed characteristics of another
examples MF five-phase SPM machines. The calculations are for different values of
the back-emf ratio (Epa1), a particular value of magnet flux linkage (A1, = 0.85)
and different inductance ratio: Loy = 1, Loy = 0.5 and Loy = 1.5 respectively. The
results show that for all values of Ejyo; the drive shows finite speed characteristics.
The highest torque in the flux-weakening region is when Fj; = 0. For speeds lower
than the base speed, the normalised electromagnetic torque is proportional to the
Ejyo1, while the speed range for constant maximum torque is inversely proportional
to Epo.

Figure 6.5d, 6.6d and 6.7d show the variation of the machine variables for a
particular case in Figures 6.5c, 6.6¢c and 6.7c respectively, in which Ejpy; = 0.25. For
speeds below the base speed, I;1, and Iz, = 0. This indicates that the current
angles v, and v, are equal to zero, and the machine satisfies the maximum torque

per current angle control strategy (MTPA). In the flux-weakening region, the elec-
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tromagnetic torque is proportional to I, only ([, = 0). The flux-weakening
components are Iy, and Igz9,. It can be seen that [; increases negatively with

speed while I, is constant and equal to — A2,/ Lson

6.5.3 Drive System Characteristics for Different Inductance

Ratios

Figure 6.8a shows the torque versus speed characteristics of another example for
an MF five-phase SPM machine. The calculations are for different values of the
inductance ratio ratio (Ls; ), a particular value of magnet flux linkage (A1, = 0.71)
and back-emf ratio ( Ey; = 0.5). The results show that for all values of Loy the
drive shows an infinite speed characteristics. Although there is no big difference in
the torque-speed characteristics for the whole speed range, it can be seen that the
highest torque in the flux-weakening region is when Lo; = 1.5. For speeds lower
than the base speed, the highest normalised electromagnetic torque is the same
for all inductance ratios, while the speed range for constant maximum torque is
proportional to Lo;.

Figure 6.8b shows the torque versus speed characteristics of another example for
an MF five-phase SPM machine. The calculations are for different values of the
inductance ratio (Lg;), a particular value of magnet flux linkage (A1, = 0.85) and
back-emf ratio ( Eye; = 0.5). The results show that for all values of Ly; the drive
shows a finite speed characteristics. There is a large difference in the torque-speed
characteristics for the whole speed range, it can be seen that the highest torque in
the flux-weakening region is when Lo; = 1.5. For speeds lower than the base speed,
the highest normalised electromagnetic torque is the same for all inductance ratios,

while the speed range for constant maximum torque is proportional to Laj.

6.6 Discussion

The fundamental magnet flux linkage determines whether the MF five-phase SPM
machine is a finite speed drive or an infinite speed drive. The back-emf ratio increases
the normalised electromagnetic torque for speeds below the base speed, while it

decreases the normalised electromagnetic torque for speeds higher than the base
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Figure 6.5: Calculated characteristics of an MF five-phase SPM machine based drive
for unity inductance ratio ( Loy = 1).
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Figure 6.6: Calculated characteristics of an MF five-phase SPM machine based drive
for inductance ratio Lg; = 0.5.
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Figure 6.8: Calculated characteristics of an MF five-phase SPM machine based drive
for A1, = 0.71 and 0.85, Eye1 = 0.5 and different inductance ratios.

speed. The highest normalised electromagnetic torque in the flux-weakening region
for both an infinite speed drive and a finite speed drive is when the machine is
controlled as a SF five-phase SPM. Maximising the electromagnetic torque for the
whole speed range requires:
e The use of the MTPA control strategy for both planes or virtual machines for
speeds below the rated speed.
e The use of the classical control methods for the main virtual machine, while
setting the reference currents of the secondary virtual machine equal to zero

for speeds higher than the rated or base speed.
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Chapter 7

Flux Weakening Control for
Five-Phase SPM Permanent

Magnet Synchronous Machines

7.1 Introduction

Permanent magnet synchronous machines as part of a field oriented-variable speed
drive system feature typical torque-speed characteristics at low to rated speeds.
However, as rotor speed increases the back-emf rises, which results in loss of current
regulation and decreased torque. To obtain adequate motor performance under
various load conditions, numerous studies about control strategies were reported
in the literature. The maximum torque per ampere (MTPA) is widely used in
industrial applications due to developing a high torque, efficient utilisation of the
dc bus voltage, and minimisation of copper losses. For the high-speed operation
of PM synchronous motor drives with a limited inverter voltage, it is necessary
to adopt a flux-weakening technique by which an acceptable torque-speed range is
produced by reducing the air-gap flux density. This chapter aims to investigate the
performance of the designed prototype five-phase SPM motor in the flux-weakening
region using the feed-forward flux-weakening technique under the MTPA condition
for a given dc bus voltage and current constraints. In the discussion of the MTPA
control strategy of the star-connected MF five-phase SPM machine the following

simplifying assumptions were made:
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e A constant parameter steady-state model of the five-phase SPM synchronous
machines can be used.

e The variation in inductances due to saturation and cross-saturation effects is
neglected.

e The stator resistance and PM flux are also assumed to remain constant in the
entire operating range.

e The motor is supplied via an inverter having limited current and voltage rating.

