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ABSTRACT

There are many applications, such as paper mills, locomotive traction and machine
tools, which require high performance control of more than one electric motor. These
multi-motor drives are generally available in two configurations. The first one consists
of a number of three-phase voltage source inverters (VSI) connected in parallel to a
common DC link, each inverter feeding a three-phase AC motor. This configuration
allows independent control of all machines by means of their own three-phase VSIs.
The second method comprises one inverter, which feeds multiple parallel-connected
three-phase motors. However, this configuration does not allow independent control of
each motor and is suitable only for traction.

This thesis explores a novel concept for multi-motor drive systems, based on
utilization of multi-phase machines and VSIs, and series connection of all the machines
in the group. Application of a single multi-phase VSI in conjunction with multi-phase
machines generates additional degrees of freedom. The research presented here utilises
these additional degrees of freedom to control a number of machines independently
within a novel multi-phase multi-machine drive. The concept is based on the fact that
independent flux and torque control of any AC machine, regardless of the number of
stator phases requires control of only two stator current components. This leaves the
remaining current components free to control other machines within the group. It is
shown that it is possible to connect the machines in such a way that what one machine
sees as the flux/torque producing components the other machines see as non-flux/torque
producing components, and vice versa. Therefore it is possible to connect in series a
number of multi-phase machines and independently control each machine while
supplying them from a single multi-phase inverter.

Different configurations of the multi-motor drive are possible depending on certain
properties of the supply phase number. In general, higher the supply phase number is,
higher the number of connectable machines is. However, some phase numbers are more
favourable than others, as discussed in detail in the thesis. Simulation studies are
provided for five, six, seven, nine, ten and fifteen phase configurations in order to verify
the concept. It is shown that the concept is independent of the type of AC machines
used and the only requirement is that they all have sinusoidal distributed magneto-
motive force. Current control in both the stationary and rotating reference frames is
considered and it is concluded that current control in the rotating reference frame
requires compensation of the additional voltage drops caused by the series connection.
Two possible methods of compensating for these voltage drops are suggested and
verified by simulation.

Finally, a laboratory rig is described, which utilises two three-phase inverters
connected in such a way as to form a single six-phase inverter. A six-phase two-motor
drive comprising a symmetrical six-phase induction machine and a three-phase
induction machine or a three-phase PMSM is investigated experimentally. An analysis

of the performance of the two-motor drive is presented and it is shown that decoupled
control of each machine is achieved.
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1. Introduction

CHAPTER 1

INTRODUCTION

1.1 An overview of existing multi-machine drive systems

A multi-machine drive is the one that consists of more than one motor. Such
drives have numerous applications, for example in rolling mills, electric vehicles and
locomotive traction [Belhadj et al (2001), Pena-Eguiluz et al (2001), Matsumoto et al
(2001)]. Presently multi-machine drives are generally available in two configurations.
The first one consists of a common DC link feeding a number of three-phase voltage
source inverters (VSI) connected in parallel, each inverter feeding a three-phase AC
machine (Fig. 1.1). The speed of each machine can be controlled independently using

its own VSI and an appropriate control algorithm, as required in textile, paper or rolling
mill industries.

Vector Feedback
control

common l
DC link l_ 3-phase
PWM

Machine
_L vsi 1

3-phase
PWM
VSI

1

Vector
control Feedback

Fig. 1.1: Standard configuration of a multi-machine drive system (two machines).

The second method consists of one inverter, which feeds parallel-connected three-
phase motors. In this structure motors have to be identical and operate under the same

load torque and have exactly the same angular speed, which is a major disadvantage of

this system [Belhadj et al (2001)]. However this system is useful in traction

applications such as locomotives, coaches, ships and electric vehicles where it is used

because of its compactness, lightness and economical advantages [Matsumoto et al
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(2001)]. Control of the motors is achieved by either treating parallel connected three-
phase motors as one large motor or the complete drive system is controlled by attaching
the speed sensor to only one motor (which has to be properly chosen from the set of
motors) [Kouno et al (2001)]. However, in this method unbalances of torque and
current can make the system unstable [Kawai et al (2002)]. In locomotive traction
applications this problem is overcome to a certain degree by virtue of the small
differences in axle speeds and large vehicle masses resulting in slow acceleration speeds
[Pena-Eguiluz et al 2001]. At present a method that will enable independent control of

at least two AC machines, of the same or different type, while using only one three-
phase VSI does not exist nor seems possible.

1.2 Proposed multi-machine system

In traditional electric machine applications a three-phase stator winding is
normally selected, since the three-phase supply is readily available and the resulting
cost is therefore the lowest. However, when an AC machine is supplied from an
inverter, as the case is in the vast majority of variable speed drives, the need for a pre-
defined number of phases on stator, such as three, disappears and other phase numbers
can be chosen. AC machines with a phase number greater than three will be referred to
in what follows as multi-phase machines.

It is not possible to connect in series a number of three-phase (n=3) machines,
feed them via a single three-phase inverter and independently control the speed of each
machine. However, application of a single multi-phase (n>3) VSI in conjunction with
multi-phase machines (n>3), generates additional degrees of freedom. This allows
series connection of a number of multi-phase machines with appropriate phase
transposition between each machine, as discussed shortly (depending on certain
connectivity rules to be explained later).

The most important property of a multi-phase machine (regardless of type) is that,
when the modelling is completed, a new set of equations will be obtained in which only
two components (d-q) will lead to stator to rotor coupling, while the rest do not give
coupling [Klingshirn (1983), White and Woodson (1959)]. If the number of phases n is
assumed to be an odd number, then for an n-phase machine there are, apart from the two

components that yield stator to rotor coupling (d-q), one zero sequence component and
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additional (n-3) components or (n—3)/2 pairs of components (termed further on x-y
components) that do not lead to stator to rotor coupling. Vector control enables
independent control of flux and torque of an AC machine by means of two stator current
components (one component pair) only (d-q). This leaves (n-3)/2 pairs of components
as additional degrees of freedom. Hence, if it is possible to connect stator windings of
(n-1)/2 machines (that are all in general n-phase) in such a way that what one machine
sees as the d-q axis current components the other machines see as x-y current
components, and vice versa, it would become possible to completely independently
control speed (position, torque) of these (n-1)/2 machines while supplying the machines
from a single voltage source inverter. In simple terms, and taking five-phase machines
as an example, it is possible to independently realise vector control of two five-phase
machines using a single five-phase voltage source inverter, provided that the stator
windings of the two machines are connected in series and that an appropriate phase
transposition is introduced so that the set of five-phase currents that produces rotating
mmf in the first machine, does not produce rotating mmf in the second machine and
vice versa. An alternative formulation of the reference frame theory of electric
machines [Lipo (1984), Zhao and Lipo (1995)], based on the concept of an n-
dimensional space for an n-phase machine, enables a rather simple explanation of the
above described idea [Gataric (2000)]. Each pair of components appears in one plane of
the n-dimensional space. Hence, what for the first machine are d-q components (and are
used to perform the vector control of the first machine), appear for the second (and all
the subsequent machines if n>5) as x-y components, what for the second machine are d-
q components (and are used to perform the vector control of the second machine),
appear for the first (and the third and so on, if applicable) as x-y components, and so on.
The concept of the feeding of a set of n-phase machine stator windings connected in
series from a single n-phase voltage source (inverter in practice) is illustrated in Fig.
1.2. Phase transposition blocks denote shift in connection of the phases 1,2, ... n of one
machine to the phases 1,2, ... n of the other machine. For example, in the five-phase
case there are two machines and phases 1,2,3,4,5 of the first machine are connected to
phases 1,3,5,2,4, respectively, of the second machine [Gataric (2000)].

Multi-phase systems can be connected in star or in polygon and the supply can
be either from an n-phase inverter or a set of n single-phase inverters [Ferraris and

Lazzari (1983)]. If n is not a prime number, there are a number of possible star
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connections with isolated neutrals and there are in general a number of possible polygon
connections [Ferraris and Lazzari (1983)]. As far as this project is concerned, the only
relevant connection is the star connection (in principle with a single neutral point) and
the only relevant supply source is an n-phase voltage source inverter. Since vector
control is under consideration here, an appropriate current control method for an n-
phase inverter is required. The inverter is in general current controlled, with current
control in either stationary reference frame (current fed machine) or rotating reference
frame (voltage fed machine). Initially this project is restricted in scope to the simpler
possibility of the two so that current fed AC machines are considered. This means that
inverter current control is at all times exercised upon inverter phase currents. At a later

stage, current control in the rotating reference frame will also be examined.

n-phase stator of stator of stator of
voltage machine machine machine
source 1 2 (n-1)/2
+

a 1 1 ...... —
— ] {1}
b - 2 Phase 1' 2 II Phase |------ -

- | | S T -
¢ -i 3 I transpo i 3 I transpo

sition . sition

n n

[}
R

Fig. 1.2: Supply of (n-1)/2 machine stator windings, connected in series, from an n-phase voltage source
inverter (odd phase number assumed).

1.3 Advantages and shortcomings of the proposed system

The principle novelty of the project is that a multi-drive system, of the form
previously discussed, has never been realised in practice, anywhere in the world, for any
number of phases. Furthermore, the only existing reference related to this concept
[Gataric (2000)}, utilised the concept of an n-dimensional space in the development and
was restricted to the five-phase case with two induction motors connected in series. An

entirely different approach is adopted here, based on general theory of electrical
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machines. The underlying principles of operation of the system entirely rely on the
correctness of the transformation theory of electric machines (according to which only
two currents are required for control of any multi-phase machine). Some preliminary
considerations of [Gataric (2000)] indicate that the proposed system is feasible for any
number of phases equal to or greater than five, including even numbers. However,
since the number of connectable machines is the same for any given odd phase number

and the subsequent even number, the investigation in this project will initially

concentrate on odd phase numbers. It is intended to investigate at first the whole

spectrum of odd phase numbers (leaving aside the issue of how many phases can be
realised in practice). The study will further be repeated for the whole spectrum of even
phase numbers. Furthermore drives composed of different AC machine types will be
looked at, since this approach to the multi-machine drive system appears to be entirely
independent of the machine type.

The major advantage of the proposed system over the more traditional systems
is that the overall number of inverter legs is reduced. In the five-phase case the number
of inverter legs (or phases) reduces from six (for two three-phase machines) to five (for
two five-phase machines). One leg (or two switches) less is therefore needed for the
five-phase system. Higher the number of phases is, larger the reduction in the number
of legs is (for example, an 11-phase system can supply five machines with 11 legs,
while the supply of five three-phase machines asks for 15 legs; the saving in the number
of legs is 4, or eight switches). Reduction in the number of switches means reduction in
the protection and firing circuit components and, in general, improved reliability of the
multi-motor drive due to the reduction of the overall number of components.

The proposed system preserves some of the important benefits of the existing

multi-motor drive concept, based on independent VSI utilisation for each three-phase
machine (Fig. 1.1), such as:

¢ The possibility of having within a multi-motor drive completely different machine

types (induction motors, permanent magnet synchronous motors, synchronous
reluctance motors, wound rotor synchronous motors). However, the multi-phase
stator windings are now connected in series.

The possibility of regenerative operation without the need for a controllable front-

end rectifier. In the standard scheme power generated by one machine is returned to
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the DC link and then supplied to another machine that operates as a motor. In the
configuration that is to be developed here vector control of each machine is

performed independently, so that at first the set of phase current references is

created for each machine. Subsequent summation of current references for all

machines (with appropriate phase transposition) leads to creation of inverter phase
current references that automatically accounts for the power generated by one or

more machines. The generated power is then used by other machine(s).

The proposed multi-motor drive concept offers some additional benefits over the
existing approach, such as:

Reduced number of semiconductor components and associated electronics.

Since only one inverter is used, a multi-motor drive of this type is ideally suited to
the application of a single DSP for independent vector control of all the machines in
the system.

A rather obvious drawback of the proposed multi-drive system is that flow of
non-torque/flux producing currents through a machine will cause additional losses. As

the stator windings are connected in series, this is inevitable and is likely to reduce the
overall efficiency of the system.

1.4 Research objectives and originality of the research

The principal objectives of the proposed project are:

1. To carry out a comprehensive analytical study of the possibility of achieving
independent control of a set of series-connected multi-phase electric machines,
which are supplied from a single voltage source inverter, for various numbers of
phases (odd and even). This part of the investigation will cover essentially all
possible phase numbers, disregarding the physical viability of high phase numbers.
To examine the performance of a set of series-connected machines supplied from a
single multi-phase source, by simulation, assuming ideal sinusoidal supply
conditions.

To develop appropriate algorithms for vector control of a set of machines supplied
from a single inverter and to examine the performance by simulation. The study will

be related to the use of differing phase numbers (odd and even) and different types
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of AC machines within the multi-motor drive will be elaborated (induction, surface-

mounted permanent magnet synchronous and synchronous reluctance machine). It

will be assumed at this stage that inverter current control is executed in the

stationary reference frame, so that the inverter supplied multi-motor drive system

can be regarded as current-fed.

To examine the feasibility of using current control in the rotating reference frame

for the realisation of a multi-phase series-connected multi-motor drive. Since this

will result in a voltage-fed drive system, modelling, vector control and simulation

will be significantly more involved than in the current-fed case.

To compare the relative merits and shortcomings of the two principle methods of

current control, discussed in 3 & 4.

6. All the previously mentioned studies will be related to so-called true (symmetrical)
multi-phase machines. Another study, related to the use of quasi (asymmetrical)

multi-phase machines within the same type of drive system will be conducted as

well, with the emphasis on quasi six-phase two-motor drives.

To participate in realisation of an experimental rig that will incorporate multi-
machine drive system® and to verify theoretical investigations experimentally. The
rig will be capable of supplying at most four series-connected machines in the nine-
phase configuration in speed sensored mode. It will be tested for the purposes of this

thesis in the two-motor six-phase configuration. Both transient and steady-state

operation will be investigated for various operating regimes.

The original contributions of this thesis are contained in chapters 4 to 9.

1.5 Organisation of the thesis

Chapter 1 contains an overview of the proposed multi-phase multi-machine drive
scheme. Existing multi-machine drive systems are described and the relative merits and
downfalls of the proposed multi-phase multi-machine drive are highlighted. Finally,

objectives and originality of the research are discussed.

® Experimental rig has been realised within the EPSRC project number GR/R64452/01, on which a post
doctoral research associate and another PhD student are working.
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Chapter 2 presents a literature review. Advantages of multi-phase machines over
traditional three-phase machines are highlighted and issues relating to modelling and
control of multi-phase machines are discussed. The state of the art in three-phase multi-
motor drives is addressed.

Modelling of symmetrical multi-phase machines is explained in chapter 3, where
both odd and even phase number machines are considered. Transformation of the phase
domain model of an n-phase induction machine to the arbitrary reference frame is
discussed and the resulting equations are given. The chapter concludes with indirect
rotor flux oriented control of an n-phase induction machine and shows that the vector
control algorithm is very similar to that of the standard three-phase machine.

Chapter 4 considers all possible configurations of series-connected symmetrical
multi-phase machines. Connectivity matrices and connection diagrams for machines
with either odd or even phase numbers are presented. General machine connectivity
considerations for both odd and even phase number machines are discussed at the end
of the chapter.

Chapter 5 contains simulation studies for selected odd phase number
configurations. The chapter begins with modelling and simulation of a five-phase
induction machine and verifies modelling of the machine in the rotor flux reference
frame. Next, modelling and simulation of two series-connected five-phase machines are
considered in both speed mode and torque mode of operation. The chapter moves on to
consider the nine—phase scheme and the fifteen-phase scheme.

Finally, current
cancellation issues are addressed at the end of the chapter.

Chapter 6 contains simulation studies for selected even phase number
configurations including the six-phase and the ten-phase schemes. Issues relating to the
cancellation of inverter phase current references are considered at the end of the chapter.

The possibility of utilizing different types of AC machine in the multi-phase
multi-machine drive is considered in chapter 7. It is shown, using mathematical models
and simulation that the multi-phase multi-machine concept depends upon the sinusoidal
distribution of the stator windings and is independent of the rotor structure of the
machine. A seven-phase three-motor drive, consisting of an induction machine,
permanent magnet synchronous machine and a synchronous reluctance machine, is
verified by simulation.

The work presented thus far has only considered operation of the multi-phase

multi-machine drive with current control performed in the stationary reference frame.



1. Introduction

Chapter 8 looks at the situation when current control is performed in the synchronous
reference frame, when the machines have to be considered as voltage fed. Simulations
show that voltage drops created by the flow of x-y currents through the stator of each
machine have to be compensated for. Two methods of x-y voltage drop compensation
are proposed and verified by simulation. Simulation studies are conducted for both the
five-phase and six-phase configurations.

Chapter 9 looks at various multi-machine configurations that apply when a quasi
six-phase machine is employed. Two possible configurations are presented, one
utilising two quasi six-phase machine and the other utilizing a quasi six-phase machine
and a two-phase machine. Current control in the synchronous reference frame and the
stationary reference frame are considered. The chapter concludes with an investigation
of inverter phase current reference cancellation issues.

Chapter 10 is devoted to experimental investigations carried out using an
experimental laboratory rig. The chapter begins with a description of the experimental
rig and moves on to consider indirect rotor flux oriented control of a six-phase induction
machine. An experimental investigation is undertaken in order to determine the
dynamic performance of the drive. The chapter further addresses a six-phase two-motor
drive comprising a six-phase induction motor and a three-phase induction motor

connected in series. The dynamic performance of the drive is determined

experimentally and results are presented. Connection of different types of AC machine
is experimentally examined next. A six-phase induction motor and a three-phase
PMSM are used to form a two-motor drive. Once again dynamic performance of the
drive is investigated and experimental results are presented. Finally, steady-state results
are presented for the single six-phase machine configuration and the two-motor drive
scheme consisting of two induction machines.

Chapter 11 is the final chapter, and provides a summary of the thesis and the
salient points from each chapter. Conclusions are made as to the viability of the series-

connected multi-phase multi-motor drive and areas that require further research efforts
are suggested.
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CHAPTER 2

STATE OF THE ART IN MULTI-PHASE DRIVES (LITERATURE
REVIEW)

2.1. Historical background

Since the beginning of last century electric power has been generated, transmitted
and distributed using three phases. As a consequence the induction machine and all
other AC machines were developed as three-phase devices and most variable speed
induction motor drives are constructed by combining a three-phase motor with a three-
phase inverter. While the number of phases feeding the input converter 1s governed by
the utility supply, the inverter can be constructed to have as many output phases as
required. In theory AC motors may be constructed with any number of phases. Motors

with phase numbers greater than the traditional three possess certain advantages over

their three-phase counterpart.

2.2. Advantages of multi-phase machines

Early interest in multi-phase machines was caused by the need to reduce torque
pulsations developed by inverter-fed three-phase drives. Probably the first investigation
into the use of a multi-phase machine within a variable speed electric drive was carried
out by Ward and Hirer (1969), when a five-phase induction motor, supplied from a
five-phase ten-step voltage source inverter VSI was considered. It was found that the
amplitude of the torque pulsation was reduced by a third and the frequency was
increased. However the improvement was at the cost of severe distortion of the supply

currents. Pavithran et al (1988) solved the problem by employing a pulse-width-

modulated PWM VSL

A six-phase induction machine (composed of two three-phase windings with
isolated neutral points and shifted by 30 degrees in space and often called double star)
was originally introduced because of the smoother torque. The supply may be coming

from a six-phase VSI [Abbas et al (1984), Hadiouche et al (2000), Grochowalski
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(2000), Monti et al (1995), Xu and Ye (1995), Nelson and Krause (1974), Abbas and
Christen (1984)] or from a six-phase current source inverter (CSI) [Gopakumar et al
(1984), Andresen and Bieniek (1980), Andresen and Bieniek (1981)]. With the advent
of the PWM era the need to reduce the torque ripple by using multi-phase machines has
become less important in the low to medium power range. However this advantage is
still applicable in the high power range where the current limitations of semiconductor
devices restrict the use of PWM [Xu and Ye (1995)].

Multi-phase drives possess some other important advantages compared to a three-
phase motor drive. First of all, multi-phase machines offer significant advantages in
high power applications. For the given motor power an increase in the number of
phases enables reduction of the power per phase, which translates into a reduction of the
power per inverter leg (that is, a semiconductor rating). Multi-phase machines are
therefore often considered and applied in very high power applications. A six-phase
(double star) 850 kW 6-pole field oriented controlied drive was developed by Camillis
et al (2001) for use in an extruder pump in a polyethylene plant. In order to reduce the
losses obtained when a 1400 kW permanent magnet synchronous generator is wound
with a three-phase stator, a quasi nine-phase configuration is employed in Veen et al
(1997). The nine-phase configuration is formed using three three-phase windings,
supplied from three three-phase inverters. Zdenek (1986) describes a six-phase 25 MW
synchronous motor drive for use in a turbo-compressor set. Steiner et al (2000)
developed a special configuration of a nine-phase (triple star) induction motor drive for
application in high power traction vehicles. A high power six-phase (double star)
induction motor drive used in Adtranz locomotives is analysed by Mantero et al (1999).
Other high power applications of multi-phase machines include a traction application of
a two-level GTO inverter feeding a six-phase (double star) induction motor {Monti et al
(1995)). For use in automotive applications, Miller et al (2001) investigate the use of
pole phase modulation (PPM) to allow extension of the constant power range of a nine-
phase toroidal induction machine for an integrated starter-generator application. A five-
phase permanent magnet 5 kW motor with square wave current excitation (BDCM) was
developed for propulsion purposes in an electric vehicle by Chan et al (1994) because it
possesses high power density, high efficiency and superior dynamic performance.

The ability of multi-phase drives to operate under fault conditions is the main
reason for their use in applications such as locomotive traction [Steiner et al (2000),

Mantero et al (1999)] and more electric aircraft [Mitcham and Cullen (2002)]. A
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general multi-phase machine allows application of the parallel redundancy concept
[Jahns (1980)] since it has n separate input terminals and continues to operate when
only (n-1) terminals or less are supplied. If one phase is open circuited, three-phase
drives require a neutral line connected between the motor and the DC midpoint in order
to allow the current in the remaining phases to be controlled to provide a rotating mmf.
In multi-phase machines there exist additional degrees of freedom as a result of there
being more phases. Thus the current combination required to produce a rotating mmf
during fault conditions is no longer unique {Fu and Lipo (1994)]. Typical fault studies
suggest that short circuit and open circuit are the most significant fault conditions.
Jahns (1980) studied VSI and CSI fed machines for both types of fault conditions. It
was found for the open circuit case that in VSI fed drives the drive compensates for the
loss of current in one phase by increasing the current amplitudes in the remaining exited
phases. However in the CSI fed case the current excitation does not permit the current
in the remaining excited phases to change from the balanced excited values and so the
performance of the machine was more seriously degraded. For the case where a six-
phase machine was fed by a VSI the developed torque decreased by 10% and a 20%
decrease was recorded for the case when the machine was fed via a CSI. It was shown
by Jahns (1980) that the performance of the machine under fault conditions improved as
the number of phases was increased. By controlling the remaining currents in multi-
phase drives using a current regulated PWM inverter, it is possible to start and run the
drive with loss of a phase (open circuited) without any reduction in torque [Fu and Lipo
(1994), Toliyat (1998)]. The current required in the remaining phases was found by Fu
and Lipo (1994) to decrease as the number of phases originally supplying the machine
was increased. High power drives are particularly vulnerable to failures due to their
high component count, which reduces the drive’s mean-time-between failures [Jahns
(1980)]. An increase in the number of phases supplying the machine results in a
reduction in the power per phase compared to an equivalent three-phase machine. This
means that the need for parallel or series stack switches in high power drives may not
exist any more [Williamson and Smith (2001)], resulting in a lower component count
and a less complex inverter structure. Thus improved reliability is anticipated for high
power applications.

A potential benefit of multi-phase machines is that with an increase in the number

of phases an increased torque per ampere for the same volume machine may be

achieved [Toliyat et al (1998), Weh and Schroder (1985), Toliyat and Lipo (1994)].
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Increased torque production can be achieved in multi-phase machines by virtue of
higher harmonics other than the fundamental contributing towards torque production
[Lyra and Lipo (2001), Xu et al (2001), Toliyat et al (1991), Kestelyn et al (2002),
Hodge et al (2002)]. This is so since a three-phase machine can utilise only the
fundamental component to develop torque, while a five-phase machine can utilise both

the fundamental and the third harmonic components. By extension a seven-phase

machine can be controlled to utilise the first, third and fifth harmonics for torque
production {Xu et al (2001), Toliyat et al (1991)], while in a nine-phase machine it is
possible to use injection of the third, the fifth and the seventh current harmonics [Coates
et al (2001)]. This advantage stems from the fact that vector control of the machines’
flux and torque, produced by the interaction of the fundamental field component and the
fundamental stator current component, requires only two stator currents (d-q current
components). In a multi-phase machine, with at least five phases or more, there are
therefore additional degrees of freedom, which can be utilised to enhance the torque
production through injection of higher order current harmonics. This is so since
injection of any specific current harmonic requires again two current components,
similar to the torque/flux production due to fundamental harmonic. In general, the
possibility for an increase in torque density increases with the number of phases.
However it appears that once when the number of phases reaches 15, further increase
does not provide any further important advantage [Hodge et al (2002)]. It was reported

by Xu et al (2001) that a 10% increase in torque is possible for a five-phase induction

machine with concentrated windings. A synchronous reluctance machine with

concentrated windings was investigated by Toliyat et al (1998), Toliyat et al (1992), Xu
and Fu (2002), Shi et al (2001a) and a 10% increase in torque was reported. The
research carried out thus far has not been confined to only five-phase machines. Lyra
and Lipo (2001) considered a six-phase (double star) machine. The machine was
reported to increase torque production by up to 40% compared to the equivalent three-
phase machine. It was reported that the improvement in torque is due to two factors.
First, by injecting the third harmonic current there is a reduction in the peak flux density
of the air gap flux and so additional torque can be gained by increasing the fundamental
flux component without saturating the machine. Secondly, the rotating field created by
the third harmonic currents generates a small increase in torque.

Further advantages of multi-phase machines over the three-phase counterpart

include reduction in stator and rotor losses [Williamson and Smith (2001)] and a
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reduction in vibration and noise generated by the machine [Golubev and Ignatenko
(2000)]. Recent surveys [Singh (2002), Jones and Levi (2002)] indicate an increasing
interest in multi-phase machines within the scientific community. It has to be noted that
some of the advantages of the multi-phase machines, which exist in the case of a single
multi-phase motor drive, will not be applicable in the proposed multi-motor multi-phase
system. For example, torque density cannot be increased in the manner previously
discussed, since the existing degrees of freedom are to be used to control other
machines in the group. Similarly, fault tolerance will be substantially reduced since all

the available degrees of freedom are to be utilised for control of the machines in the
system.

2.3 Modelling and control of multi-phase machines

The general theory of rotating machines, applied in analyses of three-phase
machines, is also adequate for analysing multi-phase machines [White and Woodson
(1959)]. The machines are modelled as a set of magnetically coupled coils. The flux
linkage terms differ depending on the type of machine and the construction of the stator
windings. For example, a six-phase stator can be constructed either with windings 60
degrees apart (true six-phase) or as in double star machines with two three-phase
windings displaced by 30 degrees. Mathematical models have been developed for many
different types of multi-phase machines both for the steady-state and the dynamic case.
Transformation of machine equations from phase variable to d-q form is performed
using either real or complex variable transformations. For example, d-q axis models for
five-phase induction machines and synchronous reluctance machines are available in
Ward and Hirer (1969) and Toliyat et al (1992), respectively. Abbas et al (1984)
modelled a double star induction machine, while the generalised case of a six-phase
induction machine with an arbitrary displacement between the two sets of three-phase
windings is given in Hadiouche et al (2000), Grochowalski (2000), Nelson and Krause
(1974). Transformation of the phase variable model of multi-phase machines results in
two components (d-q) contributing to torque and flux production, and n-2 components
which do not contribute to torque production under the condition of sinusoidal mmf
distribution [Klingshirn (1983), Zhao and Lipo (1995)]. Multi-phase machines can be

modelled by considering an n-dimensional approach to the space vector theory [Gataric
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(2000), Lipo (1984), Zhao and Lipo (1995), Kestelyn et al (2002)]. This method allows
an n-phase machine to be modelled in n-dimensional space. Kestelyn et al (2002)
demonstrated that a multi-phase machine is equivalent to a group of machines having
smaller phase numbers and shows that a five-phase concentrated winding permanent
magnet synchronous machine can be represented as a group of two two-phase and a
single one-phase machine. Each phase of the machine is supplied by its own inverter
(requiring 20 switches in total). It is on the basis of these transformed models that the
methods of vector control for multi-phase machines are developed.

The well-known field oriented control (FOC) method, used to achieve high
performance control of three-phase machines, can be extended to multi-phase machines.
It has been shown by Nelson and Krause (1974) and Toliyat (1998) that multi-phase
machine models can be transformed into a system of decoupled equations in orthogonal
reference frames. The d-q axis reference frame currents contribute towards torque and
flux production due to the fundamental of the mmf, whereas the remaining x-y
components plus the zero sequence component(s) do not. This allows a simple
extension of the rotor flux FOC principle in which the rotor flux linkage is maintained
entirely in the d-axis, resulting in the g-axis component of rotor flux being maintained at
zero. The electromagnetic torque equation is therefore reduced to the same form as that
of a DC machine or a rotor flux oriented three-phase machine. Thus the electromagnetic
torque and the rotor flux can be controlled independently by controlling the d and g
components of stator current independently. Toliyat et al (2000) carried out the
development of a vector control scheme for a five-phase synchronous reluctance
machine. The strategy investigated was an indirect rotor flux oriented control technique
using a space vector PWM strategy. Coates et al (2001) constructed a nine-phase four
pole 5 kW synchronous reluctance drive under rotor flux oriented vector control. Rotor
flux oriented control has been investigated for a five-phase induction and synchronous
reluctance machine including third harmonic current injection by Xu et al (2001) and
Shi et al (2001a), respectively, thus controlling both the fundamental and the third
harmonic and resulting in a high performance drive with an increased torque. The other
control method recently developed for high performance three-phase drives, direct
torque control (DTC), is starting to be looked at in conjunction with multi-phase drives
as well [Shi et al (2001b), Toliyat and Xu (2000)]. Shi et al (2001b) proposed DTC of a
five-phase synchronous reluctance machine, while Toliyat and Xu (2000) analysed DTC

of a five-phase induction machine.
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The most frequently discussed multi-phase machines are either with five phases
[Toliyat et al (1993), Favre et al (1993), Toliyat and Xu (2000)] or with six phases
(double star) [Gopakumar et al (1993), Zhao and Lipo (1995), Petrov (1998), Lipo
(1980), Fortuna and Palazzoli (1999)] (inclusive of those previously mentioned). One
example of a seven-phase machine is given by Weh and Schroder (1985), while a nine-
phase drive (with the winding composed of three three-phase windings) is discussed by
Veen et al (1997) and Steiner et al (2000). Not surprisingly, a multi-phase induction
motor is most frequently considered although multi-phase drives with permanent
magnet synchronous machines, brushless DC machines, wound rotor synchronous
motors and synchronous reluctance motors have all been described in literature.

The machine type is irrelevant in the context of the concept of the multi-machine
system developed here and the research described in this thesis applies equally to multi-
phase induction, synchronous reluctance, permanent magnet and wound rotor
synchronous machines. The only requirements are that the supply is current controlled,
since vector control will be ultimately applied and that the machine can be regarded as
having sinusoidal distributed windings.

As discussed in chapter 1, the most important property of a multi-phase machine
(regardless of type) is that, once the modelling is completed, a new set of equations will
be obtained in which only two components will lead to stator to rotor coupling, while
the rest do not give coupling. This is valid as long as only the fundamental harmonic of

the mmf is under consideration. Modelling and transformation of multi-phase machines
will be discussed next in chapter 3.

24 Three-phase multi-motor drives

As already noted multi-machine multi-inverter systems are present in many

applications, such as textile and paper industries, rolling mills, robotics, electric vehicles

and locomotive traction [Belhadj et al (2001)]. Multi-machine drives can be
constructed and controlled in a number of ways. Matsumoto et al (2001) consider a
single PWM VSI feeding parallel connected three-phase multiple induction motors for a
locomotive traction application (Shinkansen, the fastest train in Japan). Stator flux
oriented control is used in order to avoid over-magnetising the motor with the light load.

The average value of the detected angular velocities of individual motors is used as the
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value of the angular velocity for the control. Supply of two induction machines via a
single VSI has advantages in terms of cost and size reduction; however the machines
must be identical and equally loaded. If an incorrect electrical parameter estimation is
made a mechanical perturbation will appear and will affect the system performance.
Pena-Eguiluz et al (2001) compare the performance of two rotor flux observer strategies
of a mean system controlled drive (mean system control consists of taking into account
the necessary signals of both motors in order to recreate an imaginary mean motor).
The two strategies under consideration involve the use of one rotor flux observer fed via
the average of the two measured motor values and the use of two rotor flux observers
taking the average of their outputs. The system consisting of two rotor flux observers
was found to offer better performance. Kouno et al (2001) and Kawai et al (2002)
examined a speed sensorless vector control method for parallel-connected induction
machines fed via a single VSI. A rotor flux observer was used in order to eliminate the
need for a flux sensor and an adaptive scheme for rotor speed is employed in order to
eliminate the speed sensor. The system was found to operate satisfactorily for different
ratings of each machine. Watanabe and Yamashita (2002) consider a speed sensorless

system for use in a drive consisting of four induction motors supplied via a single three-
phase VSI for a locomotive traction application.

The method allowed for easier
detection of wheel slippage based on the behaviour of motor currents.

Pena-Eguiluz et al (2002) examined different control structures for single inverter
multi-motor three-phase drives utilising a rotor flux observer for each machine. Four
different control structures were compared: mean drive control, which takes into
account the necessary signals of both motors in order to calculate the average motor
variables; switched master-slave drive control, which alternates between the estimated
and measured signals for each machine every sampling period; mean drive control for
dual motor, which averages the VSI reference signals obtained for both machines; and
mean and differential drive control of the dual motor, which controls two different
variables (torque and differential torque) by the d-axis regulation. The study found the
mean drive control method to be the most effective under the adherence loss of one
wheel.

Only one multi-motor three-phase system, fed by a single CSI is considered in
literature {Ma et al (2001)]). The drive consists of a three-phase space vector modulated
CSI feeding two three-phase induction machines connected in parallel. The drive

creates two resonant modes due to parallel connection of filter capacitor and the motor.
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A low frequency resonance due to the capacitor and magnetising inductance and a high
frequency resonance due to the capacitor and the leakage inductance take place. The
problem is solved using an active damping control system.