7.2 MTPA and Flux-Weakening Circle Diagram

Based on the results of the previous chapter the condition of MTPA for multi-
frequency five-phase SPM motors is satisfied when the machine is controlled as a
multi-frequency machine for speeds below the base speed and as a single frequency
machine for higher speeds. For speeds below the base speed, the MTPA control
strategy is realised by setting the demagnetising current components 745 and z4¢2 to
be equal zero. In the constant power region, the MTPA control strategy is realised
by forcing the reference currents i45 and ¢4 to be equal zero, where the dc bus
voltage would be utilised by the main virtual machine only such that the classical
control theory of three-phase synchronous machines can be equally applied to multi-
frequency five-phase SPM motors.

For non-salient PM synchronous motors with Ly = Ly = Lg; and Lgy = Ly =
L2, equation (7.1) represents a drive system for speeds up to the rated speed. For
higher speeds, the machine is controlled by utilising the parameters of the first plane

only. Equation (7.2) represents the drive system for speeds above the base speed.

r 3\
( ) Vis = Vas
ro_ - -
Va1 = Ts Gy — We Lis1 gy 1T g S Vimax
. . % %
ro_ r T 1s 2s
Ugs1 = T's Ugs1 + we Ls1 lgs1 T We )\ml B + A < Vimax
ro_ e -
Vgsa = Ts lgso — 3We Lisa g0 where P+ <I2 .. (7.1)
r o o -y . .
Ugsa = Ts lggo T 3We Ly iy + 3we A2 I, = 1231 + Zgl
5P . .
T = —— A 1 o+ 3\ 2 i — T2 T2
L e 29 [ ml %gsl m qs?} ) \ -[28 - quQ + Liso J
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— 472 T2
. . . ]ls - qul + stl S Ismax
Ugs1 = Ts lgg1 T We Lis1 i) + We A1 p where

5P ) ‘/15 =\ Vr521 + VdT521 < ‘/smax
Te = 5345 [)\ml 2231] !

22

ro__ -7 -y
Ugs1 = T'slgs1 — We le qul

(7.2)
In (7.1) and (7.2) Vimax is the maximum available amplitude of the phase voltage
at the inverter output when the machine is controlled as a SF machine, while I,y
is the maximum allowable phase current. V.. is set by the PWM method, and
Tymax is decided by other factors, e.g., thermal dissipation, cooling methods and the
available output current of the inverter.

Since the drive system is usually implemented with closed-loop current control,
it is convenient to define an operating region regarding its location in the rotor
reference frame by using the circle diagram. The circle diagram is a well-known
graphical technique to determine the optimal field-weakening control strategy for
classical three-phase brushless synchronous AC motor drives [57, 88,94, 106-108].
Let the maximum amplitude of the fundamental phase voltage be equal to Viyax,
and the maximum amplitude of the fundamental phase current be I,.. then, the
area which satisfies the current limit of (7.2) is the interior of the red circle in
Figure 7.1 whose centre is at the origin [91]. The current limit is mathematically
represented as:

z';il +i2, < I? (7.3)

— smax

Any operating point which lies on or within this circle will not exceed the current
rating of the inverter. The area which satisfies the voltage limit of (7.2) is the
interior of the dotted green circle in Figure 7.1. The voltage-limit circle is obtained
by applying the voltage constraint Vi3 + V73 < V2 .. to the machine model in (7.2)
which yields [109]:

w2L 1/\ 1 2 WeT s A 1 2 V. a
i el“s1\m i el s\m < smax 74
(eiimm) < (o aiiy) smsm o

and its center in the d; — ¢, plane is (—;‘éiggz@l , —fgijﬁ’i ) . If the speed of the ma-
chine is high enough and the stator resistance voltage drop is small, then the voltage

drop by the stator resistance can be neglected. Hence, (7.4) can be approximated
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as (7.5):
r )\ml 2 ) ‘/srnax
(stl + le ) + qul < w2L21 (75)

and the area which satisfies (7.5) is that of the solid green circle in Figure 7.1 whose
radius is directly proportional to V.« and inversely proportional to speed, and its

center is <—’\L—’:11, O) [92,110,111]. The voltage limit circle encloses all the operating

Voltage ]
Constraint

-
- -

Current
Constraint

A 4

ds1

Figure 7.1: Voltage and current constraints of surface-mounted permanent magnet
synchronous machine depicted in d; — ¢; plane [109].

points where the terminal voltage does not exceed the maximum voltage when the
machine operates as a main virtual machine only. All 7,51-7451 current pairs that exist
on or within the intersection of voltage circle and current circle are the allowable

points of operation at any speed.