As mentioned previously, a quite different topology of the multi-drive system is
the most common one. This system employs a number of three-phase machines each
connected to its own VSI and fed via a common DC link, thus allowing for independent
control of the speed and torque developed by each machine in the system. Belhadj et al
(2001) considered both direct torque control (DTC) and field oriented control (FOC)
strategies and found that they gave similar results in systems with mechanical coupling
(i.e. connection of both machines to the same load) and systems without mechanical
coupling (i.e. independent loads applied to each machine). It was concluded that the
DTC scheme was advantageous because it offers a simpler realisation than FOC.

If a multi-motor system consists of m three-phase machines, this approach
requires 3m inverter legs. Numerous topologies have been proposed for reducing the
total number of inverter legs required in a multi-machine system [Lee et al (2001),
Ledezma et al (2001), Jacobina et al (2002)]. The two solutions analysed in detail by
Jacobina et al (2002) require only 2m and 2m+1 inverter legs, respectively. However,
both configurations lead to a substantial increase in the total harmonic distortion and
reduced voltage capability. The authors conclude that the configuration with 2m+1 legs
offers a better performance than the configuration with 2m legs. Both are however
inferior with respect to the standard solution with 3m legs. Klumper and Blaabjerg
(2002) examined a multi-machine system fed via a two stage matrix converter and
compared it to the standard solution with a separate VSI for each machine.

It can be concluded that a number of different topologies and control methods
exist for the multi-machine three-phase drive system. However, none of the systems
described in the literature allow independent control of machines fed via a single VSL.
A potential solution, that is to be developed in this research, will be based on the
utilisation of multi-phase machines. As noted, interest in multi-phase machines amongst
the research community has been steadily increasing over the past few years due to the
many advantages they offer over traditional three-phase machines. Advantages, such as
fault tolerance, reduced power per phase, reduced torque ripple and reduced stator loss

have led to their use in many high power and/or safety critical applications [Smith
(2002)].
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25 Summary

A literature review, provided in this chapter, has surveyed the state of the art in
all the areas relevant for the research undertaken in the project. In particular, present
realisations of three-phase multi-motor drives were reviewed and it was shown that
independent control is not possible with a single inverter supply. The advantages of
multi-phase machines over their three-phase counterpart were highlighted and the
methods for a single multi-phase drive control were surveyed.

This research aims to develop a multi-phase multi-machine drive that allows for
independent high performance control of each machine in the set, while using a single

multi-phase inverter as the supply. In order to explain the concept of this system,

mathematical modelling of an n-phase machine is elaborated next.
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CHAPTER 3

MODELLING OF MULTI-PHASE MACHINES

3.1 Introduction

Mathematical modelling of n-phase induction machines in terms of phase
variables is considered first. The resulting equations are highly coupled and contain
time varying coefficients. For this reason a decoupling transformation is applied and it

is shown that any n-phase machine can be considered in terms of flux and torque

production as a two-phase machine. Next, a rotational transformation is applied

resulting in a set of equations describing the n-phase induction machine in a common

reference frame. Finally, equations describing a current-fed rotor flux oriented

induction machine are derived.

3.2 Phase domain model of an n-phase induction machine

An n-phase symmetrical induction machine, such that the spatial displacement
between any two mmfs produced by any two consecutive phases is & = 22/, is under
consideration. For the sake of generality both stator and rotor are assumed to be of n-

phase structure. In arriving at a mathematical model of an n-phase machine the

following standard simplifying assumptions were made:
]

The mmf produced by a winding is sinusoidally distributed along the air gap
circumference.

e The air gap is uniform.

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

» Iron core losses are neglected.

¢ The winding resistances and inductances are constant.

It is also assumed that the rotor winding has been referred to stator winding, using
winding transformation ratio. Stator and rotor voltage equilibrium and flux linkage

equations can then be written as [White and Woodson (1959)]:
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s dt (3.1)

dz'
v =R,i +_d_t (3.2)
y =L,i" +L,i’

Let the phases of both stator and rotor be identified with numbers 1,2,3....n
according to the spatial ordering of the windings along the circumference of the stator

and rotor. The following definition of phase voltages, currents and flux linkages then
applies to (3.1)-(3.2):

EJ = [vls Vas V3 eeeee vnsy

i =iy iy iy e ins ] (3.3)
ZJ = [V’ls VZ.\‘ W3s """ 'I,ns ]T

v :[vlr Voar Var e vnrr

i =, i b o in 3.9

Z’=['V1r Y2r ¥3 e 'l’,.,r

The matrices of stator and rotor inductances are given with (a =2z /n):

Ly, Ly, Ly ... Ll,,s1 [ L,+M M cosax Mcos2a ... M cos(n - Da|
Lys Lyg Ly, .. Ly, | | Mcos(n-Na L, +M Mcosa ... M cos(n - 2)a
Li=|Lys Ly, Ly, ... Ly, |=|Mcos(n-2)a M cos(n ~ a L,+M ... M cos(n -3)a
[Lus Luas Lygg oo L. L M cosa Mcos2a  Mcosda ... L,+M
(3.5)
L, L, L, ... L, | L+M Mcosa  Mcos2a ... M cos(n - |
Ly, Ly, Ly, ... L, M cos(n - D L,+M Mcosa ... M cos(n - 2)a
L =|Ly, Ly, Ly, ... Ly, {=|Mcos(n-2)x Mcos(n-Da L,+M ... M cos(n -3
Ly, Loy Lya, o L, | | Mcosa Mcos2a  Mcos3a .. L,+M
(3.6)

Mutual inductances between stator and rotor windings are given with:
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cosé cos@+a)  cos(@+2a) .. cos(f +(n-1)a)]
cos(@ + (n-1)a) cos 6 cos@+a) .. cos(@+(n—2)a)
L,=M cos(@+(n-2)a) cos(@+(n— l)a) cosf@ ... cos(@+(n -3)0!) 3.7)
| cos(@+a) cos(@+2a) cos(@+3a) ... cos@
L, =L

The angle 6 denotes the instantaneous position of the magnetic axis of the rotor phase
"a" with respect to the stationary magnetic axis of the stator phase "a" (i.e. the

instantaneous position of the rotor with respect to stator). Stator and rotor resistance

matrices are diagonal nxn matrices,

=diag(R, R, R, .. R
B-S lag( 5 s 5 S) (3.8)
R, =diag(R, R, R, .. R)

Motor torque can be expressed in terms of phase variables as:

PrdL. Pla .7 IdL i
T = — — = — X
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¢ 2|.rdL, o il 200 46°7" Tas " (3.99)
- de
dL dL dL ’
T 5= . T “Zsr .s L . .
As i —20—‘55 =" —fi (_‘T df; ;’) , the electromagnetic torque becomes:
dL
— psT “Zsr or
T =Pi" —7-i (3.9¢)

Substitution of currents from (3.3)-(3.4) and (3.7) into (3.9¢) yields the torque equation
in developed form:

(llsllr Fiygly, +i3si3r o +insinr )Sin o+ (insilr +ilsi2r + i2si3r +i3si4r to +i(n—l)sinr )Sin(9+a) 'ﬂ

T, = _pMW(i("_z)si,, Figgiysiay Finsiae Figiay F oo ipgysin SN0 +30) +

(3.10)
The equation of rotor motion is:
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3.11)

where J and P are the inertia and number of pole pairs, respectively, @ is the electrical

speed of rotation and 77 is the load torque. Mechanical loss torque is neglected.

The equations describing an n-phase machine are highly coupled and contain time

varying coefficients. In order to simplify the mathematical model of an n-phase machine

a decoupling transformation is applied and the machine is transformed to an equivalent

two-phase machine. This transformation is demonstrated in the following sub-section.

3.3

Decoupling transformation

Let the correlation between any set of variables [x] (voltages, currents, and flux

linkages) in original old (phase) domain and new (transformed) domain be given with:

X new =££old

-l
Xold -g- X pew

where a power invariant transformation matrix is selected

(3.12)

so that ¢c'=c”. The
decoupling transformation matrix is then given for an odd number of phases with
[White and Woodson (1959)]:
1 Cf)sa cos2a cos 3 cos3a cos2a cosa |
0 sina sin 2 sin 3 —~sin 3 -sin 2o -sina
1 c?s2a cosda cos 6 cos b cosda cos 2
0 sin 2o sind4a sin 6o ~ sin 6 - sind4a —sin 2a
i C?S3a cos 6 cos9a cos9a cos 6 cos3c
0 sin 3o sin 6 sin 9¢x -sin%a —sin 6 ~sin3a
- J_z—_ 1 cosdq cosSa cos12a cos12a cos8ar cosdar
= Ynl O sinda sin 8 sinl2a -~ sin12a —sin8a —sinda
- n— e e e -
1 cos{ — Cos Y —— cos Ll
5 > 3 cos3( > }1 cosz( 5 }z co 3
. (n-1 n-1 . fn-1 n-1 n-1 -1
0 sinj — sin2| —— _— . —siny} — ~sin} — —sinf 2=
3 > sin 5 sm3[ 5 sin }1 sm( 3 }1
1 L il Al ! 1
A & ) 7 N 7
(3.13a)

Here the first two rows define 0-p components, the last row defines standard zero

sequence component, while the remaining (n-3) rows define [(n-1)/2 - 1] pairs of x-y
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components. Transformation matrix for an even number of phases is given with [White
and Woodson (1959)]:

1 cosqx cos2a cos3da ... cos3a cos2a cosa
0 sina sin 2 sin3a ... -sin3a —sin2a —sina
1 cos 2o cosda cosba ... cos b cosda cos2a
0 sin 2 sin4a sinba ... —sin 6o —sinda —sin2a
1 cos3a cosba cos9a ... cos9a cos 6o cos3a
c J’z‘ 0 sin 3 sin 6 sin%a ... -sin9a —sin6a —sin3a
! 1 co n-2 €os n=2 cos L cos{"_z}z cos n=-2 0! "—2}1
2 2 2 2 2
0 sin n-2 sin n=2 sin int ) -sin n=2 ~sin — —sm[n_ }I
2 2 2 2 2
T2 RN ) V2 Nz o V2 i\2 i\2
V2 -2 i\2 -z -1/\2 i/\2 -1/\2

(3.13b)
Here the first two rows define a-f components, the last two rows define zero sequence

components, while the remaining (n-4) rows define [(n-2)2 - 1] pairs of x-y

components. The inverse transformation for odd number of phases is:

[ 1
1 0 1 0 1 0 .. 1 0 -Jl—_-
2
cosa sina cos2a sin2a cos3a sinda .. co: n—;—l}y sin ”;I} —J]—E-
cos2a sin2x cos4x sinda  cosba  sinba ... cos _n_;_l sin %—l -‘;—3
c = 2|cos3a  sin3a cos6ax sin6a cos9a sin%ar ... cos 3 2! sing 21 -
%4 n 2 2 2
cosda ~—sinda cos6a -sin6a cos9a -sin9a ... cos ";l -sin ";1 -Jl—_
2
cos2a -sin2a cosda -sinda cosba -sinba ... cos -'-';—] —sin % -\—;=
2
Lcosa —-sin  cos2a -sin2a cos3a -sin3a ... co! -t - sin| n-l -1—
2 2 2
(3.14a)
and for an even number of phases is:
1 0 1 0 1 0 1 1 1]
..... 0
Ry
cosa  sina  cos2a sin2¢ cosda  sinda ... cos("_z}z sin("—z}z -\—;_— —71_-
2 2 2
cos2a¢  sin2a cosda sinda  cosba  sinba ... cos2| 22 sin2| "=2 71= 71=
2 2 2 2
c-' = [} cos3e  sinda coséa  sin6x cos9a  sin9a .. cosy P2 sin 222) L __L
153 . 2 2 2 2
cos3daa -sin3a cosba -sin6ar cos9a -sin9a ... cos ";2 —sin n-2) L —%
2 2 2
. . . n-2 . fn=2 1 i
cos2a -sin2a cosda -sinda cosba -—sinba ... cos 5 -sin 3 T T
2 2
cosa@ -sin@ cos2a ~-sin2a cosda -sinda ... co n-2 — sin| n=z) L 1
] 2 2 2 2]
(3.14b)
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3.4 Application of the decoupling transformation onto the phase
domain model

Let the transformation according to (3.12), be defined with the following

correlations:

:q
)
o

v, =Cv it =Ci*  y' =Cy
Vag =C¥ iop =Ll Vs =S¥

_C T _C'f Tﬁ_c r (3'15)
Vop =CV Lop =%t Vg =¥

where new stator and rotor windings retain the speed of rotation of orignal windings.
Substitution of (3.13a) or (3.13b), in conjunction with (3.15), into voltage equations of

(3.1)-(3.2) leads to transformed form of the voltage equations:

Vas | _[B O Jias|, 4|¥s (.16
ve| LO R Jig| ar|y, -16)
which remain to be of the same form as in original phase domain. Transformation of
flux linkage equations results in:

v/’ s AN
L-;ﬁ] = [% ":[ 0 C—-II ] [Laﬁ Laﬁ -aﬂ 3.17)
rop -rs Laﬂ —aﬂ

-aﬂ
where
L, | B L [ene! cL.c
Ly Ly| |cL,c* cLc? G149
Individual submatrices of (3.18) are further equal to:
Ly +(n/2)M 1
L, +(nI )M
s L
LS. = Is
Lig L (3.19)
L Lls_‘
(L, +(n/ )M ]
L, +(n/2)M
r L,
L= I L (3.20)
L Llr_
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Further
[ cos(0) sin(B)
—sin(@) cos(8)
__:jﬂ =EM 0 0
| O 0
and
[cos(8) —sin(8)
sin(8) cos(8)
se 1
Lo =7M| © 0
| O 0

0 .. 0]
0 ... 0
0 ... 0
0 ... 0 |
0 ... 0]
0 ... 0
0 ... 0
0 .. 0

cosf® sinb X(n=2)
=2 M| —sing cose] o (3.21)
[O}n—2)x2 b](n—Z)x(n—Z)
COS 6 - Sin 9 X("—Z)
LYY Line coso | OF (3.22)
[Ol(n—z)xz [()](n—Z)x(n—Z)

where 0 denotes instantaneous rotor position. Hence x-y components of stator and rotor

are not coupled. Of course, there is not any mutual coupling between the x-components

and y-components of stator (rotor) either, since the windings are orthogonal. The torque
developed by the machine is given by:

d
de{L

T"_[ i [o c}

[ el

(3.23)

The product of the underlined matrices is further equal to

(_v,)C“

0

_d0

2,

“dB

The two sub-matrices are evaluated as follows:

[ sin(@) cos(@) 0
—-cos(f) sin(@) 0
cdy =yl o 0 o
—de== 2
e 0o o
and
'sin(O) -cos(@) ©O
cos(@) sin(@) O
4 ct="ul o 0 0
~de~"~ 2
| 0 0 0

.....

...............

.....

.....

...............

.....

(3.24)

(3.25)

so that the final form of the torque equation is:

T, = PL, kosOliyig i

gric J-5inOligin +igip i

(3.26)
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3. Modelling of multi-phase machines

Here L, =(n/2M .

By substituting (3.19)-(3.22) into (3.17) and then into (3.16) and taking into account

that the rotor winding is short-circuited, the voltage equilibrium equations can be
written as:

Vs = Ryigs +51{—t“-’—— Rig + (L +Lm)f%‘;—+Lm -Z—t(tm cos@—ig sin 0)
vg =Riig +d'l’ﬁ5 = Ryig +(L; +L,,,)-‘%?;+L,,, %(za, sin@+ig cose)
Vas = Rolas + d'/;:“ = Rgiys + Ly é‘l“l{:—"
=R+ T R L o (3.27)
Vaos = Rsixps + 'l;:zs = Ryiys + Ly di;tzs
Vy2s = Reiyas + dizs = Ryiy, + L, di;:‘
vos = Ryigs + t° = Ryigs + Ly —=

d di
Ve =0=Ryig +—-§"L= R,i, +(L, +L,,,)—;%"—+L,,, -;it-(im cos@+ig, sin8)

. dy . di d(. .
va =0=R,ig + "'=R,zp,+(L,,+L,,,)—:£L+Lm—-—(~¢ms1n9+iﬂscose)

dt
dw . i
Var =0=R,iy, + dxlr =R, iy, +Ly __di:_’_.
dy di
L =0=Riy, +—LL =R i 4L, 2
riyir dr riyir ir (328)
di
2 =0=R,i, + ";‘;2’ =R,i,, +L, =32
t r
—0 k lﬂ’ - =Rr‘y2r+l‘lr 12
di
vor =0=R,ip, + =R,iy, +L,, _dot_'.

In the case of an even number of phases the last two equations are for zero sequence
components so that the total number of pairs of x-y components is [(n —2)/2 -1]. For an
odd number of phases the last equation only is the zero sequence component so that
there are [(n — 1)/2 —1] pairs of x-y components.

One can see that the torque equation (3.26) has been reduced to a much simpler

form than that of equation (3.10). The torque equation (3.26) shows that the machine’s
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torque is entirely developed due to the interaction of the stator and rotor a-B current
components, regardless of the number of phases. Hence for any n-phase machine
independent flux and torque control require only two current components. It can be
seen from the rotor equation (3.28) that since the rotor is short-circuited and stator x-y
components are decoupled from rotor x-y components, all rotor x-y components and
zero sequence components are identically equal to zero. The same applies to the stator
zero sequence components for odd phase numbers and one of the two zero sequence

components for even phase numbers, since star connection is assumed.

3.5 Application of the rotational transformation

Since all the x-y components and zero sequence components of stator and rotor
are decoupled, rotational transformation needs to be applied to o-f components only.

The form of the transformation matrices for stator and rotor are [White and Woodson
(1959)}:

[ cosf, sing, cosf, -sinb,
-sinf; cos@, sin€; cos@,
D, = 1 D= 1
. 1 1 (3.29)
cosfB sinf [cos B ~sin ]
-sinf cosfB sinf  cosf
D, = 1 D= !
L |

L 1

Transformation of the stator and rotor variables is performed using the same

transformation expressions, except that 6, is replaced with B, where f = 6,—6 . Here 6,

is the instantaneous angular position of the d-axis of the common reference frame with

respect to the phase “a” magnetic axis of the stator, 6, = Jw,dt, where @, is the arbitrary

rotational speed of the d-axis of the common reference frame while B is the
instantaneous angular position of the d-axis of the common reference frame and the
phase “a” magnetic axis of the rotor. Setting @, = 0 yields model in the stationary

common reference frame.

Upon application of (3.29) in conjunction with the model (3.26)-(3.28), voltage

and flux linkage equations for an odd phase number take the form:
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Vas = Rslgs =09 45 + PY 45
Vs = Rylge 0¥ 45 + PW 4
Vas = Reiyis + PW g
=Riiy s+ py
Vi = Ryla, + PV s
Vyas = Rlyas + pY o5

...................................................

=0= R idr _(wa —QJ)U/Iq, +pPVar

r =0=R,i, +(@, -0y, +py,
Var =0=R. iy, +pyy,
1r —O—R,lyl, + ¥y,
Viar =0=R ixzr +p‘/’x2r
2 =0=R,i, +py

(3.30a)

......................................................

Vor = Rri()r +PV¥o,r

In the case of an even phase number:

= Ryiy — WY st PVas
= Rs‘qs DYy + P qu
Vais = Ripg + p¥Wiis
s = R iyls + pWyls
Vs = R stxas ¥ PWxas
y'Zs = Rs'y2s + pWy2s

....................................................

0+v s'0+s + p'ya+s
()-S sl()—s + pWO—

where p = d/dt.

dr =0= Rrid'.“(wa -—w)lpq,+ p'/’dr

Vgr = 0= Rriqr + (wa = w)'/,dr +p qu
Viir = 0= Rrixlr +P¥n
Yyir =0= Rriylr + PWylr

2r =0= Rrier + PVor (330b)

Vyo, =0= Rrier + PV¥yar

.....................................................

vo+r = Rri0+r + p 'I,o-H'
o-Tr = ri()—r + p'//o—r

The flux linkage equations become (odd phase number):

as =Ly + L)y + Loy,
Wy = (L + L, )iqs + L,,,iq,
Vas = Lysins
Vyls = Llsiyls
Vs = Llsix‘zs
¥yas = Lisi g,

....................................................

Vos = Llsi()s
Even phase number:

Was = (Ls + Ly igs + Lyiy,
Wos =Ly + Ly igs + Ly,
Was = Ligings

Vs = Lisiyyg

Vias = Llsix2s

Vyas = Liyas

.....................................................

dr = Ly + Ly )ig, + Lyiy
Yor =Ly + Lpyig, + Lyi

'm*qs
Var= Llrixlr
'//ylr = Llriylr (33 la)

Wx2r = Llr x2r

'Vy2r Llr y2r

.................................

ar = (Lyy + Ly )ig, + Lipig
Vo= (L, +L, )iq, + L,,,qu
Var = L1rixlr
V’ylr = Llriylr
Vir = Llrix2r
Vyar = Llriy2r

(3.31b)

................................

Wa+r = Llri0+r
Wo—r = LIriO—r
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Here once more L, = (r/2M . Torque equation is:
nP T . -
Te =TMLdr’qs —’ds'qr]
(3.32)
Te = PLm &driqs —idsiqr]

The machine model described with (3.30)-(3.32) is identical to that describing a
three-phase machine in the arbitrary reference frame, except for the presence of x-y
components. As rotor flux and torque are independent of x-y components, vector
control scheme for an n-phase induction machine will be the same as for a three-phase
machine, except that coordinate transformation involves creation of n individual phase

currents (rather than three) from the d-q axis stator current references.

3.6 Rotor flux oriented control of an n-phase current-fed induction
machine

Rotor flux oriented control is achieved when the speed of the reference frame is
selected as equal to the speed of rotation of the rotor flux space vector at all times. The
real axis of the reference frame, d-axis, is at all times aligned with the rotor flux space
vector, while the g-axis is perpendicular to it. Thus the reference frame is fixed to the

rotor flux space vector via the d-axis and therefore [Krishnan (2001)]:

os = ¢r 0,. = ¢r -6

do (3.33)
W, =0, o, = Ttr
where angle ¢, denotes instantaneous rotor flux space vector position. Rotor flux space

vector becomes a pure real variable in this special frame of reference,

Zr = v/dr + jvlqr = V’r (3.34)

i.e., it follows that;

Var =¥, Yo =0 dy, [dt=0 (3.35)

It is assumed that the machine is supplied by a current controlled VSI with current
control in the stationary reference frame. Taking the current control loops as ideal, the

stator voltage equations can be omitted [Krishnan (2001)]. Thus by considering the
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rotor flux linkage equation (3.34) and taking into account equation (3.35) the rotor

current space vector can be written as:

; |y/ ~Lyi,] (3.36)
LET

r

Substitution of (3.36) into the rotor voltage equation (3.30), taking into account (3.33),
results in:

0=%—(% Lo+ “” + j@, W, (3.37)

T

Defining rotor time constant as T, = L/R, and separating equation (3.37) into real and
imaginary parts results in:

fad J28 3.38
Wr +T;' dt ds ( )
(G), —w)y/,T, = Lmiqs

Lm‘qs (3.39)
Ly =

Ty,

Here wy is the electrical slip angular frequency. Taking into account equation (3.35) the
torque developed by the machine can be written as:

T, =p£L':-w,zq_, (3.40)

The torque equation (3.40) is now of the same form as the torque equation of a
DC machine or a three-phase induction machine. One can see that if the magnitude of
the rotor flux is held constant the torque developed by the machine can be controlled via
the g-axis current component. The machine will have instantaneous torque response
similar to a DC machine provided that the rotor flux is not affected by changes in the
stator g-axis current component. Equation (3.38) shows that the magnitude of the rotor
flux is proportional to the d-axis current and so rotor flux can be held constant by
controlling the d-axis current component. If the magnitude of the rotor flux is held
constant then it follows from equation (3.39) that the slip frequency and hence the
instantaneous torque can be controlled via the g-axis current component. It can be seen
that there is no pull-out torque and theoretically any value of torque can be achieved by
applying the appropriate stator g-axis current under constant rotor flux operation of the

machine. Since there is no excitation for rotor x-y components and rotor zero sequence
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components, only the first two (d-q) equations in the second column of (3.30) and (3.31)
are required. Equations describing a rotor flux oriented n-phase induction machine
(3.38)-(3.40) are the same as those for a three-phase induction machine. Since flux and
torque producing currents in any n-phase AC machine are only the d-q components, it
follows that the indirect rotor flux oriented control scheme for any induction machine,
regardless of the number of phases, is similar to that of a traditional three-phase
induction machine, the only difference being the coordinate transformation calculation.
Consider an indirect vector control scheme for a three-phase machine [Krishnan
(2001)], aimed at operation in the constant flux region only (i.e. base speed region).
The corresponding configuration of the indirect vector controller for operation in the

base speed region is illustrated in Fig. 3.1 for an n-phase induction machine.

id.r* = igen — i*
» —»12 [0
i —P i *
¢ e

w* igs* — .. *

-»?—» p K - L i.*
| " i
Kz ¢

p P ¢

Fig. 3.1: Indirect vector controller for an n-phase induction machine.

The constant terms K; and K are determined, on the basis of (3.39)-(3.40), with:

- . e e 1L 1 _11L 1
K S K=l [T = =y
AT (3.41)
Wy =Kqiyy = Ky =y [il, =1 = —
4= Kol > K =0y Ty, T

3.7 Summary

This chapter has presented principles of mathematical modelling of an n-phase

induction machine. It has been shown that application of decoupling and rotational

transformations results in a greatly simplified mathematical model of an n-phase
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machine. The transformation results in two current components (d-q) for stator and
rotor which contribute to the torque developed by the machine (stator/rotor coupling)
and [(n-3)/2] pairs (odd phase number machine) or [(n-4)/2] pairs (even phase number
machine) of x-y components which do not. Since only one pair of stator d-q current
components is needed for the flux and torque control in one machine, there is a
possibility of using the existing degrees of freedom (i.e. [(n — 3]/2] x-y pairs of stator
current components in the odd phase number case) for control of other machines that
would be connected in series with the first machine. However, if the control of the
machines with series connected stator windings is to be decoupled one from the other, it
is necessary that the flux/torque producing currents of one machine do not produce flux
and torque in all the other machines in the group. Hence, if stator windings of m = (n-
1)/2 (odd phase number case) or m = (n-2)/2 (even phase number case) multi-phase
machines can be connected in such a way that what one machine sees as the d-q axis
stator current components the other machines see as x-y current components, and vice
versa, it would then be possible to completely independently control these machines
while supplying them from a single current-controlled voltage source inverter. This
explanation constitutes the basis of the multi-motor multi-phase drive system that is to
be developed further on. In the general case a set of n-phase stator windings is to be
supplied from a single n-phase current-controlled voltage source by connecting the
stator windings in series and using the phase transposition, as illustrated in Fig. 1.2. As
already noted phase transposition means shift in connection of the phases 1,2, ... n of
one machine to the phases 1,2, ... n of the second machine, etc., where 1,2,3...n is the
flux/torque producing phase sequence of the given machine according to the spatial
distribution of the phases within the stator winding. The issue of required phase

transposition is discussed in detail in the next chapter.

33



4. Series connections of n-phase machines

CHAPTER 4

SERIES CONNECTIONS OF n-PHASE MACHINES

4.1 Introduction

This chapter considers the machine-to-machine connection for all the possible odd
and even phase number cases. In order to achieve fully decoupled control of each
machine in the multi-phase multi-machine drive it is necessary to perform a phase
transposition in series connection of machines. The chapter shows how to perform the
required phase transposition and how to construct a connection table termed the
connectivity matrix, which leads to the connection diagram. All phase numbers (both
odd and even) are considered ignoring the physical limitations of constructing large

phase number machines. The maximum number of connectable machines differs

depending upon the properties of the phase number. The chapter analyses all the
possible situations that can occur and summarises the results for the odd and even phase
number case in table 4.15 and 4.16, respectively. It is shown that the maximum number
of connectable machines for the odd phase number case [(n-1)/2] is obtained when n is a
prime number or a power of a prime number. For the even phase number case the
maximum number of connectable machines [(n-2)/2] is obtained when n is such that n/2
is a prime number or n is a power of 2. These situations provide the greatest advantage
because the saving in the number of inverter legs is the greatest. Considerations of this
chapter, related to even phase numbers, are detailed in Levi et al (2003a), while odd

phase numbers are covered in Levi et al (2004a) and Levi et al (2004c¢).

4.2 Machine connectivity for a general n-phase case

If a set of n-phase machines is to be connected in series and the machines are to be
controlled independently, it is necessary to make flux/torque producing currents of one
machine non flux/torque producing currents in all the other machines. In other words d-

q currents of one machine must appear as one of the x-y pairs of currents for all the
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other machines. Simple series connection of stator windings will of course not yield the
desired result. However, if a phase transposition is introduced between phases in series
connection, the desired effect will automatically result. An answer to the question how

the phase transposition needs to be done lies in the decoupling transformation matrix

(3.13a/b) repeated here for convenience.

( 1 cosa cos2a cos3a - cos(n-a ]

0 sina sin2a sin3a R sin(n - o

1 cos2a cosda cosba - cos2{(n-1)a

0 sin2a sin4a sinba - sin2(n-1)e

1 cosla cosb6a cos9a - cos3(n—1)

0 sin3a sinba sin9a N sin3(n-1)e (3.13a)
C= Jz 1 cosda cos8a cosi2a - cosd(n -1 )
otng sin4a sin8a .sinl 2 R sind(n-1)a

1 cos n——l—ja cos?2 n-l a cos3 f_—l)a - cos(n—l(f———l-)a
2 2 2 2

0 sin nl o sin2 nt a  sin3 nl . .. sin(n-1 ﬁ_—‘—)a
2 2 2 2

RN /42 2.
[ 1 cosa cos 2a cos 3a . cos(p-a |
0 sina sin 2o sin 3a C e sin(n -1
1 cos 2 cos 4 cos 6a c e cos2n-Ne
0 sin 2 sin 4 sin 6a c e sin2(n-M
1 cos3a cos ba cos 9a Coen cos 3(n— 1)
0

1
]
S

sin 3 sin 6 sin 9a c e sin3(p-1a (3.13b)

1 co{nﬂz)a cos 2, 2—_—2- @ cos 3 n-2 x . ... cos(n—l -'1_—2-)01
2 2 2 2

0 sin(n—z)a sin2(n_2)a sin3("_2 a . ... sin(n—l _n;2_)a
2 2 2 2

2 Y2 1/\2 /42 /2
/2 -2 /2 S T -1/\2

According to the transformation matrix (3.13), phase ‘1’ of all the machines will
be connected directly in series (the first column in (3.13)). The phase transposition for
phase ‘1 is therefore 0 degrees and the phase step is zero. However, phase ‘2’ of the
first machine will be connected to phase ‘3’ of the second machine, which will be
further connected to phase ‘4’ of the third machine and so on. The phase transposition
moving from one machine to the other is the spatial angle a and the phase step is 1. This
follows from the second column of the transformation matrix that contains cosine and
sine terms with spatial displacements equal to a, 2a, 3a, 4a, Sa, ... [(#-1)/2]a for the

odd phase number case and [(n-2)/2]a for the even phase number case. In a similar
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manner phase ‘3’ of the first machine (the third element in the first row of (3.13) with
spatial displacement of 20) is connected to phase ‘S’ of the second machine, which
further gets connected to phase ‘7’ and so on. The phase transposition is 2, and the
phase step is 2. This follows from the third column of the transformation matrix, where
spatial displacement equals 2a, 4o, 6q,...2[(n-1)/2]o. (odd phase number) or 2[(n-
2)/2]o. (even phase number). Further, phase ‘4’ of the first machine needs to be
connected to phase 7’ of the second machine which gets connected to phase ‘10’ of the
third machine and so on. Here the phase step is equal to 3 and the phases are transposed
by 3o.. This corresponds to the fourth column in the transformation matrix, where terms
with 3a, 6a, 90, 12a, ... 3[(n-1)/2]a (odd phase number) or 3[(n-2)/2]a (even phase
number) appear. For phase ‘5’ of the first machine the phase transposition will equal

400 and phase step will be 4, for phase ‘6’ the phase step will be 5 and phase

transposition will equal 5a., and so on.

The above given explanation enables construction of a connection table, which is
called further on connectivity matrix. In general, an n-phase system results in a,
connectivity matrix of the form given in Table 4.1 [Levi et al (2004a)]. Flux/torque
producing phase sequence for any particular machine is denoted in Table 4.1 with
symbols a,b,c.d,.... rather than with numbers 1,2,3,... (both notations are used further
on, depending on which one is more convenient for the given purpose). Double-line in
Table 4.1 encircles the seven-phase case, while the bold box applies to the five-phase
case. Dashed line encircles eleven—phase case, while solid line is the box for the
thirteen-phase case. If a number in the table, obtained by substituting a=1, b=2, c=3,
d=4, etc., is greater than the number of phases n, resetting is performed by deducting j
x n (j = 1,2,3...) from the number so that the resulting number belongs to the set [1,n].

Source phases are in Table 4.1 identified with capital letters while the first column lists
the motors.

Table 4.1: Connectivity matrix for the general n-phase case.

A B C D E F G H 1 J K L M N
Ml {a b [ d e f g h | j k | m n
M2 |a b+t c+2  d+3 e f+S  g+6 | h+7 i+8 j+9 k+10 & 1+11 m+12 n+13
M3 |a b+2 cHd d+6  e+8  f+10  p+12 | he1d4  i+16 418 k420 | M22  me24 n+26
M4 |a b+3  c+6  d+9 e+l2 f+15  g+l8  he21 424 #2717 k430 1 1433 m+36 n+39
MS |a_brd  _c48  d+12  etl6 420 g424  h428 432 436 k+40 ! 1444  med8 | n+S2
M6 | a b+S  c+10  d+15  e+20 §+25 g+30  h+35  i+40 1445 k450 1455  m+60 n+65
M7 |a b+6 c+12 d+I8 e+24 (+30 g+36 h+d2 i+48

j+54 k+60 1+66 m+72 n+78
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4. Series connections of n-phase machines

Connection rules, described here and summarized in Table 4.1, can be expressed in a
form of symbolic equations. Let the machines be denoted as M1, M2,... Mk, where k
stands for the maximum number of connectable machines. Similarly, let the machine
phase be denoted for each machine, according to the sequence of spatial ordering, with
indices 1, 2, 3...n and let the source phases be SP;, SP, SP;3,....SP, (instead of A, B,
C, D...). The connection of the appropriate machine phases to individual source phases

then proceeds in accordance with the following symbolic equations [Levi et al (2004c)]:

SP=M1;, >M2, 5 M3, 5> M4, 5K - Mk,

SP2 =M12 _‘)M22+| '—)M32+2 '—)M42+3 -K -‘)Mk2+(k_])

SPy =M1y 5> M23,) > M35, > M4y, 5K = Mky,p4 (4.1)
SPy=M1l, 5> M2, 9M3, 5 > M4,y 5K > Mky ;)

SP, =M1, 5M2,, .y P M3, 2y P M4, 5, 2K = Mk, (n-1yk-1)

Note that the meaning of the equality sign in (4.1) is “source phase consists of,” while
the meaning of the symbol — is “connect to.” On the basis of (4.1) it is possible to

write a symbolic equation for the connection rule for any of the source phases j = 1, 2,
3...n in the following form:

SP;=M1; 5 M2,y = M3 = M4 30, 2K = Mk g 4.2)

Symbolic equation (4.2) can be finally given in a compact form:

k
SP) = ZMij+(i“)(j—|) j = 1,2,3...n (4'3)

i=l

where ¥ has again only symbolic meaning.

4.3 Connectivity matrices and connection diagrams for machines with an
odd number of phases

Connectivity matrix and the corresponding connection diagram are given in this
sub-section for certain selected specific phase numbers. Selection is done in such a way
as to aid the discussion of the classification of all the possible situations in section 4.5.
Consider at first the five-phase case. Table 4.2 and Fig. 4.1 give the connectivity matrix

and the connection diagram for the two five-phase machines, which are obtained from
the general case shown in Table 4.1.
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4. Series connections of n-phase machines

Table 4.2: Connectivity matrix for the five-phase case.

A B C D E
M1 1 2 3 4 5
M2 1 3 5 2 4
Source Machine 1 Machine 2
al
A
N
B —-
cl
c -

Fig. 4.1: Connection diagram for the five-phase case.

Situation that arises in the seven-phase case is shown in Table 4.3 and Fig. 4.2,
where it can be seen that three seven-phase machines can now be connected in series, as
follows from the discussion in sub-section 4.1. The two phase numbers considered so
far are both prime numbers and the situation is simple. However, when the number of

phases is not a prime number the situation becomes more involved.

Table 4.3: Connectivity matrix for the seven-phase case.

A B C D E F G
M1 |1 2 3 4 5 6 17
M2 |1 3 5 7 2 4 6
M3 |1 4 7 3 6 2 5
Source Machine 1 Machine 2 Machine 3
a2 a3
A
B b2 b3
c c2 c3
D
E
F
G

Fig. 4.2: Connection diagram for three seven-phase machines.
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4. Series connections of n-phase machines

Consider the nine-phase case. Connectivity matrix, obtained from Table 4.1, is
shown in Table 4.4. As can be seen in Table 4.4, only phases 1,4 and 7 of machine M3
(encircled with a dotted box) are utilized in the series connection. Since the spatial
displacement between these phases is 120 degrees, this means that machine M3 is
actually a three-phase rather than a nine-phase machine. Connection diagram is shown
in Fig. 4.3. It has to be noted that a re-ordering of the machines has to be done if series
connection comprises machines of different phase numbers, as shown in Fig. 4.3. All
the machines with the highest phase number have to be connected at first in series to the
source, respecting the required phase transposition. Next come all the machines with
the second highest phase number, and so on. The sequence finishes with the smallest
phase number. This is so since, taking the nine-phase case as the example, the three
flux/torque producing currents of a nine-phase machine which enter any given phase of
the three-phase machine sum to zero in any instant in time. This simultaneously means

that the three-phase machine in Fig. 4.3 will not suffer any adverse effects due to the

series connection with three nine-phase machines.

Table 4.4: Connectivity matrix for the nine-phase case.

M1
M2

The connectivity matrix for the eleven-phase and thirteen-phase case is given in
Tables 4.5 and 4.6, respectively. In these cases all the machines in the system are of
equal phase number (the eleven-phase case utilises five eleven-phase machines and the
thirteen-phase system utilises six thirteen-phase machines).

An especially interesting phase number is fifteen. The procedure described in
section 4.2 results in the fifteen-phase connectivity matrix (Table 4.7) containing two
five-phase machines M3 and M6 (identified with dotted line in the table) and a three-
phase machine (identified with double solid line in the table). As five is not exactly
divisible by three, it is not possible to connect these machines in series. An attempt to
connect a five-phase machine M6 with a three-phase machine M5 leads to a complete
short-circuiting of all terminals of the two machines since all five phases have to be
connected to all three phases. The connectivity matrix given in table 4.7 can be re-

ordered so that connection of a five-phase machine to a three-phase machine does not
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4. Series connections of n-phase machines

appear in the sequence (Table 4.8). The machines in the group now have the following

sequential phase numbers: 15,15,5,15,5,15,3. Thus machines M3 and M5 are five-
phase, while machine M7 is 3-phase.

Source Machine 1 Machine 2 Machine 3 Machine 4
al a2 a3 a4
A
- ~ -
BC : - L
- — I
D di d2 d3 b4
P - -
¢ - L = 1 = -
ht h3
H L I

Fig. 4.3: Connection diagram for the nine-phase case: three nine-phase machines and one three-phase
machine are connected in series.

Table 4.5: Connectivity matrix for the eleven-phase case.

A B C D E F G H 1 J K
M1 1 2 3 4 S 6 7 8 9 10 11
M2 1 3 S 7 9 11 2 4 6 8 10
M3 1 4 7 10 2 5 8 11 3 6 9
M4 1 5 9 2 6 10 3 7 11 4 8
MS 1 6 115 10 4 9 3 8 2 7
Table 4.6: Connectivity matrix for the thirteen-phase case.
A B C D E F G H | J K L M
M1 1 2 3 4 5 6 7 8 9 10 11 12 13
M2 |1 3 5 7 9 11 13 2 4 6 8 10 12
M3 |1 4 7 10 13 3 6 9 12 2 S 8 11
M4 1 5 9 13 4 8 12 3 7 11 2 6 10
MS 1 6 11 3 8 13 5 10 2 7 12 4 9
M6 |1 7 13 6 12 5 11 4 10 3 9 2 8
Table 4.7: Connectivity matrix for the fifteen-phase case
A B C D E F G H I J K L M N 0
Mi1{1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
M2 0 3.5 79 AL 1315 2 4 8 .10 12 14
M3: I 4 7 M0 A3 1 4 7 A0 3TV AT IO
M4 1 5 9 13 2 6 10 14 3 USRI
M5 1 6 11 1 6 11 1 6 11 1 6 11 i 6 11
Mé: 1 7 13 4 1 10 1 | 7 13. 4 10 1 7 13 4 10
L o T N N S v Y N I T I R VO R U I
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4. Series connections of n-phase machines

Table 4.8: Connectivity matrix for the fifteen-phase case (re-ordered)

A B C D E F G H I J K L M N 9]
M1|1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
M2 (|1 3 5 7 9 1] 13 15 2 4 6 8 10 12 14

M3 |14 7 0 a3 1A T e s AT O 03
M4 1 5 9 13 2 6 10 14 3

MS | 1T 34 N0 T A3 A0 T s A 10
Mé6

M7

= )

[, [-
—
—
[=,)
—
I—
(=)}
—
—
—
(=)
—
—
(=Y 138}
—
—

However it is not possible to connect in series a machine with a smaller number of
phases before a machine with a larger number of phases. This can be shown if one
considers the individual phase currents of all the seven machines and the source currents
in the following way (source phases are identified with capital A, B, C... letters;

machine phases are identified with lower case a,b,c.... letters; machines are identified

with indices 1,2,3,....; machines 1,2,4 and 6 are 15-phase; machines 3 and 5 are five-

phase; machine 7 is three-phase; reference currents equal actual currents due to assumed
ideal current feeding):

iy =ig +igy +(13)isy +ing +(1/3)iss +isg +(1/5)isy
i =iy +iyg +(13)ipy +isy +(1/3)ing +irg +(1/5)ip
ic =iy +ig +(1/3)iny +iyg +(1/3)iss +isg +(1/5)i
ip =ig +igy +(1igs +ipy +(1/ins +ire +(1/5)il
ig =ig +ipn +(1/3)iy +ipy +(1/3)igs +ing +(1/5)iy,
ip =ip +igg +(UDigy +ipy +(1/ Dins +ige +(115)iry
iG =ig iy +(13)iny +i34 +(113)ils +ing +(1/5)isy
iy =iy tig +(1/3)ily +in, +(1/3)iss +ilg +(1/5)iy;
i =iy +igy +(U iy +isg +(1/ Dins +ifs +(1/5)i%,
i =i +igy +(13)ig +ine +(1/)igs +ise +(1/5)il
i =i +ipy +(13)ily +igs +(1/3)iss +ifg +(1/5)ip
ip=in+ig + (1 igy+isg +(113)iss +ing +(1/ )i,
iy =iy +ipy +(13)igy +igy +(1/3)iss +i +(1/5)in;
iy =iy i +(13)igs +iny +(1/3)ips +ing +(1/5is,

ip =i +ing +(13)ily +iyy +(1/3)iys +irg +(1/5)iy

(4.4)
Individual phase currents for the seven machines are then as follows:
Machine 1 (15-phase):
fag =igs iy =ip; b =icy g =ip;} iy =ig;
if|=i’:; ig] =iG', ihl=iH; i“=i]; !q=“l; (45)
g =ig, g =iy i =iys i =iy, iy =g}
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4. Series connections of n-phase machines

Machine 2 (15-phase):

fa2 =145 2 =115 Iz =g
igp =iy g2 =ip} ipg =iLs
iy =ipy i =ins imy =iG;

Machine 3 (5-phase):

igy =ig+ip +ig =ig+igs
iy =ip +ig +iy =ip3 +is
iy =i +iy iy =i +iLg
iy =ip+iy +iy =igy +ips

ie3 =iE +i] +io =i:3 +i;5
Machine 4 (15-phase):

iqs =iga =i =(1/3)ig+ip +ig)
Q4 =ij4 =i,4=(/3)ig+ig+i)
iga =i =ipa =3)ic +iy +ipy)
i =ipg =ima = 3)p +i +iy)

ib4 =ig4 =i’4 =(l/3)(iE +i1 +io)

Machine 5 (5-phase):

igg =iy}
Lig =g
L) =10;

. . f . . . . ¥ o*
las =la4 +lf4+,k4 =lA +1F +lK =la3 +la5

N . . . . . . 4 ¥
Ips =img Ficg tipg =lp g Hiy =lg3+ips

. 3 . . * . . l‘ l*
les =ley +l]'4 +lo4 =lptig+i, =h3+is

. . . . . . . L% ¥
tas = lpa +lg4 +iy =g +lJ +lo =l +ld5

. N . . . N . ¥ R
les =lgtlpgtiga =l tig Hiy =l tis

Machine 6 (15-phase):

ige =ige =ige =(1/3)iy +ip +ig)
i =ij6 =lpe =(1/3)ic+iy +iy)
ige =g =i =(13)ip +ij +ip)
i =ipg =ime =(/3Nig+ig+iy)
ips =igg =ijg =(1/3)ip +i; +iy)

Machine 7 (3-phase):

iy =g}
i =iy; (4.6)
i02 = iﬂ;

4.7)

(4.8)

(4.9)

(4.10)

igy =g *igg timg+ige +ije=0/3)is+ip +ic+iptiptip+ig+ig+i;+iy+ig +ip +iy +iy +ip)

iy =ipg tiggtigg+ig +ie =(/3Nig+ip+ic+ip+ip+ip+ig+rig+ip+ij+ig+ip+iy +iy+ig)

(4.11)
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4. Series connections of n-phase machines

Information about currents for the machine M4, as well as the information about
currents for the remaining fifteen-phase machine M6 are completely lost in the
transition from M3 to M4 because certain currents cancel out in machine three leaving
only those currents shown in equation (4.7). The currents shown in (4.11) obviously
sum to zero, confirming that it is not possible to connect both five-phase and three-
phase machines in the same multi-motor system. It is therefore not possible to go from
the lower number of phases towards higher number of phases in the connection
diagram, looking from the source side. The only way that one can connect this multi-
motor system is to order at first all four fifteen-phase machines, followed by the two
five-phase machines. However, since 5/3 is not an integer, the three-phase machine
cannot be connected at the end of the group (short circuited terminals). Thus, instead of
being able to connect seven machines in series, in the fifteen-phase case one can
connect at most six machines in series (four fifteen-phase plus two five-phase).
Alternatively, one can connect four fifteen-phase machines in series with one three-
phase machine and this gives total number of connectable machines as five, instead of
seven. With only five machines and 15 inverter legs any potential advantage (smaller
number of inverter legs) is lost over the equivalent drive with five three-phase machines
supplied from five three-legged inverters.

On the basis of these considerations it follows that: i) all machines with a higher
number of phases have to precede all the machines with a smaller number of phases;

and, ii) it is not possible to connect in series with phase transposition machines whose
phase numbers equal two different prime numbers.

4.4 Connectivity matrices and connection diagrams for machines with
an even number of phases

The minimum even number of phases that will enable series connection is n = 6.
The corresponding connectivity matrix, obtained on the basis of the given procedure, is
given in Table 4.9. It can be seen from the last row of this matrix that only phases 1,3
and 5 of the second machine are utilised. As spatial displacement between these phases
is 120°, it follows that the second machine is a three-phase machine rather than a six-
phase machine. The corresponding connection diagram is given in Fig. 4.4. Note that

the flux/torque producing currents of the six-phase machine mutually cancel at the
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4. Series connections of n-phase machines

connection points with the three-phase machine. This means that the three-phase
machine will not suffer from any adverse effects due to the series connection with the
six-phase machine. This of course does not hold true for the six-phase machine.

In the case of an eight-phase system it is possible to connect three machines in
series. The connectivity matrix is the one given in Table 4.10. The first and the third
machine are eight-phase, however the second machine is four-phase since only phases
1,3,5,7 are utilised (and spatial displacement is therefore 90 degrees). It is important to
note that like in the odd phase number case, when connecting the machines in series to
the source, all the machines with the highest phase number must come first. This means
that the actual sequence of connection of the three machines to the source has to be M1,
M3, M2, as shown in the connection diagram in Fig. 4.5. This is so since flux/torque
producing currents of the machine with a higher phase number cancel when entering the
machine with the lower phase number (for example, in the six-phase case of Fig. 4.4.
phase currents al and d1 of the six-phase machine are in phase opposition, so that their
sum at the point of entry into the phase a2 of the second machine is zero).

Ten-phase case is illustrated in Table 4.11 and Fig. 4.6. It is now possible to
connect four machines in series. Two of them are ten-phase (M1 and M3), while the
remaining two (M2 and M4) are five-phase. Such a situation will always exist when the
even phase number n is such that n/2 is a prime number, as discussed in the next
section. Once more, the two machines with the higher phase number have to be

connected at first in series with the source. Five-phase machines are then added at the
end of the chain, as shown in Fig. 4.6.

Table 4.9: Connectivity matrix for the six-phase
drive system.

A B C D E F o 2

Source Machine | Machine 2

M2 1 3 5

cl

ML |t 2 3 4 5 6 i
1
i

b2

i1}

el c2

- m T 0O w >

Fig. 4.4. Connection diagram for the six-phase two-
motor system

Table 4.10: Connectivity matrix for the eight-phase drive system.

A

B C D E F G H
M1 1 2 3 4 5 6 7 8
M2|1 3 § 7 1 3 S 7
M3 |1 4 7 2 5 8 3 6
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4. Series connections of n-phase machines

Source Machine 1 Machine 2 Machine 3

3 — 1

c - =
o —

F

H —- I

Fig. 4.5. Connection diagram for the eight-phase drive system.

Table 4.11: Connectivity matrix for the ten-phase drive system.

A B C D E F G H | J
M1 1 2 3 4 5 6 7 8 9 10
M2 1 3 5 7 9 1 3 5 7 9
M3 1 4 7 10 3 6 9 2 5 8
M4 1 ) 9 3 7 1 5 9 3 7
Source Machine 1 Machine 2 Machine 3 Machine 4
al 23 [ a4

bl

cl b3

'
:

n‘
|P—‘

=
!_ -_

!

- 0 T @m g a w >
=

el

L
-

c3 _- c4
L
-

it
!

Fig. 4.6. Series connection of two ten-phase and two five-phase machines to the ten-phase source.

In the three cases illustrated so far it was possible to connect the maximum

possible number k = (n-2)/2 of machines. Indeed, for any even phase number one
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4. Series connections of n-phase machines

. expects, on the basis of the considerations given so far, that the number of connectable
machines will be k = (n~2)/2. This is however not always the case. Consider for
example a twelve-phase system. Connectivity matrix is shown in Table 4.12. Machines
M1 and MS are twelve-phase, machine M2 is six-phase, machine M3 is four-phase, and
machine M4 is three-phase. Hence, it is not possible to connect all five machines in
series since the ratio 4/3 is not an integer (an attempt to connect a four-phase machine to
a three-phase machine leads to short-circuiting of all the terminals). At most four
machines can be connected in series, two twelve-phase, followed by the six-phase and
three-phase. The ordering is M1,MS5M2,M4.

Table 4.13 summarises the situation, which arises for all the even phase numbers
up to eighteen [Levi et al (2003a)]. Bold boxes apply to the phase numbers such that
n/2 is a prime number. As can be seen from the table, only /2 machines are n-phase,
while the remaining /2 machines are n/2-phase. In the eighteen-phase case the number
of connectable machines is smaller than eight (at most seven), since the ratio 9/6 is not
an integer. Similar situation arises in the twenty-phase case (Table 4.14), where both
four-phase and five-phase machines appear. There are four twenty-phase machines
(M1,M3,M7,M9), two ten-phase machines (M2,M6), two five-phase machines (M4,M8)
and one four-phase machine (M5). At most eight machines can be connected using the
sequence M1,M3,M7,M9M2M6,M4 M8 (four twenty-phase, two ten-phase, and two
five-phase). But, eight machines can be connected in series with the odd number of

phases n =17, which requires three inverter legs less.

Table 4.12: Connectivity matrix for the twelve-phase system.

lA B C€C D E F G H I ) K L]
M1 1 2 3 4 5 6 1 88 9 10 11 12
M2 1 3 s 717 9 1 1 3 5 17 9 1
M3 1 4 7 10 1 4 7 10 1 4 7 10
M4 1 S 9 1 h] 9 1 5 9 1 5 9
M5 1 6 11 4 9 2 7 12 5 10 3 8

Table 4.13: Phase numbers of individual machines for the even supply phase numbers up to eighteen.

Number of the 6 8 10 12 14 16 18
supply phases
Number of 6 8 10 12 14 16 18
phases and 3 4 5 6 7 8 9
ordering of 8 10 4 14 16 6
connectable 5 3 7 4 9
machines 12 14 16 18
(before re- 7 8 3
ordering) 16 18
9
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Table 4.14: Connectivity matrix for the twenty-phase drive system.

A B C D E F G H 1 J K L M N o P Q R S T
M1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
M2 1 3 5 7 9 1 13 15 17 19 1 3 5 7 9 11 13 15 17 P
M3 |1 4 7 10 13 16 19 2 5 8 11 14 17 20 3 6 9 12 15 18
M4 11 5 9 13 17 1 5 9 B 17 1 5 9 13 17 1 5 9 13 17
Ms |1 6 1L 16 1 6 1L 16 1 6 L 16 1 6 1 16 L 6 i 16
Mé |1 7 13 19 5§ 1m 17 3 9 15 1 7 13 19 5§ 1m 17 3 9 15
M7 1 8 15 2 9 16 3 10 17 4 I 18 5 12 19 6 13 20 7 14
M8 |1 9 17 5 13 1 9 17 5 3 1 9 17 5 13 1 9 17 5 13
M9 11 10 19 8 17 6 15 4 13 2 1120 9 18 7 16 5 14 3 12

4.5 Machine connectivity related general considerations

4.5.1 0Odd number of phases

A set of multi-phase machines, connected to a supply with an odd number of
phases, equal to n, is under consideration. Depending on the properties of the phase
number n, three different situations may arise with respect to the number of connectable

machines and the individual phase numbers of connectable machines.

a) Let the number of phases n be a prime number. The number of machines that

can be connected in series with phase transposition then equals:

> (4.12)

since there are (n — 1)/2 pairs of current components that can be used for independent
flux and torque control in this multi-phase machine set (the remaining component, zero
sequence component, will not exist since the connection of the multi-phase multi-drive

system is in star). All the machines are in this case of the same number of phases equal

to n. The phase numbers belonging to this category are:

n=3,5,7,11,13,17,19,23,29,31,37,41,43 47... (4.13)

and section 4.3 has elaborated four such phase numbers: five, seven, eleven and thirteen.

b) Consider next the number of phases # that is not a prime number, but it satisfies
the condition

n=3", m=234.. (4.14)

The number of machines that can be connected remains to be given with (4.12), i.e.

k=(n-1Y2. However, not all k machines are in this case of the phase number equal to
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n. As shown in section 4.3 using the nine-phase case as the example (n =9, m = 2), the
number of machines that can be connected is equal, according to (4.12) to k = 4.
However, only k — 1 machines have nine phases, while the last machine is three-phase.
In the case of n = 27 coefficient m equals m = 3, meaning that although a total of k =13
machines can be connected in series, only certain number of these will be with twenty-
seven phases while there will be machines with nine phases and with three phases as
well. Actually, there will be one three-phase machine, three nine-phase machines and
nine twenty-seven-phase machines. Hence for the general case of m > 1 the phase

numbers of the machines that can be connected in series will be:

31 (4.15)
This case can be generalised for the total number of phases n equal to:

n=I[", m=234.... (4.16)

where [ is a prime number. For example, for n = 25, [ =5 and m = 2. Hence 12

machines can be connected in series. Ten of these will be with 25 phases while two will

be five-phase. Hence the number of phases of connectable machines will be:

[ e 4.17)
The phase numbers encompassed by this category are:

n=92527,4981,121,125,169,243,...... (4.18)

It should be noted that the number of machines with smaller number of phases than n,

which can be used within any multi-drive system, is limited. For example, for n
9,27,81... there can be no more than one three-phase machine; and no more than three
nine-phase machines, etc. Similarly for n = 25,125... there can be no more than two
five-phase machines. For n = 49 there can be no more than three seven-phase machines,
for n = 121 there can be no more than five eleven-phase machines, etc.

¢) The third possible case arises when n is not a prime number and is not
divisible by I". However, n is divisible by two or more prime numbers (for example,

for n =15 the two prime numbers are 3 and 5). Let these prime numbers be denoted as

nl, n2, n3,...The number of machines that can be connected is now:
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(4.19)
2

Ordering of machines in series connection has to follow the following rule: all the n-
phase machines are at first connected in series to the source, with phase transposition.
Next follow the machines with the largest prime number value out of nl, n2, n3,... (say,
nl). This should be followed by connection of all the machines with the second largest
prime number, say n2, etc. This rule has to be observed, since its violation makes
operation of a higher phase number machine, connected after a lower phase number
machine, impossible. For example, in fifteen-phase case, considered previously in
section 4.3, an attempt to connect at first a five-phase machine and then a fifteen-phase
machine means that the information regarding currents required for the operation of the
15-phase machine will be lost through current cancellation in the five-phase machine.
One thus ultimately reaches the stage where one n1 phase machine is to be connected to
a machine with n2 phases. This is not possible since the ratio n1/n2 is not an integer.
This is so since an attempt to connect machines of phase numbers equal to different
prime numbers leads to the short-circuiting of terminals.

Again, as already discussed, among these k machines only a certain number will

be with n phases. The other machines that should be connectable in the multi-drive

system will have phase numbers equal to nl,n2,n3.... However, in general, the group

will be composed of machines with the phase numbers equal to n and one of the prime
numbers nl, n2, n3,...:

n,nl or nn2 or nmn3... or n,nj (4.20)
where
n=nl-n2-n3-..... nj 4.2

Note that this category encompasses the situation where some of the numbers nl, n2,
n3, ...nj may be the same prime number, but there is at least one other prime number in
this sequence. In other words, situation where n=nl-n2-...-nj-I", m=234,...
is included. The phase numbers belonging to this category are:

n=15,21,33, 35, 39,45, 51, 55, 57, 63, 65,69, 75, 77, .... (4.22)

It is to be noted that categories b) and c) can be regarded as sub-categories of a more

general case for which #z is not a prime number. They have in common that two or more
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phase numbers appear in the series connection with phase transposition of the multi-
phase machines. However, the total number of connectable machines is not the same (it

is given with (4.12) and (4.19), respectively). A summary of all possible situations that

can arise with n = odd number is given in Table 4.135.

Table. 4.15: Possible situations with phase number n = an odd number.

n = an odd number, 2 5
Number of Number of phases of machines in the
connectable machines multi-drive system
n = a prime n-1 n
number k= 5
n#aprime | p=™ m=234.., Pl nn o
number —T n, ! ) [2 3 seseens , [’"‘1
n=nl-n2-n3-....-nj n—-1 n,m or n,n2 or nnl...
k< 2 or n.nj
=nl-n2-. _.-nji-1™ - n,nl or nn2... or n,nj
n=nl-n2-... nj-1", k< 1
m=234,.. 2 o MBI n
l 12 Im-—'l

4.5.2 Even number of phases

Consider a set of multi-phase machines that are supplied from a source with an
even number of phases, equal to n. There are three different situations that may arise,

depending on the properties of the phase number n.

a) Let the number /2 be a prime number. The maximum number of machines

that can be connected in series with phase transposition equals:

k="=2 (4.23)
2

since there are (n — 2)/2 pairs of current/voltage/flux components that can be used for

independent flux and torque control in this multi-phase machine set. In general the

remaining two components, zero sequence components, cannot be used for control

purposes. The number of phases of individual k machines will be as follows: k/2

machines will be n-phase and k/2 machines will be n/2-phase. The ordering of
machines has to follow the rule that higher number of phases comes first. Hence the
first k/2 machines are n-phase, while the subsequent k/2 machines are n/2-phase. Note

that this means that one half of the machines are with an even number of phases, while
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the rest are with an odd number of phases. The phase numbers belonging to this
category are:

n=6, 10, 14, 22, 26, 34, 38, 46, 58, 62,74.... (4.24)

b) Consider next the number of phases n such that n/2 is not a prime number, but
it satisfies the condition that:

n=2m, m=345.... (4.25)

Note that minimum value of m that will enable machine interconnectivity is m = 3. The

number of machines that can be connected remains to be given with (4.23):

5 (4.26)

However, again not all k machines are of the phase number equal to n. Consider for
example the situation which arises when n = 8. In this case m = 3 and the number of
machines that can be connected is equal, according to (4.23) to k = 3. However, only
two machines are eight-phase, while the third one is four-phase. Hence for the general

case of m 2 3 the phase numbers of the machines that can be connected in series will be:

n
2 T g (4.27)

This case arises when the phase number of the multi-drive system takes values of:

n=28,16,32,64 .... (4.28)

¢) The third possible case arises for all the other n that are even numbers. The

number of machines that can be connected is now:

5 (4.29)

The same situation arises as in case c) of the odd number of phases. An attempt to
connect machines of different phase numbers that are not exactly devisable (i.e. the
result of division is not an integer) is not possible, since it leads to the short-circuiting of
terminals. For example, n = 12 leads to theoretical interconnection of five machines;
two of these are twelve-phase, one is six-phase, one is four-phase and one is three-

phase; however, four-phase and three-phase machines can not be connected in series,
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since all terminals of the four-phase machine would need to be connected to all
terminals of the three-phase machine, leading to a complete short-circuit after the point
of this connection. It is therefore not possible to connect five machines in series.

However, ordering the machines as twelve-phase, twelve-phase, six-phase and three-

phase enables interconnection of four machines. This however has no advantage

whatsoever, since four machines can be connected with a nine-phase system. Similarly,
for n = 20 one ends up with the need to interconnect a four-phase and a five-phase
machine, which cannot be done, so that the resulting number of machines is smaller
than (n-2)/2. For n = 18 there are three eighteen-phase, three nine-phase, one six-phase
and one three-phase machine, giving theoretical number of inter-connectable machines
as eight. But, a nine-phase machine cannot be connected to a six-phase machine, so that
maximum number of machines in the group is seven (18, 18, 18, 9, 9, 9, 3-phase). So,
18 legs would be required for seven machines, while with 17 legs (n = 17) one can
connect eight machines (similarly, fifteen-phase case in section 4.5.1 yields maximum
number of connectable machines as six, rather than seven).

Again, among these k machines only a certain number will be with n phases. The
other machines that should be connectable in the multi-drive system will have phase
numbers equal to n/2,n/3,n/4.... as appropriate. There will be at least three different

phase numbers among the multi-machine set. Phase numbers that belong to this group
are:

n =12, 18, 20, 24, 28, 30, 36, 40.....

Cases b) and c) can be regarded as sub-cases of a general case for which n/2 is not
a prime number. They have in common that two or more phase numbers appear in the
series connection with phase transposition of multi-phase machines. The total number
of connectable machines is however not the same, as given with (4.26) and (4.29),
respectively.

With reference to Table 4.13, columns for # = 6, 10 and 14 correspond to case a)
when n/2 is a prime number, while columns for n = 8 and 16 correspond to case b)
where n=2", m=345.... Finally, the cases of n = 12 and 18 are from the sub-group

c). A summary of all possible situations that can arise with n = an even phase number is
given in Table 4.16.
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Table 4.16: Possible situation that can arise with n = even number.

n = an even number, = 6
Number of connectable | Number of phases of machines in
machines the multi-drive system
n/2 = a prime ¢ n-2 k/2 are n-phase and
number T2 k/2 are n/2 — phase
nl2#aprime | p=2" m=345. n-2 n n n
’ » Ty k — Ny =y ceeeens ,
number 2 2 22 2m—2
All other even " n-2 nnl/2,nl3,nl4..
numbers < as appropriate

4.6 Summary

In order to connect a set of n-phase machines in series and control them
independently, it is necessary to perform a phase transposition in the machine-to-
machine connection. This chapter demonstrated how to perform the phase transposition
for both the odd and even phase numbers using the decoupling transformation matrix.
This allows the construction of a connection table termed the connectivity matrix.
Connectivity matrices were developed for a general n-phase case and selected set of
phase numbers. It was shown that the number of connectable machines and the phase
number of each machine in the system are dependent on the properties of the supply
phase number. For systems containing machines with different phase numbers it is
important that the machines are ordered beginning with the machines having the highest
number of phases and to continue in descending order. Detailed analysis of all the odd
and even phase numbers has shown that the number of connectable machines equals the
maximum expected number [(n-1)/2 for odd numbers and (n-2)/2 for even numbers]
only for certain supply phase numbers. From the practical point of view only supply
phase numbers that allow series connection of the maximum number of connectable
machines are of potential importance. This is so since such a situation enables saving of
the maximum number of inverter legs, when compared with an equivalent three-phase
system. As far as saving in inverter legs is concerned, the viable multi-phase drive
systems are therefore those for which the number of supply phases is either a prime
number or a power of the prime number (for the odd phase number case) or n is such

that n/2 is a prime number or is a power of two (for the even phase number case).
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CHAPTER 5

SIMULATION STUDIES FOR ODD PHASE NUMBERS

5.1 Introduction

The concept of a multi-phase multi-machine drive with decoupled dynamic
control is verified in this chapter for five, nine and fifteen-phase cases by computer
simulation. Considerations of this chapter can be found in Levi et al (2003b), Levi et al
(2004b), Levi et al (2004¢) and Jones et al (2003a). Considerations related to the seven-
phase three-motor drive can be found in Jones et al (2003b).

Initially the phase-domain model of a five-phase induction machine is derived and
simulated. The phase-domain model is next used in the simulation of a current-fed
induction machine under indirect rotor flux oriented vector control. As a further step, d-
q model of the machine is applied in simulations thus allowing the results to be
compared. Simulation of two five-phase machines connected in series using both
modelling methods is carried out in order to verify the concept. This allows vector
control of a five-phase two-motor drive to be considered. Simulations are performed for
both torque mode and speed mode of operation in order to validate the concept which is
further extended to the nine-phase and fifteen-phase cases. Once again, each
configuration is tested via simulation. Both the nine-phase and the fifteen-phase cases

are of particular interest because of the arrangement of the machines within the multi-
machine groups.