7.3 Operating Region Under Current and Voltage
Constraints

The torque-speed characteristics and maximum reachable speed in the constant
power region of an MF five-phase SPM machine drive system are determined by the
relative location of the centre of the circle of the voltage constraint to the circle of

the current constraint. The centre is set by the ratio of the fundemental magnet
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flux linkage to the dj-axis inductance (—2—’“11, ) An SPM synchronous machine
drive can be classified as a finite-speed drive and an infinite speed drive depending
on whether the centre of the circle of the voltage constraint is inside the circle of

the current constraint or outside of that circle [91].

7.3.1 Finite-Speed Drive System

In this drive system, the centre of the circle of the voltage constraint of the main
virtual machine lies outside of the current constraint circle. In other words, the
characteristic current of the main virtual machine is higher than the rated current
of the machine. Figure 7.2 shows the trajectory of the MM current for both operating
regions: low speed region (up to the rated speed) and constant power region (above
the rated speed).

The machine operates under the MTPA control strategy of both virtual machines
up to the rated speed (wqy), where the current, I;,, moves along the q,—axis of the
MM and Iy; moves along the q,—axis of the SM. The line “OA” represents the
current trajectory along the q;- axis. For speeds above w;¢ the current moves on
the boundary of the current constraint circle, which is the curve “AB” where the
inverter voltage is utilised by the MM only. Above a certain speed, wsy, there is no
more common area for both circles, and the machine cannot be operated above that

speed even if there is no mechanical reason to limit the speed.
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- \
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Figure 7.2: Voltage constraint, current constraint and current trajectory in a finite-
speed SPM drive depicted in d; — ¢; plane.
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7.3.2 Infinite-Speed Drive System

In this drive system, the centre of the voltage constraint of the main virtual machine
lies inside or on the boundary of its current constraint circle; the maximum speed is
limited only by the mechanical reasons such as centrifugal forces and / or the stress
in the bearing. Figure 7.3 shows the current trajectory of the main virtual machine
for the infinite speed-drive system.

The machine operates under MTPA control strategy for both virtual machines
up to the rated speed (wy;), where the current, I;5, moves along the q;—axis of the
MM and I5 moves along q,—axis of the SM. The line “OA” represents the current
trajectory along the q,—axis. Above wy; the current moves along the boundary of
the current constraint circle, which is the curve “AB”, like the case of the finite-
speed drive system. However, above ws; the current moves not on the boundary of
the current constraint circle, but on the line parallel to q;—axis, which is the line
“BC”. In this mode of operation, the speed is not limited by electrical constraints,
and theoretically, the machine is capable of operating at unlimited speed if there

are no mechanical limitations.

. B Wi N
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o~ /¢ S
i /7 ~
4 / \\
I, I’ \\
14 ] \
'/ "”ﬂ ~\\ \‘
! " ) A |
] ] v Wy y O
[] 1 \
r
C
lds1

Figure 7.3: Voltage constraint, current constraint and current trajectory in an
infinite-speed SPM machine drive in which Iy, > ’\L—mll depicted in d; — ¢; plane.

Figure 7.4 shows a special case of an infinite-speed drive system in which the
characteristic current of the main virtual machine is equal to the rated current
(Lsmax = ’\L—mll) For speeds higher than the rated speed wy;, the current moves along
the boundary of the current constraint circle, which is the curve “AC”, like the case

of the finite-speed drive but for unlimited speed.
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Figure 7.4: Voltage constraint, current constraint and current trajectory of the MM
in infinite-speed SPM machine drive in which [, = )Lill depicted in d; — ¢; plane.

7.4 Rated speed, Maximum Speed and i/;, Cur-
rent

Since the performance of the MF five-phase SPM machine in the constant power
region is controlled by the parameters of the MM only, its enough to use the MM
di1 — ¢ equations in arriving at an expression for the amount of the d;-axis current
which must be injected to effectively reduce the back-emf of the machine. Let the
rated phase voltage and the rated phase current of the main virtual machine form
the rated quantities of the MF five-phase SPM machine. To analytically predict the
performance of the drive system at different speeds in the steady state, from (5.38)
and (5.39) the commanded ¢;- and d;- axis voltages corresponding to the demanded

¢i1-and dy-axis currents are given by:
ko 7k crx
Vgst = Tslgsy — We le qul (76)

T Sk Sk
/qul =Ts qul _'_ We le stl + We )\ml (77)

The phase to neutral voltage which must be supplied by the inverter stated in terms

of the q;-and d;-axis voltages is
Vie =y Joi, + o (7.8)
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Substituting (7.6) and (7.7) into (7.8) assuming MTPA (i}, = 0) and solving for w,

yields the following expression:

2 _ e2,7%2 2 2 srx2
qsl>\m1 \/T’ )‘mlzqsl [V Tt qsl] [)‘ + L qsl}
o 2 7k 2
MTPA >\m1 + lezqsl )‘ml + lezqsl

—Tst

we | (7.9)

An expression for the base or rated speed is found by substituting V., instead of