5.2 The five-phase single motor drive
5.2.1 Phase-domain model of a five-phase induction machine

A five-phase induction machine is constructed using ten phase belts, each of 36
degrees, along the circumference of the stator. The spatial displacement between phase
mmfs is therefore 72 degrees. The rotor winding is treated as an equivalent five-phase

winding, of the same properties as the stator winding. Once more it is assumed that the
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rotor winding has already been referred to stator winding, using winding transformation
ratio, so that the maximum value of the mutual stator to rotor inductance terms equals in
value mutual inductance within the five-phase stator winding and mutual inductance
within the five-phase rotor winding (M). Let a five-phase induction machine be fed from
an ideal current source, with a system of five-phase sinusoidal currents:
i, =21 sin(w,r)

i, =21 sin(w,t -a)

i, =21 sin(w,t -2a)

iy =21 sin(w,t +2a)

i, =21 sin(w,t +a)

(5.1

Since stator currents are known, their derivatives are known as well:

di, Idt = 21w, cos(w,t)

di, | dt = 21w, cos(w,t —a)
di. | dt =210, cos(w,t -2a)
diy 1 dt = 21w, cos(w t +20)
di, | dt = 21w, cos(w,t+a)

(5.2)

Under the assumption of ideal current feeding stator voltage equations can be omitted

from further consideration of the model of the machine. Rotor voltage equation in
matrix form is from (3.2):

r - .r r
Yabede = Br Labede pzabcde (53)

Expanding the flux linkage term using (3.2) results in:

Yabede = R Lapee + P(.’:ri;bcde +L,, i;bcde) (5.4
Performing the differentiation gives:

Vabede = Ry ighede + Ly Pl gpege ) IP(L Nitpese + Ly PGSpea) (5.5)

Equation (5.5) needs to be solved in order to determine the rotor currents. Taking into

account that the rotor is short circuited, one has from (5.5):

Pinpese) =Ly R, ity DL Wy + Loy PCics) (5.6)

Performing the differentiation as indicated above and expanding the sub matrices using

(3.6)-(3.7) enables formulation of the equations in state-space form as follows:
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pia,l [ L,+M Mcosa M cos2a M cos2o Mcosa-l—
Piy, Mcosaa L,+M Mcosa Mcos2a M cos2a
pi,, |=|Mcos2a¢ Mcosa L,+M Mcosa Mcos2x| X
Pig, Mcos2a Mcos2aa Mcosaa L,+M Mcosa
| pi,,| | Mcosa Mcos2a Mcos2o0 Mcosa L, +M |
[ sin(8) sin@@—-a) sin(@-2a) sin(@+2a) sin(@+a) |i, | l
sin(f + ) sin(@) sin(@—-a) sin(@-2a) sin(@+2a) [l iy
—aM|sin(@+2a) sin(@+a) sin(8) sin(@—-a) sin(@-2a) | i |+
sin(@-2a) sin(@+2a) sin(@+a) sin(@) sin(@-a) iz
[ sin@-a) sin@-2a) sin(@+2a) sin@+a)  sin@) | L‘es ]
cos(@)  cos(@-a@) cos(@-2a) cos(@+2q) cos(@+a) | piy ]
cos(f+a) cos(@) cos(@—a) cos(@—2a) cos(@+2)| piys
X<+Mlcos(@+2a) cos(@+a) cos(9) cos(@—-a) cos(@-2a)l pi |+?
cos(@-2a) cos(B+2a) cos(@+a) cos(8) cos(@—-a) || piy,
| cos(@—a) cos(@—-2a) cos(f+2cx) cos(f+a) cos(@) | pi |
R, 0 o o ofi,]
0O R, 0 0 O€li,
+0 o R 0o o0l}i,
0 0 0 R, 0f{i, (.7
| Lo o o o R{i,]

Stator voltages are in the case of current feeding output variables and are calculated

according to:

‘—’Zbcde = Ks é-fxbcde + !‘-s p(l;fzbcde ) + [P(-l—‘sr )]itrzbcde + L‘-sr pq;bcde )

Expanding (5.8) by

voltages:

’Vasw PR.\' Tias“I [ L, +M
Vis R, s M cosa
Ves |= R ies |+ M cos2a
Vs R, igs | | M cos2a

Lv,s_ L Rs_Li“_ LMcosa

sin(8) sin(@+a) sin(@+2a)
sin(f - a) sin(8) sin(6 + a)
-aM|sin(@-2a) sin(@-a) sin(8)
sin(@+2a) sin(@-2x) sin(@-a)
| sin(@+a) sin(@+2x) sin@-20a)
cos(6) cos(@+a) cos(@+2a)
cos(f -a) cos(0) cos(8 + )
+M|cos(@-2a) cos(@-a) cos(d)
cos(@+2x) cos(@-2a) cos(@-a)
L cos(@+a) cos(6+2a) cos(@-2a)

M cos2a
M cos2a

M cosa | pi,, ]
M cos2a (| piy,
M cos2a | pi.
Mcosa || piy
L,+M | piu_

Mcosa M cos2o
L,+M Mcosa
Mcosa L,+M Mcosa
Mcos2a Mcosa L +M
Mcos2a Mcos2a M cosa
sin(@-2a) sin(@-a) [[i, |
sin(6+2a) sin(@-2a)
sin@+a) sin(@+2a)
sin(8) sin(@ +a)
sin(@ - ) sin(@)

cos(@-2a) cos(f-a) 1 [
cos(@+2a) cos(6-2a)
cos(@+a) cos(@+2a)
cos(6) cos(6 +a)
cos(@ ~a) cos(8)

(5.8)

means of (3.5)-(3.7) gives expressions for stator phase

(5.9)
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The electromagnetic torque developed by the machine can be calculated, using stator
and rotor phase currents and (3.10), as:

(tas Iy ibsibr + lcslcr + ldsldr + les er )Sll’l 6+ (les Lar + iasébr + ibs .cr + icsidr tigsler )Sln(e + a) +

Te =-PM (’d.s lar ¥ iesibr +las‘cr +‘bs’dr + 'cs er )Sm(e+2a)+(lcs Lar +idsibr +'eslcr +iasldr Flpsler

$in(0 = 2Q) +(ipgigy +icsipy Figsicr +iggig +igsier )sin(6—a)

(5.10)

The mechanical equation of motion depends on the characteristics of the load, which
may differ widely from one application to another. It is assumed, for simplicity, that the
load torque consists only of an inertial torque and a constant load torque. The electrical

speed of the machine and the rotor position can therefore be expressed from (3.11) as:

do P

d‘" ~@-1)

d; (5.11)
.__::w

dt

In order to determine the equivalent circuit parameters of an induction machine it
is necessary to perform some tests. These tests produce parameter values suitable for

steady-state phasor and d-q models. However, in order to model the machine in the

phase-domain it is necessary to convert the equivalent circuit parameters to their phase-

domain equivalent. The relationship between these parameters can be seen in the

derivation of the d-q model of the machine (chapter 3), where only the mutual
inductance value differs from that in the phase variable form. In this study, per-phase
phasor equivalent circuit parameters (Fig. 5.1) of an existing three-phase induction
machine are taken as the starting point (Table 5.1). Regardless of the number of phases
of the induction machine under consideration, per-phase phasor equivalent circuit
parameters are assumed to be always the same. Such an approach is adopted since it
enables simple verification of the correctness of the simulation programs and
subsequent simulation results. Per-phase phasor equivalent circuit parameters of Table
5.1 apply to a three-phase four-pole SOHz machine with rated rms phase voltage of
220V, rated rms current of 2.1A and rated torque of SNm (1.67Nm per phase).
Relevant data for vector control of a corresponding n-phase multi-phase drive system
are given in Appendix C. The mutual inductance value of the equivalent circuit is

divided by 2.5 for the five-phase case to yield the value for M in phase variable model.
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The parameters of the five-phase induction machine are given in Table 5.1 in the right-
hand column for the phase-domain model.

Table 5.1: Five-phase machine parameters.

Equivalent circuit Phase-domain model
parameters
L,=0.04 H L,=0.04 H
L;=0.04 H L,=0.04 H
L,=042H M=L,25=0.168H
R,=63Q R,=63Q
R,=10Q R,=10Q

The inertia of all machines simulated further on is equal to J = 0.03kgm’. All the
machines are four-pole.

5.2.2 Simulation of a single five-phase induction machine (phase-domain model)

The equations (5.7)-(5.11) allow a simulation program for a five-phase induction
machine to be written using MATLAB/SIMULINK software. The machine is modelled
as current-fed to allow the simplest realisation of an indirect rotor flux oriented
induction motor drive (to be described later). The source currents were assumed to be
ideal balanced sinusoidal currents, of 2.1A rms and frequency 50Hz (Fig. 5.2). The
simulation was run for an imaginary scenario of direct on-line starting under no-load
conditions. A load torque of 4 Nm was applied in a stepwise manner at t = 6s. The
torque and speed behaviour of the machine (Fig. 5.2b) show that the machine takes 3.8s

to reach synchronous speed. Synchronous speed is attained because the effects of

friction have been neglected in the mathematical model. The acceleration of the

machine is very slow and this is because the torque developed by the machine takes a
long time to reach its maximum value. The long acceleration time is a result of the
limitation of the source current to rated value. This can be explained by considering the
rotor flux magnitude (Fig. 5.2¢), which indicates that the rotor flux is very small near
standstill and slowly increases to above rated value (rated = +/5x0.5683). The reason for
this becomes clear if one considers the steady-state equivalent circuit of an induction
machine, illustrated in Fig. 5.1. At standstill the slip is unity and the majority of the
current flows into the rotor branch so that magnetising flux is small.

During
acceleration of the motor the slip value decreases, thus allowing the development of
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greater flux and torque.

R; 1Xis iXie R/s

Fig. 5.1: Per-phase phasor equivalent circuit of a current-fed induction machine.

The current supplied to the machine is held constant and rated. When the machine
reaches synchronous speed the current completely flows through the magnetizing
branch. Therefore rotor flux reaches a value greater than rated. It can be seen from the
no-load acceleration graphs that the initial torque transient is rather large (Fig. 5.2b).
This is due to the fact that the simulation is applying a step stator current to the machine

(Fig 5.2a), while the current in a real machine cannot be stepped due to the inductive
nature of the windings.
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This stepped stator current produces an instantaneous rotor flux of 1.97 Wb (Fig. 5.2¢)
at time equal to zero (impossible in a real machine, as at time equal to zero rotor flux is
zero). The stator voltages remain balanced at all times (Fig. 5.3a) and increase in order
to counteract the back emf and maintain a constant current. The application of a load

torque to the machine results in a reduction in the speed of the machine, since there is

1000 10
e s <
g & 3
o
$iivey g : |
= 500} 500 2 ® 5
b | ® o \‘
g | S | |
-] | e =
¥ 5 g e . |
L 1000 @ " JV\\\ 10
|
| |
1500 ¢ i " —" T L i ——1 500 " l5
0 1 2 3 4 5 6 7 6 7
Time (s)
~ 15
" ad 10
S e 2
@
§ § i
. s 3
e 4 v B
i i ‘ 5
g :
& - 5
7] D g ) iy
' \\/v/

Time (s)

Stator phase “e* voitage (V)
Rotor phase "e” current (A)

I . . S W I

Time (s)

(a)

Time (s)

(b)

Fig 5.3: Simulation results of a five-phase current-fed induction machine direct on-line starting using
phase-domain model: stator phase voltages (a) and rotor phase currents (b).
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voltages experience a small decrease with the application of the load, this is due to the

increase in slip resulting in a reduction in back emf and an increase in rotor current (Fig.
5.3b).

5.2.3 Simulation of indirect vector control of a current-fed five-phase induction

machine (torque mode) using phase-domain model

A simulation program was written using MATLAB/SIMULINK software for an
indirect rotor flux oriented vector controlled five-phase induction machine. The
machine was modelled in the phase-domain and ideal current source feeding was
assumed. The drive was operated in torque mode (no speed controller, Fig. 5.4) thus
allowing verification of the concept without the need to tune a PI speed controller. The
constant terms K; and K, are determined according to (3.41). The rotor flux reference
was ramped during interval from t = 0 to t = 0.01 s from zero to twice the rated value
(rated = 1.2705 Wb) and reduced to rated value in a linear fashion fromt=0.05to t =
0.06 s. The rotor flux reference was then kept constant for the rest of the simulation.
Once the rotor flux had reached steady-state value (i.e. the machine was magnetised) a
torque command was applied during interval t = 0.3 to t = 0.31 s in a ramp wise manner
from zero to twice rated value (rated = 8.33 Nm). The torque command was kept at this
value until t = 0.5 s, when it was ramped down to zero over 0.06 s. The torque
developed by the machine exactly matches the reference torque (Fig 5.5a) due to ideal

current feeding and so the acceleration of the machine is very smooth, as one would

expect to see in a vector-controlled drive.
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—» > s
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[
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Fig 5.4: Indirect vector controller (torque mode).
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The torque does not affect the rotor flux and vice versa (Figs. 5.5a-b) thus proving
that decoupled flux and torque control has been achieved and that the rotor flux position
has been correctly calculated. Fig. 5.6 shows that the rotor currents, after initial

excitation, remain at zero until the torque command is applied. Stator currents and

voltages are shown in Figs. 5.5¢ and d respectively.
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Fig. 5.5_: Rotor flux oriented control of a single five-phase induction machine (torque mode) using phase-
domain model: torque and speed response (a), rotor flux reference and magnitude in the machine (b),
stator phase “a” and phase “b” currents (c), stator phase “a” and phase “b” voltages (d).
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Fig. 5.6: Rotor flux oriented control of a single five-phase induction machine (torque mode) using phase-
domain model: rotor phase “a” and phase “b” currents.
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5.2.4 Simulation of indirect vector control of a current-fed five-phase induction

machine (torque mode) using stationary reference frame model

The stationary reference frame model of a five-phase induction machine (as
described in section 3.5) is used here in the simulation. Identical conditions to those in
section 5.2.3 were used in order to compare like for like results and hence verify the
modelling approach. By comparing the results for the stationary reference frame model
(Fig. 5.7) with those obtained using the phase-domain model (Fig. 5.5-5.6) it is clear

that the both methods produces identical results. This has been confirmed for all phases

whilst the figures given represent the first two phases.
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Fig. 5.7: Rotor flux oriented control of a single five-phase induction machine using stationary reference
frame model. Torque and speed response (a), rotor flux reference and magnitude in the machine (b),
stator phase “a” and phase “b” currents (c) and stator phase “a” and phase “b” voltages (d).

5.3 The five-phase two-motor drive

In order to verify that it is possible to connect two five-phase induction machines

in series and feed them via a single five-phase inverter whilst independently controlling
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the speed of each machine it is necessary to at first consider steady-state operation with
ideal sinusoidal current.

The connection diagram for assumed ideal current source
supply without vector controllers is illustrated in Fig. 5.8.

Let the phase sequence of the source be A,B,C,D,E and let the flux-torque
producing phase sequence for both machines be a,b,c,d,e. Assume that machine 1 is
supplied for purposes of torque and flux production with ideal sinusoidal currents of
rms value and frequency equal to 7,,w, respectively. Similarly, machine 2 is supplied

with a flux and torque producing set of currents of rms value and frequency/,,w,.

According to Fig. 5.8, source phase currents are simultaneously corresponding phase
currents for machine 1:

iA =ia| = ‘JEI] sin(a)lt)+\/§12 Sin(a)zt)

iB =ibl =ﬁll sin(w,t—a)+\/§12 Sin(a)2t_2a)

ic =iy =21, sin(@ - 2a)+ 21, sin(w,t + ) (5.12)

iD =id| =‘JEI| Sin((l)lt+2&)+\/512 Sin(a)zt_a)

iE = id = ﬁll Sin(wlt+a)+ ‘Jilz Sln(w2t+2a)

However, machine 2 is connected to the source via a "phase transposition" operation, so

that the machine is supplied with the following currents:

iy =i =421, sin{@,t)+ V21, sin(e,1)

ib2 =iD =J—2-l| Sin(wlt+2a)+ﬁlz Sin(wzt‘a)

ey =i =21, sin(@t -+ 21, sin(w,t - 2a) (5.13)

ig2 =ig =21, sin(@,t + @)+ 21, sin(@,t +20)

i =ic =ﬁl, sin(a),t—Za)+ J_2-12 sin(w2t+a)

Supplying the machines with the above currents makes it possible to
independently control the speed of each machine by controlling frequencies f; and f;
respectively, together with current magnitudes. This can be explained by considering
the underlined terms in equations (5.12) and (5.13). The spatial mmf distribution in a
five-phase AC machine is given by:

F, = Ni, cos(€)

Fy, = Ni, cos(e - )
F. = Ni_ cos(e -2a)
F4 = Ni, cos(e +2a)
F, = Ni, cos(e + )

(5.14)
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The origin of & is chosen to be the magnetic axis of phase “a”. The resultant mmf at

point € is:

F(e)=F,()+ F,(e)+ F (e)+ F,()+F,(e) (5.15)

Therefore the total mmf produced in machine 2 by the underlined terms in (5.13) is

given with:

JENI sin(@yt) cos(€) +sin(ayt + 2a) cos(€ —a) +sin(wyt —a) cos(e —2a) + |
N+ sin(@yt + @) cos(€ + 2a) +sin(@yt — 2a) cos(€ + ) -

’(e jon _ it Ypie 4 gmie )+(e j@rs2e) _ -i@r2a) Yy ite-a) 4 -ite-a) )+
1 L S L o ) » . »
=ﬁNl':1_' +(e!(@‘|‘ a) _ mitayt-a) |, ie-2a) 4 -ile Za))+@;(w.:+a) —e @) Xe;(ena) te 1(e+2a)) _
J I T . .
L+(e}(w;t 2a) —e jlayt-2a) XeJ(£+a) +e 1(e+a))

=0

Janr QI gIE (|4 1% 4 g7 4 o130 4 g=i% ) g IN g7l (| 4 ¢7I% 4.3 47 rel®
= 1 . . . . . . . s . . .
4j Le"’*’e ”"(He’m +e!®+e /% ve ’3”)-—e ’“"e’e(l-l»e Ba gy pmie 4 gl +e’3")

(5.16)

Thus the currents that produce a rotating field in machine 1 do not produce a
rotating field in machine 2 and vice versa. Application of the transformation matrix
(3.13a) on stator currents of the two machines given with (5.12)-(5.13) produces the
results summarised in Table 5.2 [Levi et al (2003b)]. Table 5.2 shows that, due to the
phase transposition in the series connection of the two machines, torque/flux producing
currents of machine 1 produce o-f} components in machine 1 and x-y components in

machine 2, and vice versa. It is this fact which makes it possible to independently
control each motor in the multi-motor drive.

Table. 5.2: Stator current components in series-connected motors in steady-state

Current M1 M2
components
a J-S-Il sin wlt ngz Sin a)zt
B —JEI, cos ot —1/312 COS ,t
xl 51, sin w,t V51, sin oyt
yl — 51, cos wyt V51, cos oyt
0 0 0

The source phase voltages are calculated using the voltages of the two machines,
according to:
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Vg4 =Vas1 TVas2
Vg = Vhsi tVes2
Ve = Ve tVes2 (5 1 7)

Vi = Va1 t Vs

Vi = Vea T Va2

al Stator of Stator of
A S-phase | achine Machine 2 a2
B ideal bl b2
C current cl — - c2
D source di | d2
E el e2

Fig. 5.8: Series connection of two five-phase machines without controllers and with ideal current source
feeding.

5.3.1 Simulation of series connection of two five-phase machines with phase

transposition (phase-domain model)

A program was written using MATLAB/SIMULINK software in order to verify
the concept developed in section 5.3. The program simulates two identical induction
machines, the first of which (IM1) is supplied with rated current 2.1A at 50Hz and is
loaded at t = 6s in a stepped manner. The second machine (IM2) is supplied with rated
current 2.1A at 25Hz and is loaded at t = 2s in a stepped manner. Both machines are

modelled in the phase-domain as described in section 5.2.1. The input stator currents of

the two machines are shown in Fig. 5.9 and are obtained according to (5.12) and (5.13).

s phasea phugd phaseb phase o

phase c

c s phase a phaseb phasec phased _ Phasee
— 4
E o
g :
E 2H < 2t
u :
@ 0 3
g @
£l <
<]

3 <
‘§ [}

4}

6 - - — N - — e

0 0.01 0.02 0.03 0.04 0.05 0.06 007 0.08 ] 001 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time {8) Time (S)
(@

(b

Fig. 5.9: Simulation results for the two five-phase induction machines connected in series, during direct
on-line starting (phase-domain model): stator phase currents of machine 1 (a) and machine 2 (b).

Torque and speed responses of the two machines are illustrated in Fig. 5.10.

Other simulation results are shown in Figs. 5.11 and 5.12. Fig. 5.10 shows that the
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torque and therefore the speed response of IM1 is identical to that obtained with a single
five-phase machine (Fig 5.2), while IM2 is operating at half the speed of IM1 as one
would expect. Therefore the two machines are operating independently of each other.

In other words, operating state of IM2 does not affect in any way rotor flux and torque
in IM1, and vice versa.

M2

Torgue (Nm)

Speed (rpm)

g g

Fig. 5.10: Torque (a) and spe.ed (b) response of the two series-connected five-phase machines during
direct on-line starting (phase-domain model).
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Time (s)
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—_— 15
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Rotor phase “d" current IM1 (A)
Rotor phase "c" current IM2 (A)

"

— - e g

A5
0
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(b)
Fig. 5.11: Simu!ation re.sults of two five-phase induction machines connected in series during direct on-
line starting (phase

-domain model): rotor currents in IM1 (a) and IM2 (b).
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Fig. 5.12: Simulation results of two five-

phase induction machines connected in series during direct on-
line starting (phase-domain model):

stator phase voltages of machine 1 (a) and machine 2 (b).

Further proof is obtained by considering the rotor currents of IM1 (Fig. 5.11a),

which are identically equal to those obtained with a single five-phase machine under the

same operating conditions (Fig. 5.3b) demonstrating that there is no coupling for x-y
components between stator and rotor. As expected there is a reduction in speed when

each machine is loaded, however it can be seen that the loading of one machine has no

effect upon the other machine (Fig. 5.10). Figure 5.13¢ shows that there is no

interaction between the rotor flux of the two machines. The stator voltages for machine
2 are highly distorted (Fig. 5.12). This is due to the flux and torque producing currents
of machine 1 flowing through the stator of machine 2. The effect is less prominent for
machine 1 because of the lower operating frequency of machine 2. The flow of flux and
torque producing currents of each machine through the stator of both machines will lead

to an increase in the stator copper losses. Rotor copper losses will not be affected since

there is no coupling between the d-q stator currents of IM1 and the rotor current of IM2

and the d-q stator currents of IM2 and the rotor currents of IMI. Finally, source

voltages obtained using (5.17) are displayed in Fig. 5.13a and b. They are highly
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distorted and, although AC,

clearly have different negative and positive peak values.

Moreover, peak values of individual phase voltages may differ substantially.

Source phase "a“" voltage (V)

Source phase "c* voltage (V)

KT R N R
0

Fig. 5.13: Simulation results of two five-phase indu
line starting (phase-domain model): source phase

Source phase "e" voltage (V)
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i
/ ;hﬂux space vector magnitude{ 4
| inthe machine IM1

w

N

[X)

Rotor flux space vector magnitude IM2 (Wb)

Rotor flux space vector magnitude in the machine IM2

|

N
w
ES
bl
)
4

ction machines connected in series during direct on-
“a-d” voltages (a), source phase “e” voltage (b) and

rotor flux magnitude in each machine (©).

3.3.2 Series connection of two five-phase machines using stationary reference frame

model

From the common reference frame model (rotating at arbitrary speed) of an n-

phase induction machine given with (3.30)-(3.32), one has for the five

the following:

Vas = R.\'id.\' x5 an/q.v o PV 4
vqs o Rs ‘q.S' 55 Y 4+ p Wq.v
Vis = Rylxs + py
by R.viyx + Py,

v().\' - R.Ci!).\' + p'//().\'

Var = Ryig, — (w0, - OW g + PW g,
Vor = Rriqr (@, — o, +p Yar
Vir = Ry, + py,,
Vir = Ryiy, + py,

Vor 2 Rr’nr & p'//or

-phase machine

(5.18)
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Was = (Lis + Ly)igs + Lmiar War =Ly + Ly Yige + Lipigg

Wys = (L, +L, )iqs + L,,,iq, Yor = (L, +L, )i + L,,,:q,

Wi = Lisis Wer = Lyyiy, (5.19)
Wys = Liglys Vyr = Ly,i,

Wos = Liglos Wor = Liploy

T, = Plyligrigs = isige | (5.20)

where L,, = 2.5M

Once again the machine is considered as being fed by an ideal current source,
such as for example a current controlled voltage source inverter (with perfect current
control). Stator currents and their derivatives are therefore known and in order to
determine the torque developed by the machine the rotor currents must be found. The
machine is modelled in the stationary reference frame; thus @, = 0. Since the machine

is current-fed, stator voltage equations are omitted again and will be taken into account

later on in calculation of stator phase voltages. The rotor voltage equations can be

written in the following form suitable for simulation:

1
di,, [ di = —«E—(R,id, + 0 (Lyigy + Lyig) + Lydiy  dit)

~

1
L

ot = ——(Ruigy — @ (Lyigy + L) + Lydlip, / )

r

| (5.21)
dixr [t = L (erxr)

ir

diy, dl == ~ (i)

rtyr
Ir

The equation for zero sequence components is omitted since there is no possibility
of having such a component in the short-circuited rotor. Furthermore x-y components
of rotor current will be identically equal to zero since there is no excitation in this part
of the electric circuit. This is so since x-y components of the rotor are not coupled with
x-y components of the stator (and are not coupled with a-B components either), so that

there are no induced voltages in x-y circuits of rotor that could give rise to x-y rotor

current components. This means that the second pair of equations in (5.21) can be

omitted from further consideration. The stator voltages are reconstructed by finding at
first the stator voltage a-f§ and x-y components according to:
Vas = Rilgy + Ly Pigs + Ly, piy,
vﬂs = Rsiﬂ\' + L.vpiﬂv + meiqr
xs = Ryl + Ly pi (5.22)
- R\'y\ + Llspiys
Vos = Rles + Llspio.v
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Zero sequence components, although included in (5.22), will not exist due to star
connection of the winding. Equation (5.22) is further used to calculate the phase
voltages of the machine. Correlation between known stator phase currents and stator
current components required in (5.21), as well as the correlation between calculated
stator voltage components of (5.22) and actual stator phase voltages are governed with

the decoupling transformation matrix C and its inverse, obtained from (3.13)-(3.14) by
settingn = 5:

1 0 1 0 ]2 “
[ 1 cosa cos2a cos2a  cosa | ) 5 - ]
0 sind sin2a -sin2a -sina cosa Sin@  cosza  siniq ﬁ
C= 2l 1 cos2a cosda cosda  cos2a c'= 2 cos2a  sin2a  cosda  sinda 1
51 o sinl?.a sin]4a —shi\ 4 —sin2a 5 7]-2=
1 1 . .
—_— _— cos2a -sin2a cosd4a -—sinda
vz 7 7 N T 712=
cosa@ -sina cos2a -sin2a ——
V2 ]
(5.23a)
so that:
. .5 ! -1
ing =Clopede Vobede =C Vap (5.23b)

The rotor currents are reconstructed into phase-variable form by applying the

inverse transformation to the d-q rotor currents taking into account the rotational

transformation. In other words calculation of actual rotor currents requires application

of the complete transformation matrix (i.e. both decoupling and rotational
transformation matrices):

i, = %Q“, cos B—ig, sin B)

i, = %(,-,, cos(B-a)-ig sin(B-a))

i “EG“' cos(B - 2)- i sin(B~2ax)) (5.24)
gy = EQ‘, cos(B +2a)-ig sin(f +2a))

- \EQ“ cos(B + )i sin(p +a))

where f=-6, 0=jwdt. The zero sequence components and the x-y components of

rotor currents are all zero and are therefore omitted from (5.24). The rotor flux
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Var = Lyig + Lyin

'//qr = Lriqr + Lmi,ﬂv (525)

v, = v(‘//dr )2 +('//qr )2

The electrical speed of the machine and the electromagnetic torque are given by:

P
== @, -1 (5.26a)
Te = PLm (idriﬂs _imiqr) (526b)

The two machines are connected in the same manner as in the phase-domain
case (Fig. 5.8). The input stator currents for the first and the second machine are
transformed separately using the transformation matrix C. The model of the machine is
then solved independently for the two machines and stator voltage components are
calculated. Stator phase voltages for the two machines are then found using the inverse

transformation matrix C”. Finally, source phase voltages are calculated by means of
(5.17).

5.3.3 Simulation of two five-phase induction machines using model in the stationary
reference frame

In order to investigate the correctness of the machine model of section 5.3.2 a
program is created using MATLAB/SIMULINK software. A simulation is run with
each machine operating under identical conditions as those used for the phase-domain
model in section 5.3.1. Therefore the stator phase currents of each machine remain as
shown in Fig. 5.9. The torque and speed response of each machine are illustrated in
Fig. 5.14a, where it can be seen that the response is identical to that shown in Fig. 5.10,
where the phase-domain machine models were used. Figures 5.14b, 5.14c and 514d
show the rotor currents, source voltages and machine voltages for the first two phases
(phase “a” and “b™), respectively, and are identical to those shown in Figs. 5.11-5.13.
Figure 5.14b also shows the rotor flux response of each machine, which is again
identical to that shown in Fig. 5.13c. Thus it is proven that the modelling the two
machines in the stationary reference frame provides the same results as those obtained

using the phase-domain models, however the stationary reference frame model is much

simpler and requires less processing time.
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Fig. 5.14: Series connection of two five-phase induction
model: Speed and torque response, IM1, IM2 (a), phase
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5.3.4 Rotor flux oriented control of two series-connected five-phase induction

machines with phase transposition (torque mode)

In previous simulations two induction machines were connected in series and
were fed via an ideal current source for direct on-line starting. This section further
develops the concept and considers an indirect rotor flux oriented vector control scheme
for the two-motor drive, which allows independent control (in torque mode of
operation) of each of the two series-connected machines. A schematic representation of
the five-phase two-motor drive system with vector control is shown in Fig. 5.15.

Considerations from this section can be found in Levi et al (2003b) and Levi et al
(2004b).

Stator of Stator of
—1 5-phase Machine 1 Machine 2
DC current-
controlled
link PWM
VSI

Total phase | current
references > ™~ al

Feedback L
Vector Vector
7 control control
Summation \ Phase

and mixing v\current references for M1 and M2~

Fig.5.15: Vector control scheme for a five-phase two-motor drive system.

The constant terms K; and K, are determined for each machine in accordance with
(3.41) as follows:

. - R * 1 L 1 1 1 L 1 1
i = KiyTy = Kyyy =i 1/T ===
¢ ) Pl Lm1 er Pl L2

o
ml lds1

* ¥
Tawyn Thig

. . * * L 1
- ; = Y o —ml
Dy = KZ(I)lqsl = K2(l) =g /'qsl =

(5.27)

o * o * l er 1 1 L 2 l
bgs2 = KT, = Kl(2) =’q52/Te2 =F’ . =;,— 2r *
2Ly Vi B2 Ly iy
» - K * R L 2 ‘
Wy = K2(2),qs2 = K2(2) = wle/’qﬂ = = v *
Tav,, Thig
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Phase current references are further formed separately for the two machines, as follows:

*

iy = E(i;, cos @,y ~ iy sing,,)

iy = \E (igs1 €OS(9y) — @) = iz sin(9y) —@))

i = \E (i3 cO8(P,) — 2Q0) — iy sin(@,) ~ 202))
in= \E (i1 cOs(@,, + 20)— iy sin(g,, +2a))

2, ..
= B0 + @) 5o +)

*

lgy = J% (i3 COSP, ~ gy SinG,2)

iy = \E(i;sz COS(B,2 — @) —igsy Sin(4,3 — @))
iy = \E (i352 C0S(P, — 202) — i SiN(P,y — 200))
2= | EGacos+22)- 050+ 22)

2. . .
in= J;(':m cos(g,, + a)- l;s2 sin(g,, + @)

Resultant inverter current references are given with:

o o 14 o
lA =la| +la2 ElA
I T
g =lp +i Eip
. o* i .
lc =1 +le2 Sl
.. o L
ip =15 +lb2 =lD

R L T
g =lg i Bl

(5.28)

(5.29)

Due to assumed ideal current feeding these are identically equal to the actual inverter

output currents, as indicated in (5.29). Currents of (5.29) are therefore simultaneously

the input currents of machine 1. Due to phase transposition, the input phase currents of

machine 2 are:

N . .
lgy Ty =1y
. . .
by =lp =lip
. N ..
lC2 =lg =lB
. . "
bay Slp =g

. . _,t
lea =ic =ic

Source phase voltages are determined using equation (5.17).

(5.30)
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5.3.5 Simulation of series connection of two five-phase machines (torque mode)

using phase-domain model

The system was initially investigated using the phase-domain machine model and
later investigated using the d-q machine model in the stationary reference frame. Rotor
flux reference (stator d-axis current reference) is applied at first to excite the machines.
Different profiles of rotor flux reference are applied to each machine (Fig. 5.16c). Once
the rated rotor flux in both machines has been established, torque command is first
applied to machine one (IM1) at t = 0.3 s and removed at t = 0.55s in a ramp wise
manner. Torque reference is applied at t = 0.35s and removed at t = 0.5s for the second
machine (IM2) in a ramp wise manner. Torque reference for the first machine equals
twice the rated torque (16.67 Nm), while torque reference for the second machine is the
rated value (8.33 Nm). It is assumed that the inverter is ideal and so inverter current
references match actual inverter currents.

As can be seen from Fig. 5.16a torque references and actual torques developed by
the machines are mutually indistinguishable. Application of the torque command to one
of the machines has no effect upon the torque developed by the other machine. Speed
response of each machine is smooth, with maximum allowed rate of change, Fig. 5.16b.
Stator phase “a” current references for the two machines are shown in Fig. 5.16d and
are similar to those seen in a standard vector controlled three-phase machine. Rotor
flux remains undisturbed in both machines during torque transients indicating that
decoupled control has been achieved. High level of distortion is evident in both source
currents and source voltages (Figs. 5.17a and 5.17b, respectively). The same applies to
individual machine phase voltages illustrated in Fig. 5.18b for phase “a”.

Rotor
currents remain identical to the situation when only one machine is present (Fig. 5.18a)

showing that x-y currents don’t flow in the rotors of the machines.

As already noted, the flow of torque and flux producing currents of each machine
through the stator of both machines is the main drawback of this system. The flow of
non torque/flux producing currents through the stator of each machine will lead to an
increase in the stator copper losses and reduce the efficiency of the system. Another
drawback, caused by this current flow is the voltage drop produced by the x-y stator

current components in both machines. This will impact on the voltage rating of the
inverter semiconductors.
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5.3.6. Simulation of series connection of two five-phase machines (torque mode)

using stationary reference frame machine model

Once again a program was written using the stationary reference frame machine
model for the identical situation to the one previously presented. Once more, the same
results were obtained as with the phase variable model. These figures are therefore not

shown. Fig. 5.19 shows the stator a-p and x-y current components in the stationary

reference frame, respectively, as seen by machine 1. One can see that the a-f

components correspond to the stator phase current references of machine 1, while x-y
components correspond to stator phase current references of machine 2. In particular,
a-axis current equals phase “a” current reference of machine 1 in Fig. 5.16d, while x-

axis current equals phase “a” current reference of machine 2 in Fig. 5.16d, except for

the scaling factor in the transformation.
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Fig. 5.16: Indirect vector control of two series-connected five-phase induction machines using phase
variable machine model. Torque response (a), speed responses (b), rotor flux reference and rotor flux
magnitude in the machines (c) and stator phase “a” current reference (d).
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Fig. 5.17: Indirect vector control of two series-connected five-phase induction machines using phase
variable machine model. Source currents (a) and source voltages (b).
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Fig. 5.18: Indirect vector control of two series-connected five-phase induction machines using phase
variable machine model. Rotor phase “a” currents (a) and stator phase “a” voltages (b) for the two
machines.
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Fig. 5.19: Indirect vector control of two series-connected five-phase induction machines using stationary
reference frame machine model. Stator current a-B components (a) and x-y components (b) in machine 1.

5.3.7 Rotor flux oriented control of two series-connected five-phase induction
machines (speed mode)

Many applications require precise control of motor speed and so operation of the
multi-phase multi-machine drive using closed loop speed control (i.e., including a speed
controller (PI) as in Figure 3.1) is examined next. Figure 5.20 shows the structure of the

speed control loop. The inverter is assumed as ideal and so delays associated with the

inverter are ignored along with any signal processing delays.

T =T, o

Pl |——— P/(s)

Fig. 5.20: Structure of the speed control loop
The transfer function for the PI controller is:

1
Gp(s)=K,+K, —= K,,[H—l—)
s S

(5.31)

i

The characteristic equation of the above speed control loop is solved for I + Gpi(s)H(s)

= (), where according to Fig. 5.20 H(s) = 1/(Js/P). Hence the characteristic equation is:
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s2 +66.67K ,s+ w5 =0

(5.32)

The coefficients of (5.32) are equated with those in (5.33), which defines the desired

closed loop dynamic response in terms of damping ratio § and natural frequency .
s? +2bwys+ @} =0 (5.33)

Damping ratio is selected as 0.707. The natural frequency for the speed control loop is
dependent on the bandwidth of the inner current loop. For the purpose of the speed
controller design, current loop bandwidth is taken as 100 Hz [Igbal (2003)]. Taking the
speed control bandwidth as one tenth of this value (10 Hz) and approximating the
natural frequency with the bandwidth, one has wy = 62.8318 rad/s. Substitution of the
damping ratio and natural frequency values into (5.33) and comparison with (5.32) yield
the following values for the speed controller parameters; K, = 1.332, K; = 59.214 and T;
= 0.0225 s. These values were fine-tuned and PI controller gains used further on in all
simulations (regardless of the number of phases of the system and the number of motors
in the group) are K, = 1.5, K; = 75 (T;= 0.02s). In order to avoid problems with integral

wind-up during operation in the torque limit, an anti wind-up PI controller is used.