Vis and I.ax instead of igs1 and solving for w,, which yields

S smax ml V2 - 212 )\ L [
(J.jbase — 5 r \/rs ml smax [ Smax r smax] [ + smax] (7'10)
N L2 Lo | PR EN

smax

If the stator winding resistance is small enough to be neglected, a more straightfor-

ward expression for the base speed is obtained:

‘/smax
\/)\ml + le Ismax)

(7.11)

Whase | —

In the finite-speed drive system, the maximum speed is the speed at which the
electromagnetic torque is zero or when the armature current is entirely utilised
to demagnetise the magnet (igs1—0). In the circle diagram, the maximum speed
represents the last common point or area between the current constraint circle and
the voltage constraint circle. The maximum speed can be derived by substituting

(7.6) and (7.7) into (7.8) and solving for w, to produce the following expression:

rgzqslk 1

(LSlstlJ'_)‘ml) +L3 g4

el,. = (7.12)
Jinite=speed \/T?/\?nl i Va3 (i) [ (ot )+ 200733
(LSIstl+)\m1) +L2112:%
Now assuming (ip;; = 0) in (7.12) yields the following exact expression for the
maximum speed.
V Vo = r2052) (L, + A )
We—maz | (7.13)

= 2
finite—speed (L51stl + >\m1)
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After neglecting the stator resistance voltage drop, and substituting (Ismax = 55;),

the maximum speed in the finite-speed drive system can be stated as:

= Vomax (7.14)

We—mazx | rs=0 -
finité—speed >\m1 - lelsmax

An expression for the demanded d;-axis current is calculated by solving (7.12) for

i%s,, which yields [93]:

_)‘mllewz + \/(TE + UJ?L?O Ve — (Ts)‘mlwe + (r2 + ngzl) iZil)Q

2 272
T + wele

ey = (7.15)
If the effect of the stator resistance is neglected, rs = 0 in equations (7.6) and (7.7),

and if the equality sign is used in the voltage constraint, the maximum attainable

*

torque and the corresponding reference %, are obtained as presented in [92,112]:

5P V2 1 At V2 (Lt Lmax)
Temax — __)\m Smax _ 1 _I_ Ssmax . 716
22 ' (wele)2 4 LSl (We)\ml)2 Aznl ( )
1 le

(7.17)

2 2
‘/smax N >\m1 + Isgmax
We /\ml le

7.5 Flux Weakening Control with Feed-Forward

15 = ——
dsl =
2 A1

Compensation

To weaken the flux, the feed-forward compensation technique can be implemented
based on the steady-state voltage equations of the main virtual machine. The
method can be easily applied with the rated machine parameters, and it is simple
because no gains have to be set for the flux weakening control. From the previ-
ous section, the analytically calculated d;-axis current demand is used to develop a
flux-weakening feed-forward controller to simulate the prototype machine in the flux
weakening region. The feed-forward controller is schematically captured as shown
in Appendix C .

The analytically calculated d;-axis current demand, i}, in (7.17) along with

the maximum current limit determine the maximum i4 current, 7461 —maez, in the
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flux weakening region, iys1—maz = /12,0 — 035 This ¢-axis current with the

calculated dj-axis current determine the maximum electromagnetic torque allowed

*

within maximum voltage and current constraints. The g;-axis reference current, i;

is equal to the ¢;- axis current generated by the speed error if it is less than the
calculated maximum 44 current; otherwise it equals the calculated maximum 444

current. In other words, the following logic statements are applied to find the ¢;-axis

*

current reference iy;.

1gs1—speed error > lLgsl—mazx then qul = lgsl—max
qulfspeed error < qulfmam then qul - qulfspeed error
The flux weakening controller is initiated when the rotor speed is higher than the

rated speed.

Simulation

Using the measured parameters of the drive system and the controller design param-
eters listed in Table 5.2 and Table 5.3 respectively, the entire drive system including
the feed-forward compensation was simulated for speeds higher than the rated speed
(2000 rpm). As a matter of fact, an accurate flux-weakening simulator requires a
good machine, dynamic model. Two speeds within the operating range of the drive
system, 2000 rpm and 4000 rpm, were tested. The load torque T; was chosen to
be 1.1 Nm. In general, the response was fast, and there was very little overshoot.
Figure 7.5 shows the speed response to a step change demand in motor speed from
standstill to 2000 rpm, and from 2000 rpm to 4000 rpm for a step load torque of 1.1
[N.m].

The simulation results in Figures 7.6, 7.7, 7.8 and 7.9 verify that the feed-forward
scheme is fully operational and that it provides the expected operation over the
desired speed range. When the flux weakening is initiated as soon as the speed set-
point is higher than the rated speed, negative ¢4 is injected. We can see that 7,4
jumped to the current limit as a response to the step change in the speed set-point.
Then ¢4 started to decrease because the total current is subject to the current limit
from equation (7.3). Apparently, if the machine operates at its rated operating point

(rated torque and rated speed), then i, current will decrease while the 445 increases
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Figure 7.5: Motor speed response for commanded speeds 2000 rpm at t =0 sec and
4000 rpm at t =0.5 sec for a step load torque of 1.1 N.m at ¢ =0.2 sec.
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Figure 7.6: The response of the electromagnetic torque for speed demands of 2000
rpm at ¢ =0 sec, 4000 rpm at t =0.5 sec and a step load torque of 1.1 N.m at t =
0.2 sec.
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Figure 7.7: The response of the ¢;-axis current for speed demands of 2000 rpm at
t =0 sec, 4000 rpm at t =0.5 sec and a step load torque of 1.1 N.m at t = 0.2 sec.
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Figure 7.8: The response of the dj-axis current for speed demands of 2000 rpm at
t =0 sec, 4000 rpm at t =0.5 sec and a step load torque of 1.1 N.m at t = 0.2 sec.
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Figure 7.9: The response of the phase currents for speed demands of 2000 rpm at
t =0 sec, 4000 rpm at t =0.5 sec and a step load torque of 1.1 N.m at t = 0.2 sec.
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Chapter 8

Conclusions and Future Work

In this thesis, the aim was to analyse, design, control, implement and experimentally
evaluate five-phase SPM machine drive system with extended high-speed operation
by using high inductance non-overlapping concentrated windings. Key conclusions
achieved in the thesis are summarised in Section 8.1. The significant contributions

resulting from this research program are summarised in Section 1.3.

8.1 Conclusions and Contributions

Based on the literature survey, presented in chapter 2, FSCWs five-phase PM ma-
chines are candidate for fault-tolerance applications. However, for some applications,
tolerance to faults is essential but not the only requirement. Some applications re-
quire, besides a fault-tolerance capability, an adequate wide speed range capacity,
and thus, the machine needs to be an integral part of a reliable variable speed drive
system. One of the the essential requirements for a fault-tolerant machine is high
phase self-inductance to limit the short circuit current and a low mutual induc-
tance between phases to physically separate the phase windings. Simultaneously,
for SPM machines, FSCWs are utilised to increase the machine inductance for the
same magnet flux linkage for meeting the critical design condition for optimum flux
weakening.

Based on a review for choosing the best possible combinations, it has been shown
that the choice of slot/pole combination is equally important for meeting the opti-

mum flux weakening condition and the maximum fault tolerance capability. Single-
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layer windings offer better physical isolation than double-layer FSCWs, but rotor
losses due to high space harmonic content must be addressed. Since the double-layer
windings exhibit significant phase to phase coupling through mutual slot leakage in-
ductance, it is feasible to produce double-layer FSCWs with low mutual coupling
between phases by selecting a combination for which 2p ~ Q.

Two design methods, analytical and 2-D finite element, presented in chapter 3,
were needed for calculating the design parameters of the FSCW five-phase PM syn-
chronous machine. The primary objective was to achieve the optimal flux-weakening
condition necessary for attaining a constant-power operation over a wide speed
range.

A detailed, accurate analytical method which included the effect of the winding
resistance has been presented for analysing five-phase SPM machines using FSCWs;
recognising that the standard calculations based on a horizontal double-layer wind-
ing are not accurate for such machines. The laboratory tests show that the back-emf
waveform represents a reasonable approximation of the sinusoidal fundamental har-
monic. This result confirms that for ¢ = 0.25 (¢ is the number of slots per pole
and phase), a simple magnetic equivalent-circuit method for calculating the magnet
flux linkage under open-circuit conditions is sufficient, and can be used if a standard
correction factor for the rotor leakage flux is estimated.

In chapter 4, 1kW 10 slot / 8 pole FSCW five-phase SPM has been designed.
The numerical and analytical simulations show that the design satisfies the optimum
flux-weakening condition with approximately sinusoidal back-emf waveforms and low
cogging torque.

In chapter 5, the mathematical model for a MF five-phase PM synchronous motor
has been derived. It has been shown that application of decoupling and rotational
transformations results in a simplified mathematical model due to the absence of
position dependent inductances in the derived model. Moreover, a discrete drive
model suitable for real-time implementation has been developed. The Z domain
root locus method is used to design the current and speed controllers for the digital
system.

To validate the controllers’ design and the performance of the drive system, var-

ious simulation and experimental results were collected under different operating
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conditions. A simple analysis was primarily given through the evaluation of the
time-domain waveforms of the motor variables like phase currents, voltages and
electromagnetic torque. The results showed a good agreement between the theo-
retical results obtained from the computational simulations and the experimental
outcomes, collected from the practical experiments.

In chapter 6 the effect of varying the motor drive parameters on the optimum
flux-weakening performance of the MF five-phase SPM motor has been investigated.
A new DQ normalisation for an MF five-phase SPM drive was developed and used
in the optimisation process. The non-linear optimisation problem that aimed to
maximise the electromagnetic torque of the MF five-phase SPM machine under the
voltage and current constraints, for operation in the linear modulation region, was
formulated. The study covered a feasible range of the back-emf ratio (Eby;) under
the optimum flux-weakening condition of the main virtual machine and inductance
ratios of Lg; = 0.5,1 and 1.5. It has been shown that the fundamental magnet flux
linkage determines whether the MF five-phase SPM machine is a finite speed drive
or infinite speed drive. The back-emf ratio increases the normalised electromagnetic
torque for speeds below the base speed, but decreases the normalised electromagnetic
torque for speeds higher than the base speed. The highest normalised electromag-
netic torque in the flux-weakening region for both an infinite speed drive and a finite
speed drive is when the machine is controlled as an SF five-phase SPM.