5.3.8 Simulation of series connection of two five-phase machines (speed mode)

The two machines are represented using the phase-domain model and are excited
using the same rotor flux reference profile as illustrated in Fig. 5.21c. It is assumed that
the inverter is ideal and so inverter phase currents exactly match inverter phase current
references. A speed command is applied to each machine at different times once the
rotor flux has reached rated value. A speed command of rated value (299 rad/s) is
applied to machine 1 in a ramp wise manner (rise time t = 0.3 — 0.31 s), while a speed
command of one half rated (149 rad/s) is applied to machine 2 in a ramp wise manner
(rise time t = 0.4 — 0.41 s). The torque limit of both machines is set to twice the rated
value (16.67 Nm). A load torque of 4 Nm was applied to machine 2 at t = 0.65 s in a

stepwise manner.

The torque almost instantly steps to the maximum allowed value upon application
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of the speed command and stays there until the desired speed has been reached (Fig
5.21a). Once again one can see from the resulting graphs that decoupled flux and
torque control has been achieved for both machines and each machine is controlled
independently. Application of a load to machine 2 results in a very small deviation in
the speed of the machine from the commanded value, which is very quickly corrected.

The application of a load to machine 2 in no way affects the speed or torque developed
by machine 1 (Fig. 5.21a-b).

Stator phase "a” current reference M2 (A)

20— — — 3 ~
25 Rotor flux reference
* M \
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_
3 g | |
g M| g 15
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Fig. 5.21: Rotor flux oriented control of two series-connected five-phase induction motors in the speed
mode using phase variable model. Torque response (a), speed response (b), rotor flux reference and rotor
flux response (¢) and stator phase “a” current references for the two machines (d).

Stator phase current references for the two machines are shown for phase “a” in Fig.
5.21d. Source currents and source voltages are illustrated in Fig. 5.22. The same

considerations as those given in conjunction with Figs. 5.16-5.19 for torque are also
valid here.
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Fig. 5.22: Rotor flux oriented control of two series-connected five-phase induction motors in the speed
mode using phase variable model. Source voltages (a) and source currents (b).

5.4 The nine-phase four-motor drive

This section examines the nine-phase four-motor drive and includes results
published in Jones et al (2003a). The nine-phase case is of particular interest because it
falls under category b in section 4.5.1, where it is shown that the number of connectable
machines remains to be given with (n-1)/2. However, the number of phases is not a
prime number and satisfies the condition n = 3. Thus only three of the machines will

be nine-phase. The remaining machine will have three-phases as shown in the
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connectivity matrix given in Table 4.4. The connection diagram given in Fig. 4.3 is
repeated for convenience in Fig. 5.23. As discussed in section 4.3 the position of the
three-phase machine is of critical importance and it must be connected last (with respect
to the nine-phase source) in the multi-phase multi-motor drive.

The connection diagram shown in Fig 5.23 governs inverter phase voltages. They

are determined with an appropriate summation of stator phase voltages of individual

machines respecting the phase transposition.

Source Machine 1 Machine 2 Machine 3 Machine 4
al a2 a3 a4
A -
b2 b3
B - — -
> I - .
F 2 = I~
1 2 3 c4
¢ - - L e HIE-

Fig. 5.23: Connection diagram for the nine-phase case: three nine-phase machines and one three-phase
machine are connected in series.

VA = Vet FVas2 TVi3 +V4a

Vg =Vpst +Ves2 FVes3 V4

Ve = Vet +Ves2 +v:‘s3 + Vesa

Vp = Vst + vgs2 Vit Vasa

VE =Ves1 TVisa TVps3 + V4 (5.34)
Vp = vfsl V52 +vcs3 +Vesa

VG = Vg Va2 Va3 +V 04

Vi =Vha tV 2 HVpa Vg

Vi =Vt tVpsa TV a3 Vg

The individual machine phase current references generated by the controllers are

summed according to the phase transposition in Fig. 5.23. Thus the inverter current

references are given as [Jones et al (2003a)]:
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iy =ig +ig +igy +(1/3)5

ip =iy +icy +igy +(1/3)pe

ic =ig+in +ip+(1/3)4

ip =ig +i;2 +igy +(1/3) .4

ip =ig +ip +ins +(/3)p (5.35)
ip =ip +ig +ic +(/3)

ic =i;1 +igy +i;3 +(1/3) 24

iy =in +i;2 +ipy +1/3)a

i: =i:l +i;2 +i;3 '*‘(1/3)':4

5.4.1 Simulation of rotor flux oriented control of three nine-phase and one three-

phase induction machines connected in series (torque mode)

The system was verified by simulating the acceleration transient during torque
mode of operation. The machines were modelled in the stationary reference frame as
described in chapter 3. Initially the machines are magnetised using the same procedure
as described in section 5.3.8 (respecting the different rotor flux ratings). Torque
references are applied and removed using ramps of 0.01s duration as shown in Table
5.3. Each machine accelerates smoothly (Fig. 5.24a) and no variation in rotor flux can
be seen for any of the machines (Fig. 5.24b) during the acceleration transient, meaning
that completely decoupled flux and torque control has been achieved not only in one
machine but between the machines as well. The torque response of each machine
follows the reference torque without any deviation (Fig 5.24c) and so the speed
response of each machine is the fastest possible. The stator phase “a” current reference
is shown in Fig 5.25a for each of the four machines. The inverter currents for the first
four phases are given in Fig 5.25b. The current references are essentially sinusoidal in
final steady-state. Inverter currents are a summation of the current references taking
into account the phase transposition and are therefore highly distorted. The same
applies to the stator phase voltages of the nine-phase machines, which are shown in Fig.
5.26 together with the overall inverter output phase voltages for the first four phases.

Due to series connection of the stator windings, x-y voltage components exist in
all the nine-phase machines, leading to distorted stator voltage waveforms. The worst
level of distortion can be clearly seen in machine three. This is because this machine

has the lowest speed of rotation of all the nine-phase machines. It can be seen that the
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three-phase machine is not affected in any adverse manner by the series connection to

the other three machines. This is because the torque and flux producing currents of the

other machines mutually cancel at the point of connection with the three-phase machine.
Hence no x-y currents flow in the three-phase machine.

Table 5.3: Torque command application and removal for each machine.

Machine T, Appliedat | Removed at
IM1 (9-phase) Ten t=03s t=05s
IM2 (9-phase) (2/3)T.,, t=035s t=0.555s
IM3 (9-phase) (1/3)T., t=04s t=0.65s
IM4 (3-phase) 0.8T,, t=045s t=0.7s

5.5

As shown in chapter 4, the fifteen

The fifteen-phase six-motor drive

-phase transformation matrix results in a
connectivity table which can not be realised in practise. The number of machines that

can be connected in series for the fifteen-phase case is at most six. The reasons behind
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this conclusion are elaborated in section 4.3 and will not be repeated here. The six
machines which can be connected in series consist of four fifteen-phase and two five-

phase machines as shown in Table 5.4, obtained on the basis of Table 4.7.

Table 5.4: Realisable connectivity matrix for the fifteen-phase case

A B CDEF G H 1 J KL MN O
MI{1 2 3 4 5 6 17 8 9 10 11 12 13 14 15
M2{1 3 5 7 9 11 13 15 2 4 6 8 10 12 14
M3 (1 5 9 13 2 6 10 14 3 7 1 15 4 8 12
IM4 |1 8 15 7 14 6 13 5 12 4 11 3 10 2 9
IMS 1 4 7 10 13 1 4 7 10 13 1 4 7 10 13
IM6 1 7 13 4 10 1 7 13 4 10 1 7 13 4 10

5.5.1 Simulation of rotor flux oriented control of four fifteen-phase and two five-

phase induction machines connected in series (torque mode)

In order to prove the validity of the connections given in Table 5.4, a simulation
program was written utilising a rotor flux oriented control scheme for operation in
torque mode as previously described. Magnetising of the machines took place in the
same fashion as described in section 5.3.8. The torque commands were applied in a
ramp wise manner after the machines had been magnetised (Table 5.5). Fig. 5.27 shows
that decoupled torque and flux control has been achieved and that the speed response is
the fastest and smoothest possible. The same conclusions as those previously

mentioned can be drawn from the remaining plots of currents and voltages and these are
therefore omitted from this section.

5.6 Current cancellation

Independent control of each machine in the multi-phase multi-machine drive is
made possible by the phase transposition introduced between the stator phase
connections of the machines. Regardless of the number of phases the inverter has,
summing the individual machine current references according to the phase transposition
forms inverter phase current references. As a result of the summation it is possible that

a steady-state may result in which individual machine phase current references cancel

87



5. Simulation studies for odd phase numbers

each other and so the resulting inverter phase current reference becomes zero®. Note
that due to the phase transposition this may happen with only one inverter current

reference. This section considers the possibility of such an occurrence in the case of the

five-phase two-motor drive presented in section 5.3.
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Fig. 5.27(a): Six-motor fifteen-phase case: Fig. 5.27(c): Six-motor fifteen-phase case:
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M, Lo at at
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Fig. 5.27(b): Six-motor fifteen-phase case: M6 (5-phase) | (12)Ty, | t=0.3 (=057
Torque responses.

In the example examined here both five-phase machines are identical and operate
under identical conditions (I; = I, = [, w; = w; = ws). It is assumed that a speed
command of 1500 rpm (50 Hz) is applied to machine 2 following an identical speed
command given to machine 1 10ms earlier. This results in a 180° phase shift of the IM2
phase “a” flux/torque producing current with respect to phase “a” flux/torque producing
current of IM1. Once both machines have accelerated to the required speed the steady-

state inverter phase current reference will be [Levi et al (2004b)):

® This issue was raised by Professor R.D. Lorenz during the discussion of the paper Levi et al (2003b).
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iy =\/EI1 sin(co,t)+\/512 sin(w,t —7)=0

iy =21, sin(@t — &) + 21, sin(wyt — 20— ) = 211+ cosBer / 2) sin(ax — e/ 4)

it =21, sin(@,t - 20r) + 21, sin(@yt ~ 4 — ) = 21 J1+cos(a ! 2)sin(ax —Ta/ 4) (5.36)
ity =21, sin(@yt - 30) +21, sin(@yt ~ - 1) = 211 +cos(a/ 2)sin(ax -13a/ 4)

it =21, sin(@yt ~ 40) + 21, sin(@yt 30— 1) = 21T+ cosBar / 2) sin(ax —19cx / 4)

This can be written as:

K
iy =0

iy =21 sin(et — ) - 21 sin(ax —20)

iz =21 sin(ax — 20) — 421 sin(ax — 4ar) (5.37)

i, =21 sin(ex —3¢x)— V21 sin(ax - @)

iy =21 sin(ax — 4a) — 21 sin(ax —3)

The spatial mmf distribution in the first five-phase machine is given by:

F,=Ni, cos(g)

F, = Nig cos(e —a)

F,. = Ni cos(e —2a) (5.38)
F, = Nip cos(e +2a)

F, = Nig cos(e + )

The current references created by the vector controller of machine 1 (single-underlined

terms in 5.37) create the following mmf in machine one:

F, =0.5v2NI(sin{ax + & — 20 )+ sin{ex — £))
F, =0.5y2NI(sin(r + £ - 4a ) +sin(ar - £)) (539)
F, =052 NI(sin(ax + & + 4o )+ sinfer —))
F, = 0.5¥2NI(sin(ar + £ + 2a)+sin(ar - €))

Therefore the total mmf produced in machine 1 by the current components belonging to
machine 1 is:

~0.5y2NI sin(er + £+ 22 NI sin(ax - £) (5.40)

Consider next current references generated by the vector controller of machine 2
(double underlined terms in (5.37)) flowing in the stator of machine 1 (5.38) one has:

F, = -0.5v2NIsin(ax + € - 3a )+ sin(ax - £ + )

F. = -0.5V2NIsin{ax + £ — o)+ sin(ax — £+ 3ax))

Fy =~0.5V2NI(sin(ax + & + a)+sin(er £ —3ar)) ©4D
F, =~0.5V2NI(sin(ax + £ + 3o )+ sin{ar — ¢ + o)
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Therefore the total mmf produced in machine 1 by the current components belonging to
machine 2 is:

0.5V2NI sin(ax + £)+0.5y2NI sin(ox — ) (5.42)

Taking into account that both machines are identical and operating under identical
conditions phase current references of two machines have the same frequency and

magnitude. Therefore summation of (5.40) and (5.42) gives the resultant mmf wave in

the air gap of the five-phase machine (machine 1) as:

2.5v2NI sin{ax — £) (5.43)

Obviously, the same result also follows for machine 2. The resultant mmf shows
that there is no loss in mmf and that the current components of each machine re-enforce
each other. Thus the drive should operate as normal without any loss in performance or
control decoupling. This is so since in the proposed five-phase two-motor drive system
only four degrees of freedom are utilised. The fifth is redundant, meaning that there is
one degree of redundancy that remains for utilisation in safety critical applications, in
the case of failure of one inverter leg. Further proof of completely decoupled control of
both machines under the described conditions can be obtained if one applies the
decoupling transformation (3.13a) to stator currents of machine 1 (5.36) and the stator
currents of machine 2, resulting in Table 5.6. Comparison of Table 5.6 with equivalent
results under normal operating conditions (Table 5.2) shows that only the phases of the

current components change but not the magnitudes and so both machines will operate as
normal.

Table 5.6: Stator current components in five-phase series-connected motors with phase “a” current
cancellation (steady-state).

Current M1 M2
components
o J51 sin ax ~SIsinax
B ~5Icosax J51cosax
x1 —ng sin ax ng sin ax
yl ng cos ax ng cos ax
0 0 0
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5.6.1 Simulation verification (five-phase case)

Verification that the five-phase series-connected two-motor drive will operate as
predicted in section 5.6 is provided by simulation, for the case when inverter phase “a”
current reference becomes zero. As previously mentioned both machines are assumed
to be identical and operating under identical conditions. Once rated rotor flux is
established in both five-phase machines a speed command (314 rad/s) is applied to
machine 1 at t =0.3s. At t=0.35s an identical speed command is applied to machine 2.
As can be seen in Fig. 5.28 both machines accelerate to the required speed as before.
Once both machines reach the required speed, the individual machine phase current
references are of the same magnitude and frequency as shown in Fig. 5.28. However
phase “a” machine current references are in phase opposition and so they cancel each
other when they are summed according to the phase transposition (5.29). Thus the
inverter phase “a” current reference becomes zero, as shown in Fig. 5.28. Torque and
rotor flux response of each machine are presented in Fig. 5.28, where it can be seen that
the cancellation of the inverter phase “a” current reference has no effect upon the
performance of the drive. Each machine is loaded in the same manner at t = 0.9s with a
load of S Nm. The torque responses of two machines are illustrated in Fig 5.28a where
it can be seen that the torque developed by the machines rapidly responds to the applied
load. Rotor flux is in no way affected by the application of the load, thus proving that
decoupled control has been maintained. A small dip in speed can be seen in Fig 5.28a
when the load is applied, however this is quickly corrected by the control system.
Inverter phase “a” current reference shown in Fig. 5.28b remains at zero when the load
torque is applied because the load torque is applied to both machines in an identical
manner. Thus individual machine phase “a” current references remain of the same
magnitude and frequency but in phase opposition during the application of the load to
both machines. Stator phase “a” voltage of each machine can be seen in Fig. 5.28b.
The voltage does not become zero once the machines have reached the required speed;
this voltage is due to the flow of currents in the other phases which link with phase “a”
through the mutual inductances. The example considered here demonstrates that the
five-phase series-connected two-motor drive will operate when phase “a” of the inverter
current reference becomes zero, however the same conclusion may be drawn for any of
the inverter phase references. In the five-phase case it is not possible for more than one

inverter phase current reference to cancel, because of the phase transposition.
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currents and stator phase “a-b” voltage (b).

5.7 Summary

Both phase-domain and stationary reference frame modelling of five phase

induction machines have been considered and it has been demonstrated by a number of

simulations that both models return identical results.

This is, although expected,

important because it allows the further development of simulation programs for
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phases using d-q models. These would be very cumbersome if phase-domain models
were to be used.

It has been demonstrated by way of various simulations that it is possible to
connect two five-phase (five-phase case), three nine-phase and a three-phase (nine-
phase case) and four fifteen-phase and two five-phase (fifteen-phase case) machines in
series and independently control the speed and torque of each machine, provided a
suitable phase transposition is introduced in the machine connection. Both torque mode
and speed mode of operation were studied in detail and it is shown that not only
decoupled control of flux and torque in each machine has been achieved, but a
completely decoupled and independent control of all the machines of the group resulted
as well.

An important property of the proposed drive system is the ease of implementation
within a single DSP. The k vector control algorithms for the kK machines need to operate
in parallel and produce phase current references for the k machines. The output of the
DSP is the system of the inverter phase current references, which are obtained by
summing individual phase current references of the k machines respecting the phase
transposition. Current control would be typically realised in the stationary reference
frame using either hysteresis or ramp comparison current control.

It is important to emphasise that the concept of the n-phase k-motor system,
developed and verified in this chapter, is valid in presented form only when inverter
current control is exercised upon inverter phase currents. This is so since the
minimisation of the individual inverter phase current errors automatically provides for
compensation of additional voltage drops in the two machines caused by the flow of x-y
stator current components. Modifications of the concept, required if current control is
to be performed in the rotating reference frame, will be discussed at a later stage.

The flow of torque/flux producing currents of all machines in the system through
the stators of all machines presents a significant disadvantage of this system, since the
efficiency of the overall system is reduced. Clearly, such a situation will lead to an
increased amount of stator copper losses in the machines (rotor copper losses will not be
affected).

Determination of the additional amount of the stator winding losses depends on
the machine ratings and operating conditions. Consider the two-motor five-phase case.
For simplicity, it is assumed that the two machines are identical and operate with the

same load (i.e. current) and at the same speed (i.e. frequency). In other words the
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situation described with (5.12) and (5.37) is considered. Using either (5.12) or (5.37), it
can be easily shown that the amount of stator winding loss will double in each machine
in this series connection, compared to the case when a single five-phase machine
operates under the same conditions. It should be noted however, that distribution of the
additional winding loss is uneven among the phases (for example if (5.12) applies then
phase “a” losses of both machines will quadruple, while if (5.37) applies there will be
no losses at all in phase “a” of both machines). The second shortcoming is the voltage
drop produced by x-y stator current components in both machines, which will impact on
the voltage rating of the inverter semiconductors. This means that the voltage rating
will have to be higher (but only slightly, since these voltage drops appear across stator
leakage impedance and are therefore rather small) than twice the rating of a single five-
phase motor drive. Current rating of the inverter will have to correspond to the sum of
current ratings of the two machines.

Simulations of the nine-phase four-machine drive demonstrated that the three-
phase machine connected at the end of the system (from the point of view of the
inverter) did not suffer any adverse effects due to series connection with the nine-phase
machines. This is so because the flux/torque producing currents of the other machines
cancel out at the point of connection to the three-phase machine and hence the
efficiency of the three-phase machine remains unaffected.

Due to the nature of the multi-phase series-connected multi-motor drive it is
possible that stator current references may cancel when forming the inverter current

references. This situation is examined for the five-phase case and it is shown that the
drive performance is not affected.
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CHAPTER 6

SIMULATION STUDIES FOR EVEN PHASE NUMBERS

6.1 Introduction

This chapter considers the situation when the inverter number of phases is an even
number. Simulations are performed for the six-phase and ten-phase drives. For even
phase numbers, any saving in the number of inverter legs comes into existence only
when the number of phases is equal to or greater than eight. As discussed in chapter 4,
the even phase case results in series connection of at most (n-2)/2 machines. However,
not all of the machines in the system are of the same phase number and so the case
studies in this chapter fall under categories a) and b) of section 4.5.2.

The even phase numbers are inferior to odd phase numbers from the point of view
of the saving in the number of inverter legs, since more legs can be saved with an odd
phase number than the subsequent even phase number. Nevertheless, the fact that the
connectable machines are always of different phase numbers appears to offer an
advantage over the odd phase numbers in certain situations. Consider for example the

six-phase case and suppose that a six-phase motor drive is selected for a certain

application for the reasons of high power. If the application requires one more

controllable drive for certain auxiliary function, of low voltage and low power rating,
then this drive can be selected as a three-phase drive and connected in series with the
six-phase motor. This means that control of the second (three-phase) drive can be
achieved at no extra cost. Hence, although there is no saving in the number of inverter
legs, there is an actual benefit since a separate three-phase inverter is not required. The
three-phase machine is not adversely affected by series connection to the six-phase
machine and the three-phase machine (of low power) will have negligible impact on
efficiency of the six-phase machine (high power). The drive system appears to be a

very viable solution for the described type of application.

The main research results of this chapter have been published in Jones et al
(2004a) and Levi et al (2003a).
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6.2. The six-phase two-motor drive

Application of the transformation matrix (3.13b) allows the construction of a
connectivity matrix as discussed in section 4.2. The connectivity matrix for the six-
phase case and corresponding connection diagram, already given in section 4.4, arc
repeated for convenience in Table 6.1 and Fig 6.1, respectively. In order to simplify the
initial analysis the controller and inverter are omitted and the supply is assumed to be an
ideal sinusoidal current source.

Let the phase sequence of the source be A,B,C,D,E,F and let the flux-torque
producing phase sequence for the two machines be a,b,c.d,e.f and a,b,c. Assume that
machine 1 (six-phase) is supplied for purposes of torque and flux production with ideal
sinusoidal currents of rms value and frequency equal to /,,w,. Similarly, machine 2
(three-phase) is supplied with a flux and torque producing set of currents of rms value
and frequency /,,»,. According to the connection diagram (Fig. 6.1), source phase

currents are simultaneously corresponding phase currents for machine 1:

Source Machine 1 Machine 2
Table 6.1: Connectivity matrix for the six-phase P R ]
drive system. A - -
8 -
A_B C D E F IS E———ELE Y L
2|1 3 5 + 53 ¢ o || g
M2 1 3 5 1 3 5 ol cz
E - L
F .-

Fig. 6.1: Connection diagram for the six-phase
two-motor system

iy=iy, = \/51l sin(w,t)+ 0.5-J§12 sin(w,?)

ip =iy =\/—2—I] sin(wlt—a)+0.5-«/512 sin(w2t—2a)

i =iy = ~/—2-1, sin(w,t —2a)+0.5-421, sin(w,1 - 4a)
6.1
ip=ig= w/El, sin(wlt—3a)+0.5-s/§12 sin(a)zt) ©.1)

iy =i, = «/51, sin(co,t—4a)+0.5-\/§12 sin(wzt—Za)

e =i =21, sin(wyr - 52)+0.5-21, sin(w, - 4a)

Machine 1 (six-phase) and machine 2 (three-phase) are connected via a phase

transposition which results in machine 2 being supplied with the following currents:
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ip=ig+ip= s/ill sin(wlt)+ \/511 sin(wlt—3a)+ ﬁlz sin(a)zt)

iy =ig+i,; = «/5[1 sin(wlt—a)+ */_2—11 sin(a)]t—4a)+ \Elz sin(a)zt—Za) (6.2)

i =ip+ip = ﬁl, sin(o,1 —2a)+ ﬁll sin(w,f - 5a )+ ﬁlz sin(w,? —4a)

By supplying the machines with the currents given in (6.1)-(6.2) it is possible to
independently control the speed of each machine by controlling frequencies f; and f>
together with current magnitudes /; and I, respectively, provided that the currents that
produce a rotating field in machine 1 do not produce a rotating field in machine 2 and
vice versa. This is achieved through the phase transposition operation. Application of
the decoupling transformation matrix on the stator currents of the two machines given
with (6.1)-(6.2) produces the results shown in Table 6.2 [Jones et al (2004a)] and can be
explained by considering the underlined terms in equations (6.1) and (6.2), respectively.
It is obvious that in any of the phase currents of machine 2 in (6.2) the two underlined
terms cancel each other since they are in phase opposition. Similarly, mmfs produced in
machine 1 in (6.1) due to the flow of machine 2 related currents (underlined terms)

cancel each other since the currents in any two phases displaced by 180 degrees are the

same (so that mmfs are of the same value but of the opposite signs).

Table 6.2: Stator current components in series-connected motors in steady-state (six-phase case).

Current M1 M2
components
o J61, sin w,t V31, sin w,t
B -J61, Ccos ;! ~\31, cos wyt
!
x1 \/—6_72sin Wt
)
yi —\/—6'72cos w,t
0+ 0 0
0- 0 0

6.2.1 Rotor flux oriented control of a six-phase and a three-phase induction

machine connected in series with phase transposition

A standard method of indirect rotor flux oriented control is again considered here.
Current control is once more performed in the stationary reference frame, using inverter

phase currents. It is important to notice that the so far presented form of the vector-
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controlled multi-phase multi-motor drive system is valid when the current control is
exercised in the stationary reference frame, as already noted in chapter 5. This is so
since minimisation of the inverter phase current errors through inverter switching
automatically generates appropriate voltages required for compensation of the
additional voltage drops in the machines, caused by the flow of x-y current components.
Either ramp-comparison or hysteresis current control can be used. Generation of
individual machine phase current references is determined with (superscript j stands for
the machine under consideration, 1 or 2; a = 22/n = 60° for machine 1 and @ = 27/n =

120° for machine 2; n = 6 for M1 and n =3 for M2):

. 2 Ny :
l-]‘(l) - J:[id(‘/) cos¢£f) ~z;§1) sin ¢£1)]
n

. Y eenn , PO .
00 = (21609 el ) sinft? ~a)

"y 2 » () - ;
i) = J;[zdf/) cos(¢f-’) —(n—l)a)~ i) sm(¢f” —(n—l)a)l

(6.3)

Inverter reference currents are further built, according to the connection diagram (Fig
6.1).

Inverter reference current creation has to take into account the existence of
machines with different phase numbers within the group. Thus for the six-phase inverter
with a six-phase and a three-phase machine, illustrated in Fig. 6.1 and Table 6.1, the
inverter current references are determined with:

i ¥ ¥ .* .*
1:1 =iy +0.51a2 g =1y +0'51b2
l: = l:‘ +0.5i:.2 l.;) = ’:il +0.5i;2 (6‘4)
i =iy +0.5i;, i =i +0.50,
The inverter output phase voltages follow directly from Fig. 6.1:
Va=Va tVa Vg = Vp TV Ve =V Ve (6.5)
VD FVa V0 Vi = Ve +Vp2 Vi =V tve

6.2.2 Simulation of rotor flux oriented control of a six-phase and a three-phase

induction machine with phase transposition (torque mode)

Both induction machines under consideration were modelled in the stationary

reference frame as described in chapter 3 respecting the number of phases and the
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spacial displacement between windings. Both machines are assumed to have the same
per-phase equivalent circuit parameters and ratings. Once again, it is assumed that the
inverter generates ideal currents as requested by the control system. A different d-axis
current reference (rotor flux reference) was applied to each machine. The d-axis current
reference of machine 1 was initially ramped to twice its rated value between t = 0 and t
= 0.01s. It was later reduced in a ramp wise manner back to the rated value from t =
0.05s to t = 0.06s. For machine 2 the stator d-axis current reference was ramped to 1.5
times the rated value from 0 to 0.02s and kept at 1.5 times the rated value until 0.07s
when it was ramped downwards to rated value between 0.07s to 0.08s. The torque
reference for machine 1 was ramped at t = 0.3 from zero to 1.5 times rated (15Nm) and
maintained at this value until t = 0.55s when it was ramped down to zero. The torque
reference for machine 2 was applied from t = 0.35 to 0.5s in a ramp wise manner from
zero to twice rated (10Nm) and then back to zero. Duration of all ramps for torque
reference application was 0.01 second.

The rotor flux reference and the corresponding response of the two machines can
be seen in Fig 6.2a. The magnetising of each machine is in no way disturbed by the
other machine and rotor flux attains the reference value and remains at that value for the
remainder of the simulation, confirming the absence of any x-y rotor currents. Torque
references and torque responses (which are mutually indistinguishable because of
assumed ideal current feeding) are shown in Fig. 6.2b. It can be seen that the torque
response of each machine is in no way affected by the torque response of the other
machine in the system and the torque and flux response of each machine are completely
decoupled. This means that independent torque and flux control has been achieved for
both machines. The speed response of each machine is smooth (Fig. 6.2¢) due to the
complete decoupling of the torque control of both machines. Once again, the stator
current references for each machine (Fig 6.2d) are sinusoidal in steady-state. However,
the inverter phase currents (Fig 6.2g) are highly distorted due to the summation given
by (6.4). Stator phase “a” voltages of the two machines are shown in Fig 6.2e where it
can be seen that the stator voltage of machine 2 (three-phase machine) is not affected by
the torque command to machine 1 (t = 0.3s). This is because the torque and flux
producing currents of machine 1 do not flow through the stator of machine 2 and so
machine 2 is not adversely affected by machine 1. However the flux and torque
producing currents of machine 2 flows through the stator of machine 1 and cause

voltage distortion, as can be seen in Fig. 6.2e. The flow of x-y currents through the
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stator of machine 1 increases winding losses of the machine. Stator iron losses will
very slightly increase as well, due to the increased phase voltage of the six-phase
machine caused by the flow of x-y current components. This will in general reduce the
efficiency of the six-phase machine and will therefore reduce the total efficiency of the
six-phase two-motor drive in comparison to the equivalent three-phase two-motor drive.
However, as discussed in section 6.1, reduction in the efficiency of the six-phase

machine will be negligibly small if the six-phase machine is of high power and the

three-phase machine is of low power.

As illustrated in Fig. 6.2f, the source voltages required from the inverter are

highly distorted. However, this does not present a problem provided that fast inverter

current control with a high switching frequency is used.

6.3 The ten-phase four-motor drive

Application of the transformation matrix (3.13b), as described in chapter 4, results
in the connectivity matrix and connection diagram given in Table 4.11 and Fig. 4.6,
respectively. The windings of the second and fourth machines are 72 degrees apart and
therefore represent the windings of two five-phase machines. The system therefore
contains two ten-phase machines and two five-phase machines and results in a saving of
two inverter legs when compared to the equivalent three-phase four-motor drive. The

inverter current references are generated according to the phase transposition given in
Fig. 4.6 as:

iy =iy +iy +050, +0.5i, iy =iy +ipy +0.500 +0.5i,
iy =iy +iygy +0.5i5, +0.5i", i =gy +ip +0.5ip; +0.5i%,
i =iy +igy +0.5i +0.5i., iy =i +ipy +0.5i05 +0.5i, (6.6)
in =iy +i +05i0 +0.5i), i] =iy +ivy +0.5i0, +0.5i5,
i =iy +isy +0.5i0 +0.5), iy =iy +igy +0.500 +0.5i),

The inverter output voltages are calculated using the same connection diagram:

Vi=Vq +V02 +Va3 +Va4 Vi =v_/-1 +Vf2 +Va3 +va4

Ve =Vh tVgy + V3 +vy VG TV HVip H V3 +Vy
Ve =V +vg2 +Vc3 +Ve4 Vg =V +Vb2 +V.3 +Ve4 (6-7)

Vi SV +V 0 +vyy +vy, Vi =V + Ve +Vy3 vy,

Vie T Vel 7V +V,3 +vy, Vg =V ¥V +Ve3 +Vyy
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6.3.1 Simulation of rotor flux oriented control of two ten-phase and two five-phase

induction machines connected in series with phase transposition (torque
mode)

Independent rotor flux oriented control of each machine in the system is achieved
in an identical manner to that previously described. Each machine is modelled in the
stationary reference frame, as explained in Chapter 3 and Levi et al (2003a). Each
machine is assumed to have the same per-phase equivalent circuit parameters and
ratings. All the machines are initially pre-magnetised in the manner described in section
5.3.8, as illustrated in Figs. 6.3c and 6.3d. Once the rotor flux has reached steady-state,
a torque command was applied and later removed using ramps of 0.01 seconds duration
as per the schedule given in Table 6.3. Simulation results are given in Figs. 6.3 and 6.4.
Once again the torque response of each machine is the fastest possible and the machines
accelerate smoothly form zero and in the shortest possible time. The control of rotor
flux and torque of each machine is decoupled and also independent of the control of
other machines in the system (Fig. 6.3a and b respectively). The stator phase “a”
current references shown in Fig. 6.3d are again similar to those seen in three-phase rotor
flux oriented drives, however the source currents are the result of the summation given
by (6.6) and are highly distorted. The application of the torque command to each of the
two five-phase machines (IM3 and IM4 at t = 0.3 and t = 0.35 seconds respectively)
clearly affects the stator voltages of the ten-phase machines (Fig. 6.3¢). The five-phase
machines are given the torque commands identical to those in section 5.3.6, where only
two five-phase machines were connected in series. The stator voltages of each five-
phase machine (Fig. 6.3¢) are identical (except for time scaling) to those of Fig. 5.18b
(five-phase two-motor case). This confirms that the five-phase machines only affect
each other and are not adversely affected by the ten-phase machines in the group. One
can conclude that the torque/flux producing currents of the ten-phase machines do not
flow through the stators of the five-phase machines, while every machine in the group
affects the ten-phase machines. The efficiency of the multi-machine system for the ten-
phase configuration is therefore expected to be better when compared to the equivalent

four-machine system with an odd phase number (nine-phase case), elaborated in section
5.4.
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Table: 6.3: Torque command application and
removal for each machine
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at
IM1 (10-phase) Ten t=04s t=06s
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Fig. 6.3: Ten-phase four-motor drive system: Torque (a), speed responses (b), rotor flux and rotor flux
reference (c), stator phase “a” current reference (d) and Stator phase “a”voltage ().
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6.4 Current cancellation

It is explained in section 5.6 that the generation of the inverter phase current
references according to the phase transposition may cause one phase of the inverter
current reference to become zero. This phenomenon is examined in this section for the

six-phase two-motor drive. The example examined here considers the case when phase

[ 1]

a” inverter current reference becomes zero. For this situation to occur it is necessary

for stator current references of the three-phase machine to have twice the magnitude and
the same frequency as the six-phase machine (I, = 2I;; I; = 0.5L = I, w;= w2= w;). If
both machines are given a speed command of 314 rad/s 10ms apart from one another,

once both machines have reached the required speed (supply frequency of each machine

is 50Hz) the steady-state inverter phase current references will be:

it =421, sin(w,t)+l/2 ﬁlz sin{w,? — )

iy =21, sin(oyt - @)+ 1/2 V21, sin(w,¢ - 2a ~r)

i =21, sin(wlt—za)+l/2 ¥21, sin(w,? —4a - ) 6.8)
i, =21, sin{ey - 3a)+1/221, sin(w,t — ) .
iy = JZ-I, sin(a,t —4a)+1/2 512 sin(wzt—Za—zz)

iy =21, sin(wyt =5a)+1/2+21, sin(w,t - 4a - 7)

This can be written as:

104



6. Simulation studies for even phase numbers

=0

i;, = V21 sin(o - a)- V21 sin(wg - 2a)

ii. = 2Isin(w,t —2a) - V21 sin(w, - 4a) 69)
it, = J2Isin(wy - 3a) - V21 sin(w,?)

it = 2Isin(w, - 4a) - V21 sin(w, - 2a)

i, = \2Isin(wyt - 5a)- V21 sin(w,t - 4a)

The spatial mmf distribution in a symetrical six-phase machine is given by:

F,=NI, cos(g)

F, = NI, cos(e —a)

F, =Nl cos(g—2a) (6.10)
F, = NI, cos(e -3a)

F, = NI cos(e - 4a)

Fr=NI cos(g - Sa)

The current references created by the vector controller of the six-phase machine (single-

underlined terms in (6.9)) create the following mmf in the six-phase machine:

F, = 0.5¥2NI(sin(o + & - 2a) + sin(o, - £))
F. = O.SJENI(sin(w_‘.t +&—4a)+sin(oy - s))
Fy= 0.5v2NI sin(w, + &)+ sin{w,t - £))

F,= O.SJENI(sin(a)st +&—2a)+sin(wg - £))
Fp= O.SJ'Z—NI(sin(wst +&+ 2a) + sin(a)xt - 6‘))

6.11)

The total mmf produced in machine 1 by current components belonging to machine 1 is:

~0.5v21 sin(w,t + £)+ 2.5v21 sin(w, - £) (6.12)

Consider the current references of machine 2 (double-underlined terms of (6.9)) flowing
in the stator of machine 1:

F, = —O.Sﬁl(sin(a)st +&-3a)+sin(ogf— - a))
F.= -O.Ss/—2-l(sin(a)st +&)+sin(wt & - 2a))
F;= —O.SJEI(sin(wst +&-3a)+sin(og £+ 3a))

(6.13)
F,= -0.5J21 (sin{ew,r + £)+ sin(a)st -£-2a))
F,= —O.Sa/fl(sin(cost +e+ 3a)+ sin(a)st ~&+ a))
Summation of (6.13) gives the following result:
0.5v21 sin(w,¢ +£)+0.5v21 sin(wy - £) (6.14)
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Summation of (6.12) and (6.14) gives the resultant mmf wave in the air gap of the Six-

phase machine (machine 1) as:

321 sin(wy - £) (6.15)

Consider the currents supplied to machine 2:

i =ig+ip= 21 sin{wt -3a)+ V21 sin(wt - 7)= 2421 sin{e,t — )
iy, = iy +i; = V21 sin(og - a)+ 2Isin(oy - 4a)+ 2421 sin(w,f - 2a - 7) (6.16)
o =l¢ +ip = V21 sin(wst —2a)+ V21 sin(a)ct - 5a)+ 2421 sin(w_‘.t -4a - 7[)

It can be seen that the underlined terms cancel while the phase “a” current sums to the
required amplitude and phase. This demonstrates that both machines will operate
without any loss in developed torque or performance. Further proof is obtained by
application of the decoupling transformation (3.14b) to the inverter current references

(6.8) and the stator currents of machine 2. The results can be seen in Table 6.4.