The performance of the designed prototype five-phase SPM motor in the flux-
weakening region using the feed-forward flux-weakening technique under the MTPA
condition for a given dc bus voltage and current constraints has been investigated
in chapter 7. The simulation results verified that the feed-forward scheme is fully

operational and that it provides the expected operation over the desired speed range.

8.2 Future Work

1. Studying the effect of varying the motor drive parameters on the optimum
flux-weakening performance of a MF five-phase interior PM synchronous mo-
tor for achieving the necessary conditions for optimal flux weakening.

2. Using the developed design tools for optimising the machine design such that
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the third harmonic represents an essential part of the total electromagnetic
torque whilst keeping the cogging torque under acceptable limits.
3. Using segmented stator structures as an additional optimisation technique.
4. Testing the designed machine under different control strateges, for example,
implementing appropriate control software to maintain operation under fault

conditions, where one or even two phases are non-functional.
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Appendix A

Machine Fabrication and Test

Bench Description

A.1 Machine Fabrication

This section provides information about the fabrication of the prototype motor.
Figure A.1 shows the stator core, rotor core, covers and bearings of the prototype
motor. The concentrated stator windings and their short non-overlapping end turns
are also shown in Figure A.1. Figure A.2 shows the stator core, which is made of
insulated steel laminations. The thickness of the laminations and the type of steel
are chosen to minimise the eddy current and hysteresis losses. Figure A.3 shows the

frame of the prototype motor while figure A.4 show a close up view of rotor.

A.2 Test Bench Description

This section presents the test bench which has been entirely built by the author. The
test bench is designed to implement the field orientation control of the prototype
five-phase SPM motor. A general view of the test bench is shown in Figure A.5.
The main parts are:
1. The moving part of the test bench consists of the prototype motor and a dc
generator which are connected via couplings that include a torque meter and
an incremental encoder.

2. Two electrical sources have been used; a low voltage dc source which is con-
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Figure A.1: Stator, rotor, covers and bearings of the prototype motor.

Figure A.2: Prototype machine stator core.
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Figure A.3: The frame of the prototype motor.
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Figure A.4: The cylindrical shaped rotor, including bearings.
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nected directly to the dc-link and a fixed 230 V.

3. Two-level five-phase IGBT VSI, single phase diode-bridge rectifier and dc
link capacitors.

4. DC-link voltage sensor and the current sensors.

5. The control system, which includes the dASPACE DS1103 Workstation, the
host computer and the signal interface between the dSPACE controller and

the power converter.

A.2.1 The dSPACE DS1103 Workstation

The hardware of dASPACE DS1103 Workstation consists mainly of two parts; the
DS1103 control board and the CLP1103 Connector Panel which serves as an inter-
face between the DS1103 control board and all external hardware. Figure A.6 shows
the CLP1103 Connector Panel. The CLP1103 Connector Panel contains connectors
for twenty (20) Analog-to-Digital inputs, eight (8) Digital-to-Analog outputs, and
several other connectors that can be used for Digital I/O, Slave/DSP 1/0, Incremen-
tal Encoder Interfacing, CAN interfacing, and Serial Interfacing. High resolution 6
A /D channels are used for the acquisition of the currents, dc link voltage and torque
measurements. The current measurements are synchronised with the PWM clock.
The PWM block “DS1103SL DSP PWM3” is linked to an interruption “DS1103
SLAVE PWMINT”. The interruption is generated every positive peak of the tri-
angular waveform of the PWM block. One channel analogue incremental encoder
interface is used for measuring the rotor position and speed.

The dSPACE DS1103 control system is capable of generating 10 PWM signals.
Six of them are programmable in one block to control a 3-phase motor (three signals
for the upper switches and three inverted signals for the lower switches) with pro-
grammable dead-time. Four single PWM outputs with no dead-time were used for
different control applications. The dSPACE DS1103 control system is not designed
to control a five-phase motor. To solve the problem the author has modified the
interface of the dSPACE system by using five isolated PWM signals with zero dead
time as an input for the newly designed circuit board which is able of inserting a
suitable dead-time, an opto-isolation and generating the inverted five signals.

The other part of the dSPACE workstation is the host PC. The host PC is used
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to manage and monitor the system variables such as speed set-point in real time
through the real-time interface software. The real-time interface software is called
the Control Desk which is linked to MATLAB/SIMULINK. Figure A.7 shows the

test instrumentation panel which is developed by using the Control Desk software.