Table 6.4: Stator current components in six-phase case with phase “a” current cancellation (steady-state).

Current M1 M2

components
a J61, sin w,t ~ 121, sin w,t
B ~ 61, cos 121, cos wyt
xi - ‘\/—6_12 sin th
yl VoI 2 COS Wyt
0+ 0 0
0- 0 0

6.4.1 Simulation verification (six-phase case)

The performance of the six-phase two-motor drive under the conditions laid out in
the previous section is verified here by simulation. It is assumed that the inverter is
ideal and that the six-phase machine and the three-phase machine are equivalent in
terms of the maximum torque they can develop. The torque limit of both machines is
therefore 10Nm. A speed command of 314rad/s is applied to the six-phase machine and

the three-phase machine in an identical manner at t = 0.3s and t = 0.301s, respectively.

Inverter phase “a” current cancellation can be seen in Fig. 6.5b when both machines
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have reached the commanded speed. The torque, speed and rotor flux developed by
each machine can be seen in Fig. 6.5a where it is obvious that neither of the machines is

negatively affected due to cancellation of the inverter phase “a” current. Stator phase

“a” current reference of the three-phase machine is twice that of the six-phase machine

(Fig. 6.5¢), thus resulting in cancellation of the inverter phase “a” current when summed

according to (6.4). Stator phase “a” voltages of each machine are presented in Fig. 6.5c.

6.5 Summary

The multi-phase multi-machine drive concept for an even supply phase number
has been investigated in detail for the six-phase and the ten-phase case. This chapter
has demonstrated that series connection of machines within a multi-machine drive
system fed by a single even phase number inverter allows independent control of each

machine provided a suitable phase transposition is introduced in the connection of the

machines in the group. In the even phase case the minimum required number of

inverter phases is six. However, saving in the number of inverter legs, compared to a
traditional three-phase multi-machine system, is not achieved unless the number of
phases is equal to or greater than eight. Simulations were performed for the six-phase
and ten-phase case for torque mode of operation. It was shown that both systems allow
independent control of all the machines within the group.

The major disadvantage of the even phase system in comparison to the odd phase
number case is that the number of inverter legs saved is the same for an even number
and the previous odd number. However, an even phase number always results in a
multi-machine system having motors with at least two different phase numbers. It was
shown that all the machines in the group with a smaller phase number are not affected
by the series connection to the larger phase number machines. The increase in losses
and therefore reduced efficiency of the multi-phase multi-machine system is expected to
be less pronounced for the even phase number system than for the equivalent odd phase
number system, allowing the connection of the same number of machines. One
particularly attractive possibility is the use of the six-phase high power machine in

series connection to a low-power three-phase machine. Although there is no saving in

the number of inverter legs, the supply and control of the three-phase machine can be
obtained at no extra cost.

107



6. Simulation studies for even phase numbers

Torgque (Nm)

Speed (rpm)

g 8 & 8

[=]

8

Source phase "a* curent (A}

o

&

M2
N

0.2

04 06
Time {s)

L L "
[¢X:] 1 1.

o

o8 1 1.

o6
Time (s)

(@

0.8 1 1

o

[~) w
Source phase "b" current (A)

A

0.4

&

Tlmo: s)

©

4 S
™M1 A
2 .
< <
£° i
i- o f
o2
P R
Bl B
3 2 3
i ik
] 2 g
@ 3
4
JE T ek N SO MO — .
[ 0.2 04 06 08 1 12
Time (s)
300 T T : ¥ T
150 M1 \ 1
s o N S
z Ml 2
-150+ §
f §
> >
- -300+ 4600 ®
i o
M2 200
: “ H :
T SV o 3
-200
-400
. i s . 2 500
[ 0.2 0.4 0.6 0.8 1 12
Time ()
B e T S
300 phase “a" \
s ° 3
§ o !
i D)
K 4 »
': 50 {800 g
£ ot
g phase "b" 5
c§ \ _d" o @
-300
-600
) 0z 04 o6 o8 v T 2

Fig. 6.5: Six-phase two-motor drive with
inverter phase “a” current reference
cancellation: Torque, speed and rotor flux
response (a), inverter phase “a” current (b),

stator phase “a” current, stator phase “a” voltage

and inverter phase “a-b” voltages (c).

108



7. Connection of different types of AC machines

CHAPTER 7

CONNECTION OF DIFFERENT TYPES OF AC MACHINES

7.1 Introduction

There are many situations that require the use of different types of machines

within a multi-motor drive. This chapter considers the connection of different types of

multi-phase AC machines in the multi-machine drive. On the basis of the

considerations of chapter 4 one can expect that the concept of multi-phase multi-motor
drive systems, investigated in detail in chapters 5 and 6 using induction machines, is
completely independent of the machine type and is equally applicable to all multi-phase
machines with sinusoidal field distribution. The construction of the machines differs
only in terms of the rotor and this fact allows the machines to be connected in series
regardless of the type, provided a phase transposition is introduced in the same manner
as explained in chapters 4 to 6. In order to prove such a situation, the connection of
different machine types in the seven-phase drive system is considered in this chapter. It
is shown in Jones et al (2003b) that this configuration allows series connection of three
induction machines. However, the three machines under consideration in this chapter

include: a surface mounted permanent magnet synchronous machine (PMSM), a

synchronous reluctance machine (Syn-Rel) and an induction machine. Independent

control of each machine within the seven-phase multi-motor drive is made possible by
introducing a phase transposition between the stator windings of the machines as
illustrated in Fig. 4.2. Considerations of this chapter can be found in Jones et al (2004).
An explanation of how independent control of each machine is achieved becomes clear
if one considers operation of the drive under steady state conditions.

Let us assume that machine 1 (IM1) is supplied with ideal sinusoidal currents of

rms value and frequency equal to I;, @; machine 2 (IM2) is supplied with I, @, and

machine 3 (IM3) is supplied with I3, @;. Then the phase currents for machine 1 can be
written as:
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7. Connection of different types of AC machines

iy =iy = JEI, sin(ey?)+ «/512 sin(@,r)+ ﬁ13 sin(wyt)

ig =iy = 21, sin(oy — @)+ V21, sin(wyt — 2¢)+ V21, sin(wyt - 32)

ic =iy =21 sin(@yf — 20)+ V21, sin(@yt + 32)+ V213 sin(wyt + @)

ip =iy =21, sin(@f — 3)+ V21, sin(@,t + &)+ V21, sin(wyt - 2a) (7.1)
ig =i, =21, sin(@yt + 32)+ V21, sin(@,t - &)+ V21, sin(wyt + 22)

ir =ip =21 sin(@t + 20)+ 21, sin(wy - 3a)+ V215 sin(wy - @)

ig =iy = V21, sin(wyt + @)+ V21, sin(yf + 20)+ V215 sin(wyt + 3c2)

By examining Fig. 4.2 it can be seen that the currents given in equation (7.1) also

represent the source currents. The spatial mmf distribution in a seven-phase AC
machine is given by:
F, = NI, cos(e)

Fb = NIb COS(g - (1)

F. = NI_ cos(e —20x)
F, = NI, cos(e -3a)
F, = NI, cos(e +3a)
Fy = NI cos(e +20)
F, = NI, cos(e + a)

(7.2)

The total mmf produced in machine 1 by the second set of terms in equation (7.1)
is given by:

sin(a,t Jeos(e )+ sin(wyf — 2a)cos(e — &)+ sin(w,1 - 3e Yoos(e - 2a)+
VNI sin(w,t + ar)cos(e — )+ sin(e@,? — @ )cos(e + 3a )+ sin(eyr — 3 Jcos(e +2a)+
sin(w,t + 20 )cos(e + @)
.ej‘”l'e"‘(l eI 4l g iy gJ20 4 iR +ef3")
_ pmimyt - jE -ja jo -j2a Ra - j3a Ba
N L e e e R e e o)
4j e""z'e"‘(l +e % 4ol eIy pite y Sy e’s")

- e"“’z'e"'(l +e % el® il pida  miSa +ef5"’)

. (7.3)

The total mmf produced in machine 1 by the third set of terms in equation (7.1) is
given by:

sin(eyt Jeos(e)+ sin(wyt — 3a)cos(e — )+ sin(wyt + )cos(e —2a)+
VN1 sin(oyt - 20 )cos(e - 3¢)+ sin(@y + 20 )cos(e + 3a)+ sin(wyt — o )eos(e + 2a)+ |=
sin(@yt +3a)cos(e + )
ej"”'eje(l +e7I g ol iy e miSa eisa) ]
— 3N 1= e"j““'e'je(l +eI% el 4 miha y it | S +ej5")
oy eI g JE (1 +e I 4ol 4720 i gt ei3“)

—e /0 gJE (1 N R T2l TR el T Loy L e”"’)

(7.4)
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Thus it can be seen that currents, which produce a rotating field in machines 2 and
3, do not produce a rotating field in machine 1. Likewise it can also be shown that the
currents that produce a rotating field in machines 2 and 3 do not affect any of the other
two machines in the system. Application of the decoupling transformation matrix
(3.132) on the inverter currents (7.1) gives the current components shown in Table 7.1.
It can be seen that the torque/flux producing currents (o-B) of machine 1 produce x-y

current components in the other machines in the group and vice versa.

Table 7.1: Stator current components in series-connected motors in steady state (seven-phase case)

Current M1 M2 M3
components

a V71, sinayt V11, sinwyt V71, sin wyt
B —wﬁllcosw,t —1/’712 cos w,t —ﬁ13 cos W,t
x1 ﬁlz sin @t \/713 sin @yt s/:l_ll sin @yt
yl —\/712 cos Wyt ﬁ13 cos st \/7_11 cos wyt
X2 ﬁ13 sin @yt ﬁl, sin oyt \/712 sin @yt
y2 —T1, cos wyt V71, cosat —71, coswyt
0 0 0 0

7.2 Modelling of permanent magnet and synchronous reluctance

machines

The permanent magnet synchronous machines and synchronous reluctance
machines under consideration here have seven-phase stator windings, which are
sinusoidally distributed around the circumference and therefore generate a sinusoidal
field. Both the PMSM machine and the Syn-Rel machine do not have any windings on
rotor. The PMSM is of so-called surface mounted structure and, like the name suggests,
the permanent magnets are mounted on the surface of the rotor. The difference between
the quadrature and direct axis inductances in this machine is small and the machine can
be usually considered as having a uniform air-gap (i.e. Ly =L, = L;). In such a PMSM

torque is produced solely due to the existence of flux developed by the permanent
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7. Connection of different types of AC machines

magnets attached to the rotor while in a Syn-Rel the rotor is of a salient construction
and torque (reluctance torque) exists solely due to the uneven air-gap. Therefore
inductances along d and g-axis are substantially different in a Syn-Rel machine.
Modelling of multi-phase synchronous machines in d-q domain can be performed
by analogy with corresponding three-phase synchronous machine modelling and multi-
phase induction machine modelling. One important observation is that all synchronous

machines, regardless of the type and the number of phases, have to be modelled in the

rotating frame firmly fixed to the rotor. This is so since, in general, d-q axis

inductances of synchronous machines are mutually different. In such a case only
selection of the rotating frame fixed to the rotor (i.e. synchronous rotating frame) leads
to elimination of the phase domain inductance dependence on the rotor angular position.

In general, one defines the following d-q axis inductances for a synchronous

machine without rotor windings [Krishnan (2001)]:

Ld = LL\‘ + Lmd (7 5)

Transformation of the phase variable model of an n-phase synchronous machine
to the d-q reference frame is achieved using the decoupling transformation matrices
(3.13a)-(3.14a) and the rotational transformation matrices (3.29). Due to (7.5) the
common reference frame is fixed to the rotor. The rotational transformation applies to

d-q axis components only and the transformation for x-y components is therefore the
decoupling transformation only.

The voltage equilibrium equations upon application of (3.13a) and (3.29) and
taking into account that:

—DCv =D Ci

=sZabcde s&ly bcde

v—’;iq zabcde (7'6)

are for both PMSM and a Syn-Rel with a seven-phase winding given with:

Vas = Riigs — W, + pyy
Vq, = Rsiqs + QY+ PV,
=Ry, + Yy
= Ryiy, + PV ys
= Riiyos + pY o
= Ry, + py y2s
=Riiy + py,,

)
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Flux linkage equations of a PMSM take the following form:

Vas = (Lls + Lmd)ids Y= Lsidx T¥m

'//qs = (Lls + Lmq )iqs = Lsiqs

Vas = Lisixls

Wyl.v = Ll.riyls (78)
Vias = Llsix2s

v/y2s = Llsiy2:

'/’03 = l{.\'iOS

since Lmg =Lmg =Lm , while for a Syn-Rel machine flux linkages are given with:

Was = (g + Ly Yigs = Lyig

Wos = (Lgs + Lingdigs = Ly

Vs = Ligins

Wyts = Lidy, (7.9)
¥xas = Lishaas

Yyas = Lygdygg

Wos = Ligdos

Torque equation of a PMSM is:

T, = PW goigs =V gsias) (7.10)
Te = Pk’miqs +(Ld '—Lq )dsiqs ]= PWmiqs

while for a Syn-Rel machine torque can be expressed as:

Te =P(stiqs_quids) (711)
Te = P(Ld —Lq )dsiqs

It should be noted that the two inductances L,,, L, are again related through the

coefficient n/2 with the corresponding phase domain inductances. These two
inductances can be given with:

L., =@/2)M +M))
L: = (n/2)M -M,) 12

where M has the same meaning as for an induction motor while M; is the
amplitude of the second harmonic of the mutual inductance terms in the stator winding,
caused by the existence of the saliency (and is the reason why transformation into

synchronous reference frame is the only one which eliminates angular dependency of
the phase domain inductances).
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7.2.1 PMSM parameters

The per-phase data required for the simulation of an n-phase PMSM are given in
Table 7.2, and are based on a three-phase PMSM utilised in Ibrahim (1999). The given

value of the permanent magnet flux is rms and needs to be multiplied with \n for use in

n-phase machine d-q model.

Table 7.2: PMSM data on rms and per-phase basis

PMSM1
Peak per-phase torque, T,p,, (Nm) 6.9
Rated per-phase torque, T, (Nm) 2.033
Rated per-phase current, 7,(A) (rms) 6.2
Peak per-phase current, I, (A) (rms) 21
Rated speed, @, (rad/s) 180
n, (rpm) (1720 rpm)
Inertia J (kgmz) 0.00176
Winding per-phase resistance, R, (Q) 14
Winding per-phase inductance, L, (mH) 5.6
Stator leakage inductance L;; (mH) 0.56
Magnet flux, ¥, (Vs/rad) (rms value) 0.1093
Rated frequency, f, (Hz) 86
Pole pair number 3

Using the per-phase values given in Table 7.2, one has for a seven-phase PMSM:
Temax = 7%6.9 = 48.3 Nm, T, = 7%2.033 = 14.231 Nm, Jy,|=/7*0.1093=02891Wb. In

order to slow down the acceleration of the machine an inertial load was assumed,
increasing the total inertia to 0.0536 kgm®.

7.2.2 Syn-Rel machine parameters

The per-phase data of a Syn-Rel machine are given in Table 7.3 and are taken
from Jovanovic (1996), where a three-phase Syn-Rel machine was considered.
According to Jovanovic (1996) saturation along the d-axis is significant and the work
lists both saturated and unsaturated values of the inductances. The issue of saturation

(which asks for significantly more elaborate machine models) is of no relevance here
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and the synchronous inductance along the d-axis is therefore taken as the mean value of

the unsaturated and the saturated value of the d-axis inductance.

Table 7.3: Per-phase data of a Syn-Rel.

Syn-Rel data
Stator phase rated current (A) (rms) 14.3
Rated per-phase torque (Nm) 12.333 Nm
Number of pole pairs 2
Rated frequency (Hz) 50 Hz
Rated speed (rad/s and rpm) 157.08 (1500)
Motor inertia (kgmz) 0.23
Maximum per-phase stator current (A) (rms) 20A
Maximum per-phase torque (Nm) 19
Stator per-phase resistance (Ohms) 0.6
Synchronous d-axis inductance L; (mH) 82.95
Synchronous g-axis inductance L, (mH) 9.8
Stator leakage inductance L;, (mH) 4.17

Calculation of rated no-load and rated torque components of rated per phase stator

current closely follows the procedure for an induction machine and results in L, = 7.91

A and Ign = 11.91 A (rms). Hence, for a seven-phase Syn-Rel one has, using data of
Table 7.3, the following values:

Temax=7*19 = 133 Nm, T,, = 7*12.33 = 86.31 Nm,

Lgsn = 7*7.91=20.92Aandiqsn =J7*1191=3151A

7.3  Vector control of a PMSM and a Syn-Rel machine

The equations given in section 7.2 are already in the rotor flux oriented reference
frame for a PMSM, since d-axis coincides with the direction of the permanent magnet
flux. Inductances along d-q axes are assumed to be equal, and base speed region is
considered only. Assuming that current control is performed in the stationary reference
frame, the vector controller takes the form given in Fig 7.1. The controller structure is
the same for both PMSM and Syn-Rel machines. The stator d-axis (i"45) current is held
at zero for the PMSM as the machine will be limited to operation in the base speed
region. For the Syn-Rel the simplest possible method of vector control, called constant

d-axis current control, is used. Hence stator d-axis current command will be kept at the
constant rated value throughout.
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Fig. 7.1: Vector controller for an n-phase PMSM or Syn-Rel (ids" =0 for PMSM, ids" = ids,
for Syn-Rel).

Assuming that the output of the speed controller is the torque reference, constant k

in Fig.7.1 equals for a PMSM k = 1/(Py,,) while for the Syn-Rel: k = 1/[P(L4-Lg)lasn].

7.3.1 Simulation of the seven-phase drive comprising an induction machine, a
PMSM and a Syn-Rel machine (torque mode)

The seven-phase case allows the possibility of connecting three seven-phase
machines in series as demonstrated in Jones et al (2003b). These are taken as a seven-

phase induction machine, a synchronous reluctance machine and a permanent magnet

synchronous  machine. A  simulation program was developed  using

MATLAB/SIMULINK software considering the torque mode of operation under no-
load conditions.

The induction machine was magnetised in the same way as described in previous
chapters and a torque command was applied to each machine according to the schedule
shown in Table 7.4. The torque response of each machine exactly matched the applied
torque command and hence each machine accelerated smoothly and in the fastest
possible time (Fig 7.2a-b). Despite the higher torque developed by the Syn-Rel the
machine takes the longest time to accelerate to the rated speed, because of the relatively
high inertia. The rotor flux of the induction machine remains unaffected by the
application of the torque command to any of the machines in the group and remains at

the commanded value at all times (Fig 7.2¢), thus demonstrating that completely
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decoupled flux and torque control has been achieved. The stator current reference for
each machine becomes sinusoidal once the torque command is applied (Fig 7.2d). The
stator current reference is at the maximum value during the acceleration of the
machines, due to operation in the torque limit. The effect of the rotor flux command
can be seen on the induction machine stator current reference. Likewise the stator
current reference of the Syn-Rel machine shows an initial value of 11.18A due to the
pre-excitation in simulation with ign = 20.92A. The PMSM however requires no
magnetising current and therefore the initial current reference is zero (Fig 7.2d). Once
the PMSM has reached the required speed and the torque command is removed the
stator current reference returns to zero. This is again due to the fact that there is no need
for the magnetising current, since permanent magnets provide the required flux.

The source currents are highly distorted due to the summing of the machine
current references respecting the phase transposition. The effect of the PMSM current
reference upon the source currents can be seen (Fig 7.3a) between t = 0.35 and t = 0.8s
where the PMSM current references dominate because of their high value. Once the
PMSM has reached the required speed the source currents no longer contain
components of the PMSM stator currents and become less distorted. It can be seen that
the source voltages are highly distorted (Fig 7.3b). The individual stator voltages of the
machines can be seen in Fig 7.3c. The stator voltages of each machine are once more
highly distorted due to the flow of torque/flux producing currents of other machines in
the group through the stators of all machines. The PMSM only affects the other
machine voltages when the PMSM is accelerating because no currents flow once the
machine has reached the required speed. This of course holds true for no-load operation
only, considered here. After 0.8s the stator voltages of the IM and Syn-Rel machine
contain only two components, related to operating frequencies of these two machines.
The PMSM voltage is affected by all the machines in the group. Under loaded
conditions the PMSM would operate with non-zero current and the situation would be

the same as in the case of three induction motors, considered in Jones (2003b).

Table 7.4: Application of torque command.

Machine T. Applied | Removed
(Nm) at (s) at (s)

M 27, =23.34 t=0.3 t=0.49
PMSM 1.57,,=21.35 t=0.35 t=0.8
Syn-Rel 0.57,, =43.16 t=04 =123
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7.4 Summary

This chapter has verified the possibility of connecting the different types of multi-
phase AC machines in series and independently controlling all the machines in the
group. A seven-phase three-motor drive was considered in detail, consisting of an
induction machine, a permanent magnet synchronous machine and a synchronous

reluctance machine. Since the concept of the multi-phase multi-motor drive system
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Fig. 7.3: Seven-phase three-motor drive source currents (a) and source voltages (b) for the first four

phases and stator phase “a” voltage of the three machines (c).

asks only for series connection of the stator windings with an appropriate phase
transposition, it is independent of the type of rotor (i.e. the type of AC machine). The

only requirement is that the required stator currents of the AC machine are sinusoidal
(that is that the spatial mmf distribution is sinusoidal).
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CHAPTER 8

CURRENT CONTROL IN THE SYNCHRONOUS REFERENCE
FRAME

8.1 Introduction

The majority of field oriented high performance AC drives utilise a current
regulated pulse width modulated (PWM) VSI as the power converter. Field oriented
controllers that provide voltage commands are feasible. However, if phase currents are
selected as the controlled variables then stator dynamics (effects of resistance,
inductance and induced emf) are eliminated. This allows a relatively simple method of
achieving decoupled flux and torque control by instantaneous stator current space vector
amplitude and position control.

All current control techniques essentially belong to one of the two major groups.
The first group encompasses all the current control methods that operate in the
stationary reference frame while the second group includes current control techniques
with controllers operating in the rotational reference frame. In the work presented so
far, only vector control schemes with current control in the stationary reference have
been considered. However, current control in the stationary reference frame suffers
from inherent problems and is usually built using combined digital-analogue realisation
(current control is usually analogue, while the remainder of the control system is
digital). Current control in the stationary reference frame requires that current
controllers process alternating signals, which can be of a large frequency range.
Furthermore, controller characteristics in steady-state depend on the operating
frequency and machine impedance [Brod and Novotny (1985)]. These shortcomings
can be partially but not completely eliminated by different modifications of the basic
current control principles.

At low operating speeds the induced rotational electromotive force is small and
current control enables very good tracking between reference and actual currents, with
respect to both amplitude and phase. However at higher speeds, due to limited voltage

capability of the inverter and finite switching frequency, tracking worsens and an error
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8. Current control in the synchronous reference frame

is met in both amplitude and phase of actual currents compared to reference currents.

The inherent problems of regulating AC signals in the stationary reference frame
were originally recognized by Schauder and Caddy (1982). They showed that the
stationary reference frame ramp comparison controller is only one of an infinite number
of possible controllers. In effect controllers implemented in other reference frames
exhibit quite different characteristics. This stems from the fact that the frequency of the
controlled currents is different in different reference frames and so the controllers’
performance will be different in different reference frames. It therefore follows that a
current controller operating in the synchronous reference frame will operate upon
steady-state currents that are DC and a simple PI controller will result in zero steady-
state error. The performance of the synchronous reference frame controller is therefore
superior to the stationary reference frame controller in all aspects. It is, however,
considerably more hardware-intensive, requiring an additional transformation between
stationary and synchronous variables.

The work presented in this chapter will consider the five-phase and six-phase two-
machine drive with current control performed in the synchronous reference frame,
which, as well as offering the advantages previously mentioned also allows for
complete digital realisation. When current control is performed in the synchronous
reference frame the outputs of the control system become voltage references. The final
goal (for rotor flux oriented control) remains orientation of stator current space vector
along the rotor flux space vector, however the appropriate stator voltage space vector
that enables achievement of this goal has to be determined. In other words, stator
voltage space vector has to have such a magnitude and has to be put in such a position
that resulting stator current space vector attains exactly the magnitude and position with
respect to rotor flux space vector that are needed to realise decoupled flux and torque
control; i.e., stator current space vector is controlled indirectly by direct control of stator

voltage space vector. For this reason the machine can no longer be considered as

current fed and so the modelling of the machine becomes more complex.

This chapter will therefore begin with the voltage fed model of the five-phase and
six-phase series-connected drives. Next, simulation studies will be presented for a
single five-phase machine and later the five-phase two-machine drive system. This will
allow a comparison of the two cases and it will be shown that the series-connected
multi-phase multi-machine drive suffers deterioration in dynamic performance due to

the flow of x-y currents. In order to solve this problem two schemes are developed; one
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8. Current control in the synchronous reference frame

using a feed-forward method and the other requiring a modification of the decoupling
circuit. Both schemes are verified via simulation for the five-phase two-machine case
and the six-phase two-machine case. Considerations of this chapter can be found in

Jones et al (2004a), Jones et al (2004b), Jones et al (2004c¢) and Jones et al (2005).

8.2 Phase domain modelling of the voltage-fed series-connected five-
phase two-motor drive

In order for current control to be implemented in the synchronous reference frame
the machine has to be considered as voltage fed. This significantly complicates the
modelling of the machine because stator dynamics now have to be taken into
consideration. The phase variable model of the two-motor five-phase drive connected
in series according to Fig. 4.1 is developed in state space form. Due to the series

connection of two stator windings according to Fig. 4.1 the following holds true:

Va4 =Vag tVe
Vg =Vpa tVen

Ve =V Vo2

8.1)
Vi) =V + Vg2
Vii = Vo T Va2
iA = iasl = ia.\'2
ig =lpg =g
I =l =lpp (8-2)

bp =l = lhg

I =legy =y

Capital letters stand for inverter phase-to-neutral voltages and inverter currents in
equations (8.1)-(8.2).

In a general case the two machines, although both five-phase, may be different
and therefore be with different parameters. Let the index ‘1’ denote induction machine
directly connected to the five-phase inverter and let the index 2’ stand for the second
induction machine, connected after the first machine through phase transposition.

Voltage equation for the complete system can be written in compact matrix form
as:

_ i 4
y=Ri+—= (8.3)
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where the system is of the 15" order and

INV NV
v= 9_ '_ = irl (8 4)
9. £r2
NV T
= CVyy vy
\4 ["A Vg V¢ D I ] (8.5)
fINV = [iA ig e dp g ]1
irl = [iarl ibrl icrl idrl ierl]I (8 6)
irz = [iarz by o2 a2 icr2]I
The resistance and inductance matrices of (3.2) can be written as:
Ry+R,
B = ' Brl (8'7)
BrZ
!‘_sl "’L‘.s2l ésrl .l_‘.sr2‘
L = Lr.\'l _Iirl 9. (88)
Lr,ﬂ' 9 .l_‘r2

Superscript > in (8.8) denotes sub-matrices of machine 2 that have been modified
through the phase transposition operation, compared to their original form given in

(3.5), (3.6). The sub-matrices of (8.7)-(8.8) are all five by five matrices and are given
with the following expressions:

R, =diag(Ry Ry R, R, R,)

R, =diag(R, R, Ry, Ry Ry) (8.9)
R, =diag(R, R, R, R, R,)

R,, =diag(R,, R, R, R, R,)

[ Ly +M,
M, cosa
L, ={ M, cos2a
M, cos2a

| M, cosa

M, cosa
Ly + M,
M, cosa
M, cos2a
M, cos2a

M,cos2a M, cos2a M, cosa |
M,cosa M, cos2a M, cos2a
Lgyg+M; M,cosa M,cos2a
Mycosa Li;+M, M,cosa

Mycos2a M cosa Ly +M, |

(8.10)
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L, +M, M,cos2a M,cosa M,cosa M, cosZaW

M,cos2a Ly, +M, Mjycos2a M,cosa M;cosa
L,'=| Mycosa M,cos2a Liy+M, Mpcos2a M,cosa 8.11)

M,cosa M,cosa Mjcos2a Ly,+M, M,cos2a

M,cos2a M,cosa M,cosa M,cos2a Ly +M, |

L, +M, Mcosa M, cos2a M, cos2a M,cosaw
M, cosa Ly +M; M cosa M cos2a M, cos2a
={M,cos2a M,cosa L, +M, M,cosa M, cos2a (8.12)
M,cos2a M, cos2a M,cosa Ly +M, M, cosa

L

rl

M,cosa M,cos2a M cos2a M cosa L, +M, |

(L, +My Mycosa Mycos2a M,cos2a M, cosa |
Mycosa Ly, +M, M,cosa M,cos2a M, cos2a
L,,={Mycos2a Mycosa Ly, +M, Mycosa M,cosla (8.13)
M,cos2a Mjcos2a M,cosa Ly, +M; M,cosa

LMzcosa M,cos2a M,cos2a M,cosa L, +M,; |

cos b, cos(d, +a) cos(d, +2a) cos(d, -2a) cos(6, -a) _l
cos(d, ) cos 8, cos(f, +@) cos(f, + 2a) cos(8, - 2ct)
L,=M, cos(0] - 2a) cos(B‘ ~a) cos 6, cos(Bl + a) cos(H‘ +2a)

=srl

cos{, +2) cos(®, - 2a) cos(d, - ) cos 6, cos(6, + a) 8.14)
L cos(d, +a) cos(d, + Za) cos(d, —2a) cosl@, -a) cos 8,
_lirs\ = !‘_Iv\
[ cos®, cos(®, +a) coslf, +2a) cos(8, —2a) cos(6, —-aﬂ
cos(92 ~2a) cos(d, —a) cosd, cos(8, +a) cos(@, + 2a)
L,,'=M, cos(8, +a) cos(8, +2a) cos(f, ~2a) cosld, —a) cosd, 815
cos(9, —a) cosf), cos(02 +a) cos(f, +2a) cos(02 —2a) (8.15)
Lcos(ﬁz + 2a) cos(¢92 - 2a) cos(02 —a) cosd, cos(@, +a) J
!‘-rx2 ‘= L(r2'
Expansion of (8.3) yields:
‘_)INV l’B.,\‘l +Bs2 E.INV _L_sl +£s2' !‘..\'rl ésrlv d I_JNV
v={ 0 |= R, in |7 L Ly O |—iy|*
i - , p o e dt -'I'
g L Br2 ) _lirsl (_) _Iir2 Lo
| d d, |
0 :i;__srl _c};_.er NV
d !
E!‘.rsl 9_ _Q irl (816)
d ' £r2
Ldl‘ —rs2 9 .Q J

Torque equations of the two machines in terms of inverter currents and their respective

rotor currents and rotor positions are obtained by using (3.10). Replacing motor stator
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currents with corresponding inverter currents of (8.2):

(Fplan +ipipn +icien +ipiagn +igi, )sin 6, +
(ippian +igipp +igien +icign +ipiy )sin(d) +a)+
T, =-PAM, (il)iarl gy Higlgy Figign Ticly )Si“(gl +2a)+ (8.17)
(i(,‘iarl +iplpy Higley Figign +igly, )Si“(gl -2a)+

(iﬁlarl +ighy +iplgy +igign +’A'm)5m(91 -a)

(i alars +ipipes +igicrs +igige +icien )sin 6y +

(iciary +igips +ipion +ipig +igiy )sin(0; +a)+

(ipiayn +icipey +igio +ipigy +igiy, )sin(@; +2a)+ (8.18)
(ipiary +iping +icic +iaign +ipiy, )sin(0; -2a)+

(ipiars +ipip +igioy +icigy +igiys )sin(0, —a)

Ty =-PM,

8.2.1 Transformation of the two-motor five-phase series-connected model into the
stationary reference frame

In order to simplify the phase-domain model of section 8.2, the decoupling

transformation (3.13a) is applied to the phase-domain model (8.3). Rotational

transformation (3.29) is next applied to the rotor equations of both machine 1 and 2 of

the two-motor system model to obtain the model in the stationary reference frame (8.19)