Figure A.6: The CLP1103 Connector Panel.
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Figure A.7: The test instrumentation panel of the host PC.
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Appendix B

Voltage Source Inverter

Figure B.1: Prototype five phase two-level VSI.
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Table B.1: Phase-to-neutral voltages of a star connected load supplied from a five-

phase VSI.

Mode Switches ON Vg vy Ve Vg Ve

1 Si,S2,53,54, 8  2/5V4. 2/5Vi  —3/5Va —3/5Va — 2/5Vg
2 Si,89,53,54,8  3/5Va  3/5Vie —2/5Vi —2/5Vae —2/5Vg
3 Si,8S9,83,54,8  2/5V4  2/5Vi.  2/5V4. —3/5Va —3/5Vg
4 Si,S2,83,54,8 —2/5Vae  3/5Vie  3/5Vie —2/5Vae —2/5Vg
5 S1,82,83,54, 85 —3/5Vae  2/5Vae  2/5Vae  2/5Vae —3/5Va
6 S1,82,83,54, 85 —2/5Vae —2/5Vae  3/5Vae  3/5Vae —2/5Vg
7 S1,82,83,84, 85 —3/5Vae —3/5Vae  2/5Vae  2/5Vie 2[5V
8 S1,82,83,84, 85 —2/5Vae —2/5Vee —2/5Vie  3/5Vie  3/5Va
9 S1,82,83,84, 85 2/5Vae —3/5Vae —3/5Vie  2/5Vie 2[5V
10 S1,82,83,84, 85 3/5Vae —2/5Vae —2/5Vie —2/5Vae  3/5Vie
11 S1,54,55,83, 55 4/5Vae —1/5Vee —1/5Vee —1/5Vee —1/5Vg
12 51,84 85,8,8  1/5V4  1/5Ve  1/5V4. —4/5Vy.  1/5Vq
13 S4,85,55,51,8 —1/5Vy.  4/5V4 —1/5Vy —1/5Vy. —1/5Vg,
14 Si,85,85,95,8;  1/5V4.  1/5V4.  1/5V4.  1/5V4. —4/5Vg,
15 Si,85,83,51, 8 —1/5Vae —1/5Vge — 4/5Viae —1/5Vae —1/5Vq
16 S, 83,851,854, 85 —4/5Vae  1/5Vae  1/5Vee  1/5Ve 1[5V
17 S5, 51,854,852, 83 —1/5Vae —1/5Vee —1/5Vy — 4/5Vee —1/5Vq
18 S1,83,84,82, 85 1/5Vae —4/5Vee  1/5Vee  1/5Vee 1[5V
19 S1,51,82,55, 55 =1/5Vae —1/5Vae —1/5Vae —1/5Vae — 4/5Vye
20 S1,82,54,85, 83 1/5Vae  1/5Vae —4/5Vee  1/5Ve 1[5V
21 S4,82,51,85, 83 —2/5Vae  3/5Vae —2/5Vie —2/5Vae  3/5Vi
22 S1,52,55,84, 55 2/5Vae  2/6Vae —=3/5Vae  2/5Vie —3/5Vae
23 S1,52,55,84, 55 3/5Vae —2/5Vae  3/5Vae —2/5Vie —2/5Vi
24 51,585,858, 8 —3/5Vae  2/5Vae  2/5Vie —3/5Vae  2/5Vi
25 S_la SQ; S_Sa 547 55 _2/5‘/dc 3/5‘/(10 _2/5Vdc 3/5‘/dc _2/5‘/dc
26 S1,82,83,54, 85 3/5Vae —2/5Vae  3/5Vae  3/5Vae —2/5Va
27 S1,82,83,84, 85 —2/5Vae —2/5Vae  3/5Vee —2/5Vie  3/5Vie
28 S1,82,83,84, 85 —3/5Vae  2/5Vae —=3/5Vie  2/5Vie 2[5V
29 S1,82,83,54, 85 3/5Vae —2/5Vee —2/5Vie  3/5Vae —2/5Vi
30 S1,82,83,84, 85 2/5Vae —3/5Vae  2/5Vee —3/5Vae 2[5V
31 S1,52, 53,54, S5 Ve Ve Ve Ve Ve

32 S1, Sa, S3, 54, S5 Ve Ve Ve Ve Ve
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Table B.2: Space vector table of the phase voltages for a five-phase VSI.

S. No. Switching States States Space vectors in oy — ; plane Space vectors in ay — [ plane
0 00000 0 0

1 00001 2/5 Vie2 exp (j87/5) 2/5 V2 exp (j61/5)

2 00010 2/5 Va2 exp (j67/5) 2/5 Vg2 exp (j27/5)

3 00011 2/5 Vye2 cos(m/5) exp (j77/5) 2/5 Vyed cos(2m/5) exp (j4m/5)
4 00100 2/5 Va2 exp (j4m/5) 2/5 Va2 exp (j87/5)

5 00101 2/5 Vyed cos(2m/5) exp (j67/5) 2/5 Vge2 cos(m/5) exp (j7m/5)
6 00110 2/5 Vg2 cos(m/5) exp (jm/5) 2/5 Vg4 cos(2m/5) exp (0)

7 00111 2/5 Vg2 cos(m/5) exp (j67/5) 2/5 Vgl cos(2m/5) exp (§7m/5)
8 01000 2/5 Vg2 exp (j27/5) 2/5 Vg2 exp (jam/5)

9 01001 2/5 Vg4 cos(2m/5) exp (0) 2/5 Vg2 cos(m/5) exp (jm/5)
10 01010 2/5 V4 cos(2m/5) exp (j4m/5) 2/5 Vg2 cos(m/5) exp (j37/5)
11 01011 2/5 Vyed cos(2m/5) exp (j77/5) 2/5 Vge2 cos(m/5) exp (j4m /5)
12 01100 2/5 Vg2 cos(m/5) exp (j37/5) 2/5 V.4 cos(2m/5) exp (j67/5)
13 01101 2/5 Vaed cos(2m/5) exp (§37/5) 2/5 Vge2 cos(m/5) exp (j67/5)
14 01110 2/5 Vg2 cos(m/5) exp (j4m/5) 2/5 Vg4 cos(2m/5) exp (j37/5)
15 01111 2/5 V2 exp () 2/5 Va2 exp ()

16 10000 2/5 Vie2 exp (50) 2/5 Vie2 exp (j0)

17 10001 2/5 Vae2 cos(m/5) exp (§97/5) 2/5 Vg4 cos(2m/5) exp (j87/5)
18 10010 2/5 Vied cos(2m/5) exp (787 /5) 2/5 V2 cos(r/5) exp (j/5)
19 10011 2/5 Vae2 cos(m/5) exp (§7m/5) 2/5 Vg cos(2m/5) exp (jm/5)
20 10100 2/5 Vaed cos(2m/5) exp (§2m/5) 2/5 Vye2 cos(w/5) exp (j97/5)
21 10101 2/5 Va4 cos(2m/5) exp (797/5) 2/5 Vge2 cos(m/5) exp (§7m/5)
22 10110 2/5 Vye2 cos(2m/5) exp (j) 2/5 Vye2 cos(m/5) exp (50)

23 10111 2/5 Va2 exp (j7m/5) 2/5 Vg2 exp (j97/5)

24 11000 2/5 Vge2 cos(m/5) exp (jm/5) 2/5 Vgl cos(2m/5) exp (j2m/5)
25 11001 2/5 Va2 cos(m/5) exp (50) 2/5 Vg cos(2m/5) exp (j/5)
26 11010 2/5 Vaed cos(2m/5) exp (jm/5) 2/5 Vge2 cos(m/5) exp (j2m/5)
27 11011 2/5 Va2 exp (797/5) 2/5 Va2 exp (j37/5)

28 11100 2/5 Vae2 cos(m/5) exp (j2m/5) 2/5 Vgl cos(2m/5) exp (397/5)
29 11101 2/5 Vg2 exp (jm/5) 2/5 Vy2exp (jTm/5)

30 11110 2/5 Va2 exp (j37/5) 2/5 Va2 exp (j/5)

31 11111 0 0
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Appendix C
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Appendix D

The Star of Slots

The following code is used to plot the star of slots which is necessary for determining

the layout of the winding.
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STAR OF SLOTS
MATLAB CODE copyright
BY WALEED J HASSAN

o o oo

clc
clear all
Q=input ('The number of slot =");
p=input ('The number of poles ="');
F=input ('The number of phases ='");
alph s=360/Q;
alpha_se=(p/2) *alph_s;
for x=1:1:0-1 ;
angle (x)=alpha se*x;
m=1;
if angle(x) <= 360 ;
vy (x) =angle (x) ;
elseif angle(x) >360
while m<40;
y (x)=angle (x) -360*m;

if y(x)<0
vy (x)=angle (x)-360%* (m-1) ;
break
else
m=m+1;
end
end
end
fprintf ('%s,%1i,%s,%i,\r\n', 'The angle of the spoke '.....
;o X+, =T, v(x)) g
end
x=1:1:0-1 ;

a=[0 y(x)] ;
theta=a* (pi/180) ;
r = 17;
u = r * cos(theta);
v = r * sin(theta);
x=zeros (1,Q);
y=X;
quiver (x,vy,u,v, 'k', 'LineWidth', 1) ;
set(gca, 'XLim', [-10 10], 'YLim', [-10 10], 'LineWidth',0.5);
for i = 1l:length(a)
r =7;
u = r * cos(theta);
v = r * sin(theta);
m= num2str (i) ;
text (u(i),v(i),m)
end
hold on
ang=0.174:0.01:pi/F;
angl=pi+0.174:0.01:pi+pi/F;
rl=8;
xp=rl*cos (ang);
yp=rl*sin(ang) ;
plot (xp, yp) ;
hold on
xpl=rl*cos (angl) ;
ypl=rl*sin(angl);
plot (xpl, ypl) ;
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