—(8.22). A thorough explanation and derivation of this procedure can be found in Igbal
(2003) and Levi et al (2003c). Inverter voltage equations are:

INV NV
NV Tl d, iy, INV di
Vo = R +(Ll\l + Lml) Lm =+ R\Z a L1c2 =
t dt
INV 1 dig"”
r .1
= R\]’ﬂ + (LISI + L ; + Rszl NV + L/S2 gt
(8.19)
INV INV dl}fNV ANV \di”W diy,
Vy = Rsl’ + Llsl + Rs?.lx + (Lls2 + Lm2l = + Lm?. -
dt dt
, iINV NV di
v = Ryi" + Ly —2— . Ropif” +(Lygy + Lypy)—2—+ L,y ;’2
t

Rotor voltage equations of machine 1:

-INV

0=R, iy +Lpy

di
+(Llrl +me) ddtﬂ +0’11(Lm1i/lzw +(Llrl +Ly, )iqr\)

iV (8.20)
£ (Llrl +Lm1) qu ~“’n(Lml’ +(Llrl + Ly )‘drl)

0= er iqu + Lml
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Rotor voltage equations of machine 2:

NV

di . .
0=Ryig+ Lpy l—;t_ + (Llr2 + Lm2) I;trl + wzz(LmzliNV + (Ler + Lmz)‘qrz)

(8.21)
.;NV diqu INV . )
0=R,igr + Ly g + (Ler + Lm2) o Wy (Lm\’x +(L¢'r2 + Lmz)‘drz
Torque equations:
Tcl = PLml idrli,IBNV _i;NV -qu]
(8.22)

_ . NV GINV .
Te2 - PLmZ araly — 1y lqu]

In addition to these equations that describe the two machines in series with phase

transposition, one needs correlation between inverter phase and a-f voltages and

currents,

—v[qu ~VA 7 —ilgNV_] 'iéw
vlﬂNV vy iLNV l.;w
v |=C ve i | = c’ i (8.23)
v(,NV - i i;w

| L LI

Correlation between inverter current components and stator current components of the

two machines is, using (3.2) and the second of (8.23), given with:

JINV

g = im'l = ixs?.

i;iNV = iﬂ.\*l = _iys2

i)I:NV = ix.\'l = ias'l (824)
i;NV = iysl = iﬂsZ

iy =gy = gs2

The equation (8.24) implies that the a-axis and f-axis inverter current components
are equal to the a-axis and P-axis stator current components of machine 1 and
simultaneously x-axis and y-axis (in reverse direction) current components of machine
2. Similarly, x-axis and y-axis inverter current components are equal to the x-axis and
y-axis stator current components of machine 1 and to a-axis and (-axis current

components of machine 2. Further, in order to calculate stator phase voltages for
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individual machines, one observes from (8.23) and (8.1) that:

vV
Vg =Vpa ~Vy
IV v+ Vo (8.25)
viNV =V, + Va0
vV

=V T Vx2

=Voq + Vo2

This implies that the d-axis and g-axis circuits of machine 1 are connected in series with

x-axis and y-axis circuits of machine 2, respectively and vice versa. Hence:

INV .
[INV di digy)
vavl = Rslla + (Llsl + Lml) Zt + Lm] dtr
NV .
i di
NV B qrl
Vaa = Raig" + (L + L) a + Ly U
INV
NV di
Ve = Rsllx + Ll.\'] :it
i
_p NV y
vysl - Rsl’y + Llsl dt
(8.26)
INV .
NV di diy,
Vava = Rl + (L + Ly) :11 + L, d;
INV .
di
. NV y qr2
vﬂ\'Z - R‘\‘Zly +(LISZ + Lm2) dt + Lm2 dt
ANV
NV di
V., =Roi  + L, —2
x82 s2'a 152 dt
diNv
INV
V2 =Ryig" +Ly Zt
Individual machine phase voltages are then determined with:
Vasi _1 Vi W -vasZ -1 ~vacs‘Z —1
Vs Vgt Vbs2 Va2
‘T oy
Vea 1= C Vst Ves2 =Q! Vis2 (827)
Vs v sl Va2 v y82
| Vest | Lvo-ﬂ J LveSZ 4 L Vos2 |
8.3

Phase domain modelling of the voitage-fed series-connected six-
phase two-motor drive

In order to design an appropriate current control scheme in the synchronous

reference frame the six-phase two-motor drive model is developed in state-space form.
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Due to the series connection of two stator windings according to Fig. 6.1 the following
holds true:

V4 =Vai Va2 Vg = Ve +Vp2 Ve =V T Ve (8.28)
Vp =Vai Va2 Vi = Ve T Vp Vi =V + Ve

ig=i, +0.5i, ip =iy +0.50,,

i =i, +0.5i, iy =iy, +0.5i, (8.29)
i, =i, +0.5i,, ip =i +0.50,

Voltage equations of the complete two-motor system are to be formulated in terms
of inverter currents and voltages. The system is however of the 15™ order, since a three-
phase machine is connected in series to the six-phase machine. The complete set of
voltage equations can be written as:

INV

z le + BsZ' L‘INV !‘_xl + L,\Q ' ésrl ésrl' £INV
(_) = Brl irl + E Lr.\‘] érl Q irl (830)
9 §r2 ir2 .Lr.\"l, .Q £r2 "}irZ

Let the index ‘1’ denote induction machine directly connected to the six-phase inverter
and let the index ‘2’ stand for the second induction machine (three-phase), connected
after the first machine through phase transposition. Inductance and resistance matrices
remain as in (3.3)-(3.8). Primed sub-matrices are again those that have been modified,
with respect to their original form, in the process of series connection of two machines

through the phase transposition operation. These sub-matrices are now equal to:
R R

R . '= 282 222

el 5] @31
L L

L ' - =52 =82

=2 {\!‘.‘\‘2 L‘VZ} (832)

' éx 2
Ler = [L ’ }
=sr2

(8.33)
Lrlez [l_’rs2 Lr.\'2] = [éﬁrz L{r2]
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where inductance and resistance matrices for each machine are given in equations (3.5)

to (3.8). Inverter voltages are:

V4
Vg
v _\ve

\@))

Lv,,-

Vet TV

Va1 +V

—‘ Vast + vasZ—‘
Vst T Ves2

es2

as2

Vest T Vo2
| V1 + Ves |

(8.34)

Correlation between machine currents and inverter currents is still:

iaxl W

Ipg1
i,‘ _ I:c.s'l
- Lysy
jesl

Lifs1 |

[ig ]
ip
i

il)

i

1~

NV

I =

i as2 -1
Ihs2
ics2
ids'2

les2

L5 |

iy +in'\
0

ig +iy
0

I +l[;

L o]

(8.35)

Torque equations of the two machines in terms of inverter currents and their respective

rotor currents and rotor positions are obtained by using (3.10) and replacing motor

stator currents with corresponding inverter currents of (8.35):

Ty =—P1M17

T =_P2M2

(’1 fary +iglppy +iglop +icign +iply +iy i i

(‘A’arl tiglpy Hichon Yipign iy, +ipig )Jsin6) +

)
Jsin(9, - 5a)+

(‘1 bany Figdpp) Higion Higign +iciy, +ipig Jsin(0) —4a)+

) (8.36)
(‘l dhart gy +ipdon +igign +igly +ip ijrl)sm(ex -3a)+
(‘ fan Tiply +igicn +ipigy +i iy, +’B’m)sm(01 20!)+
(’B‘arl ek ipien +igign +ipigy +i4i g )51“(01
(Ga +ipYigry + (ip + i Yy + (g + i Yiyyy Jsin 0, +
(G + 13 igry + g +ipieyy + (i +ip)i, )sin(d, — da) + (8.37)

g+ iy + Ui + i1 Vi +(ig + i)y )sin(G, - 2a)

8.3.1 Transformation of the two-motor six-phase series-connected machine model

into the stationary reference frame

Once again the phase domain state-space model of the six-phase two-motor drive
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is considerably simplified with the application of the decoupling transformation (3.14b)
and the rotational transformation (3.29) as shown in Jones et al (2004¢). The inverter

voltage equations in the stationary common reference frame are given in Igbal and Levi
(2004) as:

dil)’ di
INV ANV d
Va =Raly (L +Ly) Zt + Ly, dtrl
ANV :
i di
vV = Ry +(Lygy + Ly f” + L, ""
i INV .
d~2
v = Ry + Lm V2{ Ry V2iM 4 (Lyy + L) i + Ly i
dt dt
NV . (8.38)
INV NV d2i di,,,
vy =Rgi, + Lm {RQJ_I +(Lyy + L) dty + Ly ;: }
d\/‘}wv
v(l)li/V Rsl’(g/:”/ + Llsl { $2 J—I/NV + LlsZ
ailNv

INV INV
Vo- R\I’O— + Ly

The rotor equations are:

AINV
0= er’drl + Lml

di
+ (Lm + Lm1)—l{ﬂ + oy, (Lmli;?NV + (Lm + Lml)iqu)

- : (8.39)
_ . fi] qu
0=Ryiyn + Ly, ' (Lipy + Loy )= e “’n( Lumig” + Ly, + Lml)‘drl)

dIN’r

0= Rypigy +V2Lpy —=

d
(Llr2 + Lm2 dr2 (Lm2 ‘lii}l’NV +(L1r2 + Lm2)iqr2)

di"v : (8.40)

d
0= Ry, + V2L, +(Lyy + L) Ztr2 - wzz(Lmzﬁi;NV +(Lyy + Lm2)i11r2)

Torque equations are:

INV ANV .
Ll = PLmllldr(’ﬂ ~lg Iqu]

(8.41)
L2 - '\/—PLm2 [’dr2llNV i qu]

x

Inverter voltages can be represented as:
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M INV i i
Vo ‘| Vat Va2 -‘ Vs -1
NV
v;, Vp + Ve vﬂ\']
INV
Vv -C Ve tVed | Vs +‘/§va\'2 (8 42)
v;NV ] Va +Va2 vy.s‘] +J§v,ﬂ§'2
vehv Ver V2 Vossl +‘/5V0s2
Lvéﬁlv | \_"fl Vol [ Vo
Hence in this case
INV
Va = Vas
INV
Vg =Vga
INV
Vy =Vt ‘/Evmz (8 43)
INV ’
Vy = Vy] + 'J2—lev2
NV _
Vor =Vorsr T \/5"0.«2
INV _
Vo- = Vo4

On the other hand, correlation between inverter current axis components and axis

current components of individual machines is, taking into account (8.29):

g =ipa

iiNV = ix.\'l = ia.\'Z/JE (8 44)
i =i =iga [V2 .
gy =igeq =ion / V2

i =iy

Hence, in terms of inverter axis current components, one has the following machines’

axis current components:

. _ NV
las) = g
. _.INV
st = 1p

.INV
let =1y 8 45
. _ .INV ( . )
Ly =1y
. _ NV
losst = loy

INV

lo-s1 = lp-
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iz = 21"
ipa =20 (8.46)
i0s2 = ‘/51(514\-”/

8.4 Vector control of a five-phase induction machine with current

control in the synchronous reference frame

In order to investigate the possibility of current control in the synchronous
reference frame for a multi-phase machine, a five-phase induction machine is initially
considered. Indirect rotor flux oriented control in the constant flux region is assumed
(Fig. 8.1a). Standard vector control scheme that enables creation of phase voltage
references in the same manner as it is done for a three-phase machine is shown in Fig.

8.1b. In this scheme d-q axis voltage references are calculated by summing the outputs

of the stator d-q axis current Pl controllers with decoupling voltages. Decoupling
circuits are introduced to decouple the d-axis and g-axis components of stator voltage

and current [Novotny and Lipo (1997)]. Decoupling voltages are, for constant rotor

flux operation, given with:

.
eq =—0,0L bgs

) ) (8.47a
eq = (U,(L_‘. / Lm)Wr =, L.vids )

where the total leakage coefficient is given by:

o=1-(e2/L,L,) (8.47b)

It is assumed that reference rather than estimated stator current d-q axis components are

utilized in (8.47). Stator d-q axis voltage references for the machine are obtained using:

* L
Vg =Vy'tey Vys = Vg 'te,

(8.48)

where superscript * in d-q axis voltage components denotes outputs of the synchronous

current controllers. Machine phase voltage references are generated next as:
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* 2 * * .
Vg = "—S—[vd‘. C0S @, — Vg, SiN ¢,J]

(8.49)

Vos = J%[Vd.s cos(d,, —4a) ~v,, sin(g, - 4a)

where a = 21/S. The voltages are then impressed in reality using a method of PWM.
Here however, inverter and the PWM method are not modelled. Instead, voltages of

(8.49) will be directly impressed onto machine stator windings.

igs® = igm
w* [ ¥
| Pl T,
’ T
K
Wy A ¢'
) J g
. g
d/dt — P |
(a)
. 2 i
— o i
'J¢r ¢ .B
e ; k
Ly - ps ip
lq‘\‘ il',
¥ * * Vas™*
ds Vds Vas 2 —
Pl  E— Vps*
€d . Ve
i Yo,
vd.s'*
- e e <ﬁ
. q Y V¥
o PI Vas* Pl s ==
(b)

Fig. 8.1: Vector control of a five-phase induction machine: indirect rotor flux oriented controller (a) and
synchronous current controllers with decoupling voltages of (8.47a) (b).
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8.4.1 Tuning of the PI current controllers

Current PI controllers were tuned using an empirical method. A detailed
description of this method used can be found in Igbal (2003). The current controller
gains were kept deliberately low in-order to approximate the low bandwidth typically
found in high power applications, where it is envisaged that the multi-phase multi-motor
drive will have the most benefit. In such applications the switching frequency is
restricted by semiconductor capability in-order to prevent excessive switching losses
[Xu and Ye (1995)]. PI current controller gains were therefore set as follows Kp = 300
and Ti = 0.01, giving a bandwidth of approximately 960 Hz.

8.4.2 Simulation of a five-phase vector controlled induction machine with current

control in the synchronous reference frame

The five-phase vector controlled induction machine with current control in the
synchronous reference frame is investigated via simulation. A single five-phase
induction machine is modelled in the phase domain by setting all matrices with
subscript ‘2’ to zero in equation (8.16). The five-phase machine is initially magnetised
by applying a rated rotor flux command (d-axis current) in ramped manner. Once rated
rotor flux is established in the machine a speed command of 299 rad/s (1427 rpm) is
applied at t = 0.4 seconds in a ramped manner over time interval of 0.01 seconds.
Torque limit is set to twice the rated torque of the machine (16.67 Nm). Operation is in
the base speed region under no-load conditions. The PWM inverter is treated as ideal
and therefore the inverter phase voltage references equal the inverter output phase
voltages.

Torque and speed responses of the five-phase machine are illustrated in Fig. 8.2,
where it can be seen that torque developed by the machine very quickly reaches the
maximum allowed value after the speed command has been applied. The torque stays at
the maximum allowed value until the machine has reached the required speed. The
acceleration of the machine is therefore the fastest possible. As can be seen from Fig.
8.2 the rotor flux remains completely unaffected by the change in torque and decoupled
flux and torque control has been achieved. It is evident from the stator d and g-axis
currents that the transformation to the synchronous reference frame is performing as

expected as the currents are DC in steady-state (these currents are compared to the
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8. Current control in the synchronous reference frame

reference currents generated by the vector controller). The stator phase “a” and “b”
voltage and current are shown in Fig. 8.2d and Fig. 8.2¢, where it can be seen that the
current very quickly steps to the maximum value and stays at the maximum value until
the machine has reached the required speed. Fig. 8.2f shows the stator d and g-axis
voltage references generated by the summation of the decoupling voltages given by

(8.47) and the current controller outputs, as shown in Fig. 8.1.

20
0
s e
15 @ &
A g -200 g
£ : .
@ 10 8 400 400 £
¢ § :
§ i i
200
-]
5 5 §
(4]
o} -
-200
Y S — o . -~ -0 S S B G R
[+] 0.1 0.2 03 04 05 08 0.7 08 0.9 1 04 05 0.6 0.7 0.8 0.9 1
Time (s) Time (s)
(@ (@)
g o g e e eyt [y m— —
e o "a’
TN
Rotor flux reference — o —-
£ <
" Rotor fux space vector magnitude in the machine g g
L a
i i
5 phase "b” 5
5 ~ &
7] ————— 0
O T Y U GOUp Ut S N U 1 S U ]
04 05 06 07 08 09 0 01 02 03 04 05 086
Time (8) Time (s}
(b) O
i el = e e B o S
d-axis
[ - s s
—- —_ 3 E [
g g E 8
E q-axis ‘0§ 2 - g
HE N : 5. i
i . :
. 5 % % 200 500 2
g i1 o - 400 i
@ 8 -]
1 & 300 B
—— ———— e ] @ 2]
200
100
ol ot 1 . P s . " P P S S SN S [
0 '8 02 0.3 04 05 0.6 0.7 08 0.9 1 0 01 02 03 04 05 06 0.7 08 09 1
Time (s) Time (s)
() ®
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8.5 Series-connected five-phase two-motor drive with current control in
the synchronous reference frame

The suitability of the control scheme considered in section 8.4 is next examined
for the five-phase series-connected two-motor drive. The connection diagram is the one

shown in Fig. 4.1. The relationship between phase currents of the two machines and the

inverter output currents is, from Fig. 4.1, governed with (8.2). The corresponding

correlation between inverter phase voltages and phase voltages of the two series-

connected machines is, again from Fig. 4.1, determined with (8.1). Since current

control will be performed in the rotating reference frame, inverter phase voltage
references have to be created using the following expressions, which are a direct

consequence of the relationships given in (8.1):

*

r » * . . . .
Vg = Va1 v Va2 Vg =Vps TV Vo =V tVY

es?

. e . e (8.50)
Vo =Vaa TV Vi = Ves1 ¥ Va2

Vector control for each five-phase machine and generation of machine voltage
references will be performed in an identical manner to that shown in Fig. 8.1 with the
exception that measured current ordering for machine 2, required for calculation of
stator d-q axis current components, is, according to (8.2), iy, ic, iz is, in. Decoupling
voltages, for constant rotor flux operation, are given with:

-‘ ¥
eq =-0,0 Lyl €4y = W0y Lgiyn

. (851

* R * .
eq =@n(Ly /Ly Wy =@y Lgigg €2 = Oy (Ly I Ly W1y =@y L iy,

where it is assumed that reference rather than estimated stator current d-q axis
components are utilised. Stator d-q axis voltage references for the two machines are

obtained using (8.48). Machine phase voltage references are generated next as:

* _ 2[ . * .

. 20« .
vth = J;[vlb] COS(¢U —a)_vq.s_’/ Sln(¢)y _a)]

(8.52)

20 « .
Vey = ‘/;E’dv cos(g,, —4a)-v,, sin($, —4a)]
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8. Current control in the synchronous reference frame

where j = 1 or 2 and a = 2n/5. The voltages of (8.50) are then created and impressed
using a method of PWM.

8.5.1 Simulation of a vector controlled five-phase two-motor series-connected drive

with current control in the synchronous reference frame

It is shown in this section that generation of inverter voltage references according
to the described algorithm does not produce satisfactory dynamic performance of the
two-motor drive. In particular, cross-coupling between the control of the two machines
takes place in transients. For simulation purposes the two series-connected five-phase
induction machines are represented with the phase domain model of section 8.2. The
PWM inverter is treated as ideal, so that the inverter output voltages (8.1) equal the
inverter voltage references of (8.50). Speed mode of operation is considered and the
torque limit of each machine is set to twice the rated value (i.e., 16.67 Nm). The
machines are at first excited using a rotor flux command of rated value. Once the rotor
flux has reached steady-state, a rated speed command (299 rad/s) is applied to IM1 at t
=0.45s. Att=0.5s aspeed command equal to 50% of the rated speed (149 rad/s) is
applied to IM2. Torque, speed and rotor flux responses of the two machines are shown
in Fig. 8.3. Stator phase “a” voltage reference for each machine is shown in Fig. 8.3f
where it can be seen that the voltage for machine 1 is identical to that shown in Fig 8.2d
where one five-phase machine was considered.

After the initial excitation, a sudden disturbance can be observed in the rotor flux
trace of both machines. This disturbance is not evidenced in the torque and speed
responses since speed mode of operation is simulated, and since the reduction in rotor
flux is rather small. Nevertheless, the disturbance in the rotor flux indicates a temporary
loss of the decoupled and independent control of the two machines. It appears during
application of torque and during sudden torque reduction to zero, when the speeds of the
two machines are around the set values. The latter disturbance is of larger amplitude in
the machine running at higher frequency (IM1). In general, higher the stator supply
frequency is, larger the second drop in the rotor flux will be. The deterioration in the
dynamics is likely to be much more pronounced in an actual realisation, where inverter

switching frequency and the sampling frequency are finite. However if the current
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8. Current control in the synchronous reference frame

controllers are sufficiently fast (high bandwidth) then the disturbance in the rotor flux
can be significantly reduced or possibly even eliminated.

A physical explanation of the reasons behind the loss of decoupled control is
given next. In order to facilitate the explanation simulation results for vector control of
a five-phase induction machine are taken into consideration, particularly d-q axis
voltage references for the single five-phase machine (Fig. 8.2¢). Figures 8.3c-d
illustrates d-q axis voltage references within the two-motor drive system of Fig. 4.1,
generated by means of (8.50) with decoupling voltages of (8.48). If only one five-phase
motor is required to operate under identical operating conditions, using a five-phase

voltage source inverter and the same vector controller, the stator d-q axis voltage

references differ substantially, as illustrated in Fig. 8.2e. Although the operating

conditions of the machine are identical in Figs. 8.2¢ and 8.3, it is obvious that series
connection of the two machines leads to significantly higher values of d-q axis voltage
references in both transient and steady-state operation. The values read from graphs of

Figs. 8.2¢ and 8.3c as well as corresponding values for 50% speed reference setting, are

summarised in Table 8.1. It can be seen that the difference in maximum transient

values is substantially larger than the difference in steady-state values. There is

practically no difference in steady-state for v4, due to no-load operating conditions.
Each of the two machines in Fig. 4.1 carries, apart from its own flux/torque

producing currents, flux/torque producing currents of the other machine. This second

set of currents does not produce flux and torque in the machine and it therefore leads to

the flow of x-y current components in the machine. However, it does produce a certain

amount of voltage drop, called x-y voltage drop. This voltage drop appears on

impedance comprising a series connection of the stator resistance and the stator leakage
reactance (at the stator frequency of the other machine). When two (or more) multi-
phase machines are connected in series and inverter current control is performed in the
stationary reference frame, the inverter produces automatically output voltages of an
appropriate waveform that compensate for the x-y voltage drops in the two machines.
However if the inverter current control is performed using synchronous current
controllers, the outputs of the control system are voltage references rather than current
references. This means that the control system must generate voltages that will
compensate in advance for the x-y voltage drops in the two machines. The algorithm

described so far does not account for the additional x-y voltage drops. Since the role of

the current PI controllers is to impose desired d-q axis current references, the PI
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8. Current control in the synchronous reference frame

controllers ultimately provide a compensation for the x-y voltage drops. This explains

the origin of the difference between the stator d-q voltage references shown in Figs. 8.2e

and 8.3, and summarized in Table 8.1. However, since the compensation takes place

through PI control, it is inadequate during rapid transients, especially at higher

operating frequencies with high stator current values.
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8. Current control in the synchronous reference frame

A disturbance in the rotor flux therefore results when x-y voltage drops rapidly change,
as shown in Figs. 8.3a-b. In simple terms, the control system of Fig. 8.1 is unaware of
the need to create in advance the additional x-y voltages that will be dropped on each
machine. A modification of the basic control scheme of Fig. 8.1 is therefore required

and it is developed in the next two sections.

Table 8.1: Comparison of d-q axis voltage references for single machine and two-machine cases.

Single machine case, Fig. 8.2f (149 rad/s not shown)
Speed vas*, peak (V) vgs*, peak (V)
(rad/s) Max. value | Steady-state value Max. value Steady-state value
299 -152.5 30.25 534.6 417.5
149 -70 30 325.8 208.7
Two-machine case, Fig.8.3
Machine vas*, peak (V) Vgs*, peak (V)
Max. value Steady-state value Max. value Steady-state value
IM1 (299 rad/s) -216 60.5 645 452.16
IM2 (149 rad/s) -90.9 60.5 418.6 225.38

)

8.6 Feed-forward compensation of x-y voltage drops in the stationary
reference frame

It has been shown in section 8.5.1 that the control system must generate such
voltage references that will include the demand for the x-y voltage drops created in the
multi-phase multi-motor drive system. As can be seen in Fig 8.1b the individual phase
voltage references for the two machines are created by their respective vector control
systems. The formation of these phase voltage references must account for the need to
have in both machines, apart from the d-q voltages, an appropriate set of values for the
x-y voltage references. Hence it is not sufficient to have only d-q current controllers in
the rotating reference frame, which create d-q axis voltage components. In addition, it
is also required to create appropriate x-y voltage components as well. This section
considers a method of creating the required x-y voltage components in a feed-forward
manner in the stationary reference frame. This method will further be referred to as the
feed-forward method. It compensates for the x-y voltage drops based on the knowledge
of the x-y current references that will flow through the machines. According to (8.24)
a-B axis currents (in stationary reference frame) of one machine appear as X-y currents
in the other machine, and vice versa. This means that x-y stator current references of

one machine can be obtained by applying the co-ordinate transformation on d-q axis
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8. Current control in the synchronous reference frame

current references of the other machine, and vice versa. In the case of a five-phase
series-connected two-motor drive the required stator voltage x-y component references
are then created in a feed-forward manner. In the case of a six-phase two-motor drive
X-y voltage components exist for only the six-phase machine because the flux/torque
producing currents of the six-phase machine cancel when entering the three-phase
machine. Thus the feed-forward x-y voltage calculation is only required for the six-

phase machine. Feed-forward x-y voltage reference calculation is governed, for the

five-phase two-motor drive, with:

* o .
Ves) = R.s')lxsl + Lis| d’x.\*l / dt

. . . (8.53a)
Vysa = R,\-Iiys] + Ly dtysl /dl
Vigy = Rogingy + Lyyy ding, [dt

;:‘2 ,sZ.'.Z Is2 :&2/ (853b)
Vys2 = RxZ'ysZ + Lst d’ysZ/dl
where x-y current references are:
l;y(Ml) =igm2) €XP(J#,2)

C s . (8.54)
[ny(M 2) I“ = Lag(m) exp(jé, )

Superscript cc stands for complex conjugate and accounts for the relationship given in
(8.24). For the six-phase two-motor drive x-y voltage references are required for the

six-phase machine only and are obtained using (8.53a) with:
ily(Ml) = (]/ﬁ}:&,wz) exp(jd,,) (8.55)

this accounts for the relationship given in (8.44). Phase voltage references are further
calculated for the five-phase case using:

L] 2 [ . * . *
Vagj = 5 Vi COS By =V, SING, + v,
- _ 2 [ * . * . L] * N
Vi = 5 Vay €OS(8,; — @) — v, SIN(P,; — &) + vy, €08 2 + v, sin 2a]
L _ 2 [ * . * . * L . (8.56)
Vegj = 3 Vayi COS(8,; — 2a) - Vysy SI@,; ~ 2@) + v, cOS dax + Yy Sin 4a]
L 2 s » . * L .
Vg = J;[v"“’ cos(@,; - 3a) ~ v, sin(g,; - 3a) + Ve €084a — v sin 4a]

* 2 * » . * *
Vey = J;[vdv cos(g,; ~ 4a) - Vag SIN(@,; — 4a) + v, cos e ~ v, sin 2a]

where a = 2n/5 and j = 1,2. The inverter voltage reference generation for the five—phase

case remains as in (8.50). The vector control scheme of the five-phase two-motor
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8. Current control in the synchronous reference frame

system with feed-forward x-y voltage drop compensation is illustrated in Fig. 8.4. For
the sake of simplicity decoupling voltages are not shown but are still given with (8.51).

Similarly, phase voltage references are calculated for the six-phase machine using:

V;sl = J%[V.dsl cosd, - v;sl sing,; + V;SI]

Vi = J%[v,‘m cos(@, —a) - v;sl sin(g,; — @) + vy €08 20 + v'yﬂ sin Za]

v:._y, = ‘E[v;,‘ cos(@,; —2a) - v:,,, sin(p,; —2a) + v:s, cosda + v:,s1 sin 4a] (8-57)
v;sl = J% [V:lx\ cos(¢,, —3a) - v;.\‘l sin(p,, —3a) + V:_ﬂ cosba — v;sl sin 6a]

Vo = \E [v:,,] cos(g,, —4a)- v;,l sin(g,; — da) + Vg COs8 — v;s, sin Sa]

Vi = J%[v:,,, cos(@,, — 5a) — Vg sin(g,, —5a) + Vypt C08100 — V), sinlOa]

where a = 2n/6. The inverter voltage reference generation for the six—phase case is, on
the basis of (8.28), governed with:

* L] * * * * * * *
Vg =Va tVp Vg =Vp +Vp2 Ve =V tVe
» _ . L] * L] * * * * (8'58)
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The vector control scheme of the six-phase two-motor drive with current control

in the rotating reference frame and feed-forward reference x-y voltage calculation is

illustrated in Fig. 8.5.

. 2 fle— i
Las! < ix
Ji i
. . € . 1
igs1 igst ipsi - ’i”
¢ X
r, _ iy
— 6 J
*
Vas]
id\'l‘ N “ vdsl* Vm]* -~ 4 Vo * \d
*
i Vest
Jé v,,(,,"‘
— e >
: * ry
fgr® b Vgsi vaa* Vesl*
n Vst
6

* .. o,

vxsl = Rsllxxl + Ll.\'l dlxsl /dt
- . ..

vyxl = Rsllyxl + LL\'I dly.cl /dt

* *
V4 =Vay + Va2

* *
Vg = Ve T Vps2

L] *
3 Ve = Vet +vcx2

.k A~ N *

i faa® = V2i _

ej 2 |l xs! N2 Vi = Vaa t Va2

* *
> Vi = Ven +Vpe2

AN+ » 12 } ;= Ve

lﬂ;z = Zlysl . *

i . Vi =V Ve
igs2” H * * Vas2
52 i \ 2] Va2 2 ¥
Pl ‘
jé Vps2*
qu'? * Vps2 * Ves2 *
 EEEE—
3
ia(\*l
: 2 fl—— iatip
- lav2
o
€ ¢—— ig tip

igs2

3 i +ip
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8.6.1 Simulation verification of the feed-forward method of x-y voltage drop

compensation in the stationary reference frame for the five-phase and six-
phase two-motor drives

Verification of the proposed feed-forward method of x-y voltage drop
compensation is performed by simulation of both the five-phase two-motor drive and
the six-phase two-motor drive in this section. In the case of a five-phase two-motor
drive a simulation is performed in an identical manner as in section 8.5.1. The

simulation results shown in Fig. 8.6a depict the rotor flux responses of each machine. It
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is evident from Fig. 8.6a that the disturbance in the rotor flux response, previously seen
in Fig. 8.3a and Fig. 8.3b when no x-y voltage compensation is used, has been
completely eliminated. This means that a complete decoupling between the control of
the two machines has been achieved. Speed and torque response of each machine
remain as shown in Fig. 8.3 and so are not repeated here. The improvement is a result
of the calculation of the stator phase voltage references according to (8.56). These
contain now in steady-state two sinusoidal components at two different frequencies,
corresponding to operating frequencies of the two machines. This is due to the nature
of (8.56), which combines d-q axis voltage components corresponding to the operating
frequency of one machine, with x-y axis voltage components that correspond to the
operating frequency of the other machine. The stator phase “a” voltage reference of
each machine is shown in Fig. 8.6b, where it can be seen that the phase “a” voltage
reference of machine 1 in steady-state is the summation of two sinusoidal components
at two different frequencies. This is less obvious for machine 2 because machine 2

operates at a much lower frequency than machine 1. However it can be seen that the
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8. Current control in the synchronous reference frame

phase “a” voltage reference for machine 2 starts changing at 0.4s, which is when the
speed command is applied to machine 1. This contrasts with Fig. 8.3f where the
machine 2 phase “a” voltage reference starts changing at t = 0.3s, when the speed
command is applied to machine 2. Next Fig. 8.7 depicts simulation results for the six-
phase two-motor drive. Initially a rated rotor flux command (d-axis current) is applied to

each machine (six-phase = 1.379 Wb, three-phase =0.975 Wb). Once rated flux has been
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Fig. 8.7: Vector control of series connection of six-phase and three-phase induction machines with
current control in the synchronous reference frame (feed-forward method): Torque response of IM1 and
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established in both machines a speed command of 299 rad/s is applied to the six-phase
motor (IM1) at t = 0.4 s and a speed command of 149 rad/s is applied to the three-phase
motor (IM2) at t = 0.5s. The torque limit is set to twice rated value for each machine
(six-phase = 20 Nm, three-phase = 10 Nm). The torque, speed and rotor flux response
of the machines can be seen in Figs. 8.7a — 8.7c¢, respectively. These figures show that
completely decoupled control has been achieved. It is shown that the dynamic response
of the six-phase machine is not affected by the flow of x-y current components through
the stator of the machine. This is because the x-y voltage drops are compensated for
using the stator voltage reference calculation (Fig. 8.5) according to (8.57). As can be
seen in Fig. 8.5, x-y voltage compensation is only required for the six-phase machine.
This is due to cancellation of the torque/flux producing currents of the six-phase
machine at the point of connection with the three-phase machine. In other words, there
are no x-y voltage drops created by the six-phase machine, hence the control of the
three-phase machine does not need to compensate for them. Fig. 8.7d shows the stator
phase “a” voltage reference of each machine. It is evident that the stator phase “a”
voltage reference of the six-phase machine is in steady-state the summation of two
sinusoidal signals at two different frequencies. Stator d-q axis voltage references for
both machines are also shown in Fig. 8.7¢ and Fig. 8.7f.

The simulation results presented in this section have shown that the additional
voltage drops created by the flow of x-y currents through the stator windings can be
compensated for using the proposed feed-forward method. Although the feed-forward
method achieves excellent results it significantly adds to the complexity of the drive and

so a simpler method is therefore proposed in the next section.

8.7 Feed-forward compensation of x-y voltage drops in the
synchronous reference frame

As mentioned previously, the feed-forward method of compensating for x-y
voltage drops in the stationary reference frame achieves excellent results. However, it
requires two additional co-ordinate transformations (for the five-phase case) and
differentiation in the process of x-y voltage calculation. On the other hand, it is not
possible to simply add x-y current controllers since there are n-1 independent currents in
any n-phase system with an isolated neutral point and that is the number of currents that

are already controlled (two pairs of d-q currents in both two-motor drives). A simpler
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solution is therefore required.

It is shown in this section that the required x-y voltage compensation can be
performed in the synchronous reference frame by modifying the decoupling voltage
calculation (8.47). This method will further be referred to as the modified decoupling
circuit method. In all the cases presented so far it was assumed that the decoupling d-q
voltages are calculated in the same way as for a three-phase induction machine.

However, it is shown in Jones et al (2004b) that the inverter equations in the rotor flux

oriented reference frame are:

wvQ INV(D) di INVO) it} vvQ
Vg O = (R, +Rp)iy  +(Lg + L) + Loy d nl(Lg + L)y, D Ly i)
INV(2) INV(2) dii’;wz) ’(2) INV(2) (2)
Vi o =Rat Ry A (L + L)+ Ly — =+ joplly + L)y + Ll ]
(8.59)

where (1) denotes quantities in the reference frame attached to rotor flux of machine 1,

while (2) stands for quantities in the reference frame attached to rotor flux of machine 2.
Equations (8.59) can be further written as:

di ANV d [¢))]
!ZZV(I) (RsI+R\2)‘lNV(l)+LL\2 _d;t + ;:] +jwrl[L192'Z(\]/V(” (‘l)]
N D 4@ (8.60)
W = Ry + R D + g =2t =k oL 1 4y D

Since under the condition of rotor flux oriented control

s] =( ml/Lrl)Vrl +Gl st ZZV(‘)

8.61
(2) (Lm2 /er)Vrz +02L\2'INV(2) ( )

hold true, one has from (8.60) and (8.61):

di INV (1)

)
pINV(D) INV(1) L L, dy Ly,
- —(R‘H—RVZ)I | torka+ L) at ’ Lml dtr1 +jo,[(Lys; +01L\1)11NV(1) ‘/’ﬁ:)]
r
INVQ2) ; jive y®
NV (2 Iy
Ve =Ry +Rp)iy @ 4 (6yLg + L) jit +Lmz d;z v oLy + oL ’2)11NV(2)
r2

r2

(8.62)
Since the two equations in (8.62) are of identical form, it is sufficient to consider only

the first one further on. By defining the time constant T as:

T= (UI L.\'l + Lt’sZ )/(R\I + Rs2) (863)

the outputs of the PI current controllers can be written as:
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8. Current control in the synchronous reference frame

vd'= (Rﬂ +Rx21i;|~y(') +T di‘liNV(l) /dt) (8 64)
b= Ry + RNV 4T diV O [

Inverter d-q voltage references are obtained as:

INVAY _ .
vy =v,'+ey

(8.65)

INVOY _ s
v, =V, '+e,

Comparison of (8.64)-(8.65) with the first equation of (8.62) yields decoupling circuit
voltages as:

LINV(1)
eq =—wnlo) Ly +Lig )'q

L, v (8.66a)
€ = wrl["iﬂ—wg) +Ligig )]

ml

Here of course d-q currents are identically equal to the d-q axis stator current references
of machine 1. That is:

R
en =Wy (01 Ly+Ly, )‘qsl

Ly . (8.66b)
€41 =Wy (z— Vit L[sz idﬂ)

ml

Identical result is obtained for the second machine, with an appropriate change of
indices. Equations (8.66a) show that truly decoupled control requires compensation of
additional voltage drops on leakage reactance of the machine, caused by the flow of x-y
currents. Since the terms are frequency dependent, their omission from the decoupling
voltages will have a more pronounced effect at higher speeds of rotation.

In the case of the six-phase drive, there is a need to modify only the decoupling
circuit of the three-phase machine. This will follow from inverter x-y equations.
Equations are in principle the same as (8.66), except that only half of the total three-
phase machine current flows through one phase of the six-phase machine. Let the six-

phase machine be machine 1 and the three-phase machine be machine 2. Then:
€iy = ~Wp (0'2 Ly +0.5L )i;xz

L, . . (8.67)
qu =W, z.——v/rZ +0'5Llslld92

m2
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8.7.1 Simulation verification of the modified decoupling circuit method for the five-

phase and six-phase two-motor drives

In order to verify the proposed modification of the decoupling circuit a simulation
is performed for the five-phase drive in an identical manner to section 8.5.1, using
vector control scheme shown in Fig. 8.1. Decoupling voltage calculation is performed
according to (8.66) rather than (8.51). Stator phase voltage references remain to be
determined with (8.49) and inverter phase voltage references are still governed by
(8.50).

Rotor flux response of the two machines is shown in Fig. 8.8, where it can be seen
that the disturbance seen in Fig. 8.3 has been completely eliminated. This means that
complete decoupling of the control of the two machines results. Hence the proposed

modification of the decoupling circuit enables full compensation of the cross-coupling

introduced by the series connection of the two machines. The d-q axis voltage

references are shown in Fig. 8.8 and have significantly higher values, when compared to
those obtained using the feed-forward method (Fig. 8.6c and Fig. 8.6d). The d-q
voltage references now have to cater for the x-y stator voltage drops, which are covered
by the x-y voltage references in the feed-forward method. Stator phase “a” voltage
references for each machine are depicted in Fig 8.8 where it can be seen that both
voltage references are sinusoidal in steady-state due to the fact that x-y voltages are not
used in their calculation.

A simulation of the six-phase two-motor drive is performed in order to verify the
proposed modification to the decoupling voltages calculation given by (8.67). As
previously mentioned there is only the need to modify the decoupling circuit of the
three-phase machine and so the six-phase machine decoupling calculation remains that
given by (8.47). Each machine is controlled using vector control scheme similar to that
presented in Fig 8.1, respecting the phase number of the machine under consideration
(i.e. six-phase or three-phase machine). Stator phase voltage references are determined
in a similar fashion to (8.48). Inverter phase voltage references are calculated according
to (8.58).

Simulation results for the six-phase case are depicted in Fig. 8.9 where once again
it can be seen that completely decoupled control has been achieved. The speed, torque
and rotor flux response of each machine (Fig. 8.9) are unchanged from those achieved

using the feed-forward method (Fig. 8.7). However, the d-q voltage references of the
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8. Current control in the synchronous reference frame

three-phase machine (Fig. 8.9) are higher than in the configuration using the feed-
forward method (Fig. 8.7f). This is again due to the d-q axis voltages having to
compensate for the x-y voltage drops. The d-q axis voltage references of the six-phase
machine (Fig. 8.9) however remain the same as those obtained using the feed-forward

method (Fig. 8.7¢). The stator phase “a” voltage references are shown in Fig. 8.9 and

are sinusoidal waveforms in steady-state.
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Fig. 8.8: Vector control of two five-phase induction machines connected in series, with phase
transposition (modified decoupling circuit): Rotor flux response (a), stator phase “a” voltage reference
IM1 and IM2 (b), stator d-q axis voltage references IM1 (c) and stator d-q axis voltage references IM2

(d).
8.8 Summary

This chapter has considered the possibility of performing current control in the
rotating reference frame with regard to the series-connected multi-phase multi-machine
drive system. In order to achieve this, induction machines under consideration need to
be modelled as voltage fed. It is shown that the model of the voltage fed induction

machine is much more involved because stator dynamics have to be taken into
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Fig. 8.9: Vector control of series connection of six-phase and three-phase induction machines with
current control in the synchronous reference frame (modified decoupling circuit): Torque response of
IM1 and IM2 (a), speed response of IM1 and IM2 (b), rotor flux response of IM1 and IM2 (c), stator
phase “a” voltage reference of IM1 and IM2 (d), stator d-q axis voltage reference of IM1 (e) and stator d-
q axis voltage reference of IM2.

consideration. Initially a five-phase induction machine is simulated with current control
in the rotating reference frame. This allows a comparison to be drawn with a series-
connected five-phase two-motor drive with current control performed in the rotating
reference frame. Simulation results for the five-phase two-motor drive show a

disturbance in the rotor flux of each machine. It is shown that this disturbance is due to
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8. Current control in the synchronous reference frame

the flow of x-y currents through the stator of both machines. These x-y currents
produce a certain amount of voltage drop (termed x-y voltage drop), which the control
is unaware of. This voltage drop appears on impedance comprising a series connection
of the stator resistance and stator leakage reactance (at the frequency of the other
machine). Therefore when current control is performed in the rotating reference frame
the control system must generate voltages that will compensate for the x-y voltage drops
in each machine. It should be noted that rotor flux disturbance can be significantly
reduced if the current controllers are sufficiently fast, however in high power
applications, where the inverter switching frequency is low, the P1 current controllers
cannot compensate for the x-y voltage drops. Hence two methods of compensating for
the x-y voltage drops are proposed in the chapter: a method in the stationary reference
frame, termed the feed-forward method, and a method in the synchronous reference
frame, termed the modified decoupling circuit method. Both methods are verified via
simulation of the five-phase and six-phase two-motor drive. It is shown that both
methods perform very well and completely decoupled control of the two machines is
achieved. However, the modified decoupling circuit method is preferred because it
offers the simplest realisation.

Both methods require knowledge of machine parameters. This means that the
potential problems with parameter variation effects are amplified, since accuracy of the
parameter determination of one machine affects the control of the other machine, and
vice versa. The situation worsens as the number of machines increases. For example, in
the case of the three-motor seven-phase drive decoupling voltage calculation would
involve parameters of all three machines. It therefore appears as advantageous to utilise
current control in the stationary reference frame in conjunction with series-connected
multi-phase multi-motor drives, since the accuracy of control and performance of one

machine are then independent of the parameters of the other machines in the group.
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9. Quasi six-phase configurations

CHAPTER 9

QUAS! SIX-PHASE CONFIGURATIONS

9.1 Introduction

Multi-phase AC machines are particularly suitable for high power applications
where reduction of the inverter per-phase rating is required. By far the most popular
choice of multi-phase machine is a quasi six-phase induction or synchronous machine

with two three-phase windings on the stator, spatially displaced by 30° (often referred to

as dual three-phase or split phase machine). A quasi six-phase machine can be

constructed by splitting the individual stator phase belts of a three-phase motor in half
with an angular separation of 30° between the two halves. The main reason for
selecting the asymmetrical six-phase winding instead of a true six-phase winding (60°
displacement between any two consecutive phases) has been discussed in detail in
Nelson and Krause (1979) and is in essence the possibility of reducing the torque ripple,
caused by low order stator current harmonics. The torque ripples’ dominant frequency
is shifted from six to twelve times the fundamental frequency and the magnitude is
significantly attenuated. This advantage of a quasi six-phase machine arrangement was
of great importance in pre-PWM era of VSI control, when six-step VSIs were used.
However, with modern inverter current control techniques and operation of the VSI in
PWM mode, this property of quasi six-phase machines becomes somewhat irrelevant,
since the low frequency harmonics can be easily suppressed from the inverter output
currents for low to medium power machines.

The improvement of the pulsating torque is a result of the cancellation of
harmonic flux components of the order 6n £ 1 (n = 1,3,5 ...etc.,) in the air gap.
However, the stator windings can carry large amplitude currents in the x-y (uncoupled)
equivalent circuits. These harmonics, when they exist, contribute significantly to the
stator current since the impedance of the x-y equivalent circuits is low (it consists
entirely of stator resistance and leakage inductance). The generation of these harmonic
currents in the stator phases can be limited using large costly harmonic fiiters,
Klingshirn (1985). Another possibility is to remove all the 6n £ 1 (n = 1,3,5 ...) order

harmonics from the phase voltage using an open end winding configuration as described
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9. Quasi six-phase configurations

in Mohapatra et al (2003).

This chapter considers a series-connected two-motor drive consisting of either two
quasi six-phase machines or a quasi six-phase machine and a two-phase machine. Once
more each machine can be controlled independently provided that the stator windings
are connected in an appropriate way. These configurations allow the x-y currents to be
used to control the other machine in the group and so avoid the need for the previously
mentioned harmonic current reduction methods. This is so since active impedance of
one machine serves as a filter for the x-y current harmonics of the other machine, and
vice versa.

The chapter begins with a description of a quasi six-phase induction machine.
Connectivity matrices and connection diagrams for both configurations, which allow
independent control of two machines, are further presented. In order to verify the
proposed configurations simulations are undertaken, using the phase domain models of
the two-motor quasi six-phase and two-motor quasi six-phase/two-phase drives.
Current control, performed in the stationary reference frame or the rotating reference

frame using the decoupling circuit method of section 8.7, is considered.

9.2 Two-motor drive with two quasi six-phase machines

Stator winding of a quasi six-phase machine consists of two three-phase windings,
mutually displaced in space by 30°, as illustrated in Fig. 9.1. The phases of the first
three-phase winding are identified with symbols a, b, ¢, while symbols d, e, fstand for
the second three-phase winding displaced by 30° with respect to the first one. The
neutral points of the two windings are normally kept isolated to prevent the stator

current harmonics of the order divisible by three from flowing. The decoupling

transformation matrix for such a six-phase machine is given with:

1 cos2z/3 cosdr/3 cosz/6 cos5z/6 cos9r/6]

0 sin2z/3 sind4n/3 sinz/6 sinSx/6 sin97/6
C- 31 cosd4r /3 cos8z/3 cosSx/6 coszm/6 cos9m/6 (9.1a)
= V6|0 sindz/3 sin8x/3 sinSz/6 sinz/6 sin97/6 ’

1 1 1 0 0 0

10 0 0 1 i I

where the phase ordering is a, b, ¢, d, ¢, f- As explained in chapter 4, inspection of the
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transformation matrix (9.1a) leads to the connectivity matrix shown in Table 9.1 and the
resulting connection diagram (Fig. 9.2). It is assumed that both machines operate in
steady-state and that the required phase currents for flux and torque production in the

two machines are given with sinusoidal functions of the form (a = n/6):

ioy =21, sin(wy) iy =21, sin(ew,1)

iy = 21, sin(w,t - 4a) iy = «/5]2 sin(co2t—4a)

i:.1 =ﬁ[, sin(wlt—Sa) i:2 = J_Z_Iz sin(wzt—Sa) (9.2)
iy =21, sin(yt -a) ihy =21, sin(w,t - a) '

ity =21, sin(wt - 5a) ivy =21, sin(w,t - 5a)

i}, = ﬁll sin(a),t——9a) i}z = \/512 sin(a)zt—9a)

Let the inverter current references be created according to Fig. 9.2,

iy =iy +in i = iy +icy

i = iz +ip iy =i + e i (9.3)
i, =iy +ig iy =iy +ip

and let the current control be ideal, so that the inverter output currents may be taken as

equal to the inverter current references of (9.3). The inverter phase currents are

identically equal to the phase currents flowing through machine 1. However, for the

second machine, due to the phase transposition introduced in (9.3) the following holds
true:

iy =iy iny =g

iy =iy iy =iy (9.4)
iy =ip ir =iy

Application of the decoupling transformation matrix (9.1a) on inverter currents of (9.3)
produces two pairs of inverter current components, which are simultaneously

corresponding current components of machine 1. Let the first pair be denoted with

symbols a,  and let the second pair have indices x, y, then:

NV +jigvV =if]:’,l +ji2{£1 =‘/—6_l,(sina),t—jcosa)1t) 9.5)
JINV ‘e . . . . )
il +jl;,NV =M +11%' = J6—12(51nw2t—jcosw2t)

Similarly, application of (9.1) in conjunction with (9.4) produces:
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. . : _ NV | NV
iﬂz +jl%.2 = ngz(51na)2t~]cosa)2t)= + jiy,

x (9.6)
iiff.z +jiﬁff2 =«/—6_Il(sinwlt—jcoswlt)zi,iNV +ji;,NV

Fig. 9.1: Schematic representation of a quasi six-phase (split phase, dual three-phase) machine’s stator
winding,

Table 9.1. Connectivity matrix for the quasi six-phase drive.

A B C D E F
M1 1 2 3 4 5 6
M2 1 3 2 5 4 6
Machine 1 Machine 2
Source Quasi six-phase Quasi six-phase

* —\/CI“
> jCI‘”

Fig. 9.2. Series-connection of two quasi six-phase machines.

Expressions (9.5)-(9.6) show that the flux/torque producing stator current a, B
components of machine 1 appear as non flux/torque producing currents for machine 2,
and vice versa. Hence the formation of the inverter current references according to (9.3)
leads to the possibility of independent vector control of the two series-connected quasi

six-phase machines. It should be noted that, due to the isolated neutral points, zero
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sequence stator current components (described with the last two rows of the
transformation matrix (9.1)) cannot exist.

It is interesting to note that the same result is possible with an alternative series-
connection of stator windings, illustrated in Fig. 9.3. While in Fig. 9.2 series-
connection with an appropriate phase transposition involves interfacing of “a”, “b”, “c”
three-phase windings of the two machines and interfacing of “d”, “e”, “f” three-phase
windings, connection diagram of Fig. 9.3 involves connection of “a”, “b”, “c” windings
of one machine with “d”, “e”, “f” windings of the other machine. Inverter reference

current generation for the scheme of Fig. 9.3 is governed with:

R ¥ R .. R Rl

Ig=ln ti, Ig =1y tip

* .+ .. * . *

o=ty Inp =g +ig 9.7
e K] . _ W* R4

I, =1y tipy Ip =l +ig

The phase currents of machine 2 are now:

. ¢ . ¥
Iy =1p by =1
. .* . R
log =g gy =lc 9.8)

. &
leg =14 Iy =1ip

It can be easily verified, by application of (9.1) in conjunction with (9.7) and (9.8), that
the same result as in (9.5)-(9.6) is obtained again (with some additional phase shifts).

Machine 1 Machine 2
Source Quasi six-phase Quasi six-phase
A a2
B b2
C c2
b d2
E e2
v 2

Fig. 9.3. An alternative series-connection of two quasi six-phase machines.

Due to the nature of the quasi six-phase machine, an alternative configuration of the

quasi six-phase two-motor drive is possible, which enables series-connection of a two-

157



9. Quasi six-phase configurations

phase machine to the quasi six-phase machine. This scheme is discussed in the

following section.

9.3 Two-motor drive with a quasi six-phase machine and a two-phase
machine

If one considers that the quasi six-phase machine consists of two three-phase
windings displaced by 30° from each other and that a balanced three-phase system of
currents will sum to zero, then it becomes obvious that a two-phase machine can be
connected in series with the quasi six-phase machine and the torque\flux producing
currents of the quasi six-phase machine will cancel at the point of connection with the

two-phase machine. The proposed connectivity matrix and connection diagram can be
seen in Table 9.2 and Fig. 9.4 respectively.

Table 9.2. Connectivity matrix for the quasi six-phase drive.

A B C D E F
M1 1 2 3 4 5 6
M2 1 1 | 2 2 2
Machine 1 Machine 2
Source Quast six-phase Two-phase
A al a2
B bl
c cl
dl b2
> L
E el |
F fl

Fig. 9.4. Series-connection of a quasi six-phase machine and a two-phase machine

It is important to note that for the configuration of Fig. 9.4 the quasi six-phase

machine has essentially connected star points. Hence for this configuration, modified
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form of the transformation matrix (9.1) holds true:

1 cos2z/3 cosdm/3 coszn/6 cosSx/6 cos9m/ 6|

0 sin2x/3 sindz/3 sinz/6 sin5x/6 sin9r/6
2|1 cosd4n/3 cos8x/3 cosSx/6 coszm/6 cos9m/6 (9.1b)

0 sindn/3 sin8x/3 sindz/6 sinx/6 sin9x/6

1 1 1 1 i 1
1 -1 1 -1 1 -1

.

The possibility of achieving completely decoupled control for each machine in the
proposed configuration shown in Fig. 9.4 is investigated next. For that purpose it is

assumed that both machines operate in steady-state and that the required phase currents

for flux\torque production in the quasi six-phase machine are:

i = \/—2-11 sin(w,¢)

iy = \/_2_11 sin(w,? - 4a)

in = s/—2~ll sin(colt—Sa)

i =21, sin(e,t -a) (9.9)
iy = J_2_1, sin(w,t - 5¢)

iy =21, sin(ow;t - 9a)

Let the torque\flux producing currents of the two-phase machine be:

i = ﬁlz sin w,t
. (9.10)
ipy = ,/512 sm(wzt - 7r/2)= —\/—2_12 COS !

Assume that there are two indirect vector controllers for the two machines, which

generate the references according to (9.9) and (9.10). Suppose further that the inverter

current references are again obtained by summation, but using this time:

iy =iy +(1/3)i,
iy =iy +(1/3)i},
i =iy +(1/3)isy
. f’, (9.11)
in =ig +(1/3)iy,
i =iy +(U/3)iy,

i =iy +(1/3)ip,

It follows from (9.9)-(9.11) that:
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iy +ig +ige =iy 9.12)
i;) + ’7-; + ’; = f;;z

Application of (9.1b) in conjunction with (9.11) and taking into account (9.9)-(9.10)
yields:

’NV J—Ilsm(o[
ig" =61, cosmyt
IINV -0

X

(9.13)

INV _0
3
INV J:lb2 = J%Iz COSCUz[

Obviously, machine 2 flux/torque producing currents of (9.10) will be producing
zero-sequence currents in each of the two three-phase winding sets of machine 1.
According to (9.11)-(9.12), inverter currents of the first three phases sum to the current

of phase “a” of machine 2; similarly inverter currents of the last three phases sum to the

current of phase “b” of machine 2. These will form zero sequence currents of the same

value in two three-phase winding sets of machine 1. Since the neutral point of the

complete drive will always carry current the issue of where to connect it needs to be
addressed. One possibility is to use split series capacitors in the DC link and connect
the neutral to the mid-point of the DC link. Another possibility is to use a separate
inverter leg (phase) for the connection of the neutral. This issue is beyond the scope of
this thesis but would have to be explored in detail for any implementation related
considerations. It is possible to enhance the torque developed by the six-phase machine
by injection of 3" harmonic current as described in Lyra et al (2001). If ® = 3, then

the two-phase motor currents will give torque enhancement for the six-phase machine.

9.4 Phase domain model of voltage fed series-connected two-motor

drive with two quasi six-phase machines

In order to simulate the proposed series connected two-motor drive shown in Fig.

9.2 it is necessary to first model the complete drive system. Due to the series-
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connection of two stator windings according to Fig. 9.2 the following holds true:

Ve =V tVa Vg =V TV

Ve =Va Vi Vp TVai tVe2 (9.14)
Vi =Va tVa Vi =V tVe

iy =iy =ip ig =y =iy

I =l =lp ip=ig =iy 9-15)
Iy =iy =g iy =ifl =if2

Capital letters stand for inverter phase-to-neutral voltages and inverter currents in
equations (9.14)-(9.15). Index ‘1’ denotes induction machine directly connected to the
six-phase inverter and index ‘2’ denotes the second induction machine which is
connected to the first induction machine through phase transposition. Voltage equations

for the complete system can be written in compact matrix form as:

d\Li
v=Ri+ —(';1) (9.16)
dt
where the system is of the 18™ order and:
INV INV
v !
v=| 0 i=| i, 9.17)
(_) £r2
!WV = [VA Vg Ve Vp Vp Vg ]T
N T (9-18)
! = [’A Iy e Ip g ’1«']
i.rl = [ic‘n'l ib.rl ict'l idr‘l ier‘l ifrl']r , (91 9)
.l.r2 = [’arz bra ler2 a2 e lfr2]l
The resistance and inductance matrices of (9.16) can be written as:
—B_.\'l + Bsz
R= R, (9.20)
L Br2
-L.\‘l + ésZ' ésrl L.\'r2'
-Ii = Lrsl Lrl (_) (9'21)
érx2 ' (_) L
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Superscript * in (9.21) denotes once more sub-matrices of machine 2 that have been

modified through the phase transposition operation. The sub-matrices of (9.20)-(9.21)

are all six by six matrices and are given with the following expressions:

B__q = diag(Rsl
_8.'] = diag(Rfl R"]

_@;2 = diag(R,,
_RirZ = diag(R,2

=5l

L.\‘Z =

=r2

| Ly +M,

M, cos8a
M, cosda
M, coslla
M, cosTa
LM, cos 3a

[ Ly + M,

M cos 8a
M, cosda
M, coslla
M, cosTa
| M, cos3a

[ Liy +M,

Rsl

Rs2
RrZ

M, cosda
M, cos8a
M, cosTa

M, coslla
\_Mz cos 3a

[ Ly + M,
M, cos8a
M, cosda
M, coslla
M, cosTa
LMZ cos3a

Ry, R
R

s1

R

rl rl

RsZ
RrZ

Rs2
Rr2

M, cosda
L +M,

M, cos 8a
M, cos3a
M, coslla
M, cosTa

M, cosda
Ly + M,

M, cos8a
M, cos3a
M, coslla
M, cosTa

M, cos8a
Ly +M,
M, cosda
M, cos3a

M, cosTa
M, coslla

M, cosda
L, +M,

M, cos8a
M, cos3a
M, coslla
M, cosTa

Rsl
R

Rsl )
ri er )

Rs2
Rr2

RxZ)
Rr2)

M, cos8a
M, cosda
Lig +M,

M, cosTa
M, cos3a
M, coslla

M, cos8a
M, cos4a
Ly +M,

M, cosTa
M, cos3a
M, coslla

M, cosda
M, cos8a
L, +M,
M, coslla

M, cos3a
M, cosTa

M, cos8a
M, cosda
Ly, +M,
M, cosTa
M, cos3a
M, coslla

M, cosa
M, cos9a
M, cosSa
Lig +M,
M, cos8a
M, cosda

M, cosa
M, cos%a
M, cos5a
Ly +M,
M, cos8a
M, cosda

M, cos5a

M, cosa
M, cosa
Ly +M,
M, cosda
M, cos 8«

M, cosa
M, cos9a
M, cosSa
Ly, +M,
M, cos8a
M, cosda

M, cosSa
M, cosa
M, cos%a
M, cosda
Lig +M,
M cos8a

M, cosSa
M, cosa
M, cos9«a
M, cosda
Ly +M,
M, cos8a

M, cosa
M, cosSa
M, cos%a
M, cos8a
L +M,
M, cosda

M, cosSa
M, cosa
M, cos%a
M, cosda
Liy +M,
M, cos8a

M, cos9a |
M, cosSa
M, cosa

M, cos 8«
M, cosda
Ly +M, |

M, cos9a_1

M, cos Sa

M, cos8a
M, cosda

M, cosa

Ly +M, |

M, cos9ea |
M, cosa

M, cosSa
M, cosda

M, cos8a
Liy +M, |

M, cos9a |
M, cosSa
M, cosa
M, cos 8a
M, cosda

Ly +M, |

(9.22a)

(9.22b)

(9.23)

9.24)

(9.25)

(9.26)
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cos G cos(d, +4a) cos(6, +8a) cos(9, +a) cos(6, +5a) cos(6, +9a)_\
cos(6, +8a) cos 6, cos(6, +4a) cos(6, +9a) cos(6, +a) cos(f, + 5a)
Lo -M cos(91 +4a) cos(¢91 +8a) cos 6, cos(&, +5a) cos(&, +9a) cos(Ol +a)
=51 = cos(@, +11a)  cos(8, +3a) cos( +7a) cos 6, cos(6, +4a) cos(6, +8a)
cos(6, +7a) cos(6, +11a) cos(6, +3a) cos(8, +8a) cos 6, cos(6, +4a)
hcos(&I +3a) cos(8, +7a) cos(191 +11a) cos(Hl +4a) cos(H‘ +8a) cos 8,
érsl = Lirl
(9.27)
cosd, cos(d, +4a) cos(f, +8a) cos(6, +a) cos(6, +5a) cos(@, +9aﬂ
cos(8, +4a) cos(07_ +8a) cos 8, cos(02 + Sa) c:os(()2 +9a) cos(02 + a)
Y cos(éz + 8a) cos 8, cos(Bz +4a) cos(92 +9a) cos(t?2 +a) cos(, +5a)
=2 =20 0os(0, +7a) cos(6, +11a) cos(@; +3a) cos(9, +8a) cos &, cos(6, +4a)
cos(@, +1 la) cos(9, +3a) cos(6, +7a) cos @, cos(0, +4a) cos(6, +8a)
| cos(0, +3a) cos(d, +7a) cos(@, +11a) cos(g, +4a) cos(f, +8a)  cosO,
LrsZ = Ll\r2
(9.28)
Expansioniof (9.16) yields:
_.INV —_R_sl +B.\'2 LJNV ésl +£x2' Lxrl ésr2' ..INV
v= 9_ = B_rl érl + Lrsl Arl (_) gt. irl +
(_) L Br2 £r2 L-er' .0_ é.rZ -r2
| d d, ||
9_ :i?_srl gt'.l_‘sri’. iINV
d iy
E;_L_rsl 9 9_ th (929)
iér\Z' 9 2
dt B |

Torque equations of the two machines in terms of inverter currents of (9.3) are:

Tel =_PIMI

l

lll

—lpdpy —ipiy +igig +igl, +ic lﬁ)sm(al +a)+

ll)’br

(zAza, +igly, tigi, vipig vigi, +ip tf,)sm o, +
(l( Ay lglp, Yigiy, +ipig Yipi, +iy zj,)sm(Gl +4a)+

(l,,ta, tigip, i, vigig +ipi, +l,)1,,)sm(0‘ +8a)+

( ipige —ipip, —ipi, ticig +igl, +lBlﬁ,)Sm(0] +5a)+

cr +’B’dr +l( er +IAII,)Sln(0| +9a)

(9.30)
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(iAiar +i(jlhr +iB’cr +l‘],’<idr +il)lcr +l/"lfr )S]n 02 +
(iBiar +iAibr +i(,‘icr +i["idr +l.[5ier +i,)if,)s'm(92 +4a)+

(iciar +igioy +idicy +ipias +ipie +iyip )sin(0; +8a)+
Tez _ _‘P2M2 ar r cr r er r L (931)

(_ii)iar _iFibr —i[ficr +iAidr +l‘(:l‘er +iBif,)Sin(02 +a)+
(Ciptar — iy —igies +igia +iaies +ici Jsin(0, +5a)+

(—il:ia, _iEihr "i[)icr +i(.'idr +iBier +lAif,)Sm(92 +9a)

9.5 Phase domain model of voltage fed series connected two-motor

drive with a quasi six-phase machine and a two-phase machine

This section considers the phase domain model of the series connected quasi six-
phase\two-phase multi-motor drive configuration shown in Fig. 9.4. Due to the series-

connection of the two machines in the manner shown in Fig. 9.4 the following holds

true:

Vy=VatVa Vg =V TVa2

Ve =Va Va2 VD =Var tVh2 9:32)
Vi =V tVp Ve =V vy

iy=ig ig =iy

i =iy ip =iy (9.332)

I =1y i, =g

ia'2=iA +iB +i(j (9 33b)
ib2=i1)+ik+i[.‘ :

Voltage equations for the complete system remain to be given in compact matrix
form with equations (9.16)-(9.18). However the system is of the 14" order because the

drive incorporates a quasi six-phase machine and a two-phase machine, therefore:

. . . , . . I
‘.n‘[‘ar\ b let lan len ‘frl]

. _ oy (9.34)
Lo~ [larZ Thr2 ]T

The resistance and inductance matrices of (9.16) are governed once more by once more
(9.29). The sub-matrices of (9.29) are six by six matrices for the quasi six-phase

machine and remain equal to those given by equations (9.22a), (9.23), (9.24) and (9.27).

Due to series-connection of the two machines the remaining sub-matrices of (9.29) are:
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B.,Q:diag(ksz R, R, Ry Ry Ry) (935)
Brzzdiag(er er)

(L, +My Ligp+M, Lg+M, Mjcosda M,cos3a Mzcos3a—l
L, +My, Lg+M, Lgy+M, Mjcosda M,cos3a M,;cos3a

L= Lia+M, Lgn+M, Lg,+M, M,cosda M,;cos3a M,cos3a (9.36)
= M,cos3a M,cos3a M,cosda Ly,+M, Linp+M, Lgp+M,

M,cos3a M,cos3a M,cosda L, +M, Li,+M, Li+M,

LMZ coslda M,cos3a M,cosda L +M, Lin+M, Li,+M,

. [eos(6,) —sin6, ) 9.37)
Ln= Mz[sin(ﬂz) cos(6, ) (
LM cos(8,) cos(8,) cos(0,) -sin(@,) -sin(@,) -sin(,) '
=2 =~ 2l sin(g,) sin(d,) sin(6,) cos(d,) cos(8,) cos(8,) (9.38)
Lo =L
The torque developed by the two-phase machine in terms of inverter currents is:

(G +ip +ic Yar +liy +ig +ip )ibrz)sm(ez)}
T, =-P,M L cor (9.39)
. ? 2{«",{ iy +ic Yo —ip + i +i) Yiar )cos(B;)

The equation (9.30) still describes the torque developed by the quasi six-phase machine.

9.6 Current control techniques

Current control may be performed in either stationary reference frame or the
synchronous (rotating) reference frame. This section considers both types of current
control methods with respect to the quasi six-phase multi-machine drive for both the
two quasi six-phase motor drive and the quasi six-phase/two-phase motor drive.
Current control in the rotating reference frame allows voltage drops created by the flow

of non-torque/flux producing currents through the stator of each machine to cause a

perturbation in the dynamic performance of the drive. Two different methods of

compensating for the x-y voltage drops associated with the multi-phase multi-motor
drive were presented in chapter 8 for symmetrical multi-phase machines. It was
concluded that, the modified decoupling circuit method offered by far the simplest
realisation of the two types of x-y voltage drop compensation considered. It is for this

reason that only this method will be considered for the quasi six-phase configurations in
this chapter.
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9.6.1 Current control in the stationary reference frame

A standard method of achieving indirect rotor flux oriented control for operation
in the base speed region, shown in Fig. 5.25 (n = 6 or n = 2), is considered. Individual

phase current references of the two quasi six-phase machines are given with:

ity = yJ2/61iz cos gy, - i;sl sin ¢,]
isy = ¥2/ 61y cos(@,, - 4a) - i;xl sin(g,; —4a)]

f;(l) = J2/_6 [i:in COS(¢r2 -9 )‘ i;sz Sin(¢r2 % )]

(9.40)
fa = W{i:m €08 B,y —iyg sin g,
i;)(z) = \/76-[5;«2 cos(@,, —4a) - i:[s2 sin(g,, —4a)]

2y = V2/6liz cos(g,, —9a) - i sin(g, ~9a)]

For the quasi six-phase/two-phase configuration individual phase current references are

given with:

i:l(()-pha.ve) = 42/6[1‘;\'1 cos ¢rl - i;sl sin ¢rl]
i;)(G—phasc) = \i 2/6[i:ts'l COS(¢,] - 4(1) - i:;sl Sin(¢rl - 40.')]

i}(()-phusc) = Ji_lg[i:t\‘\ COS(¢,‘ - 90!)— i;s\ Sin(¢r\ - 90,')] (94 1 )

> » K .
ba(2- phase) = lla2 €OS @3 — gy SiNGyo]

K K . .
b(2- phase) = [i452 cos(8,, ~3a) iy sin(¢,, —3a)]

Phase current references are further summed according to the connection diagrams of

Figs. 9.2 or 9.4 in order to yield the inverter current references of (9.7) or (9.11).

9.6.2 Current control in the synchronous reference frame

Individual vector control scheme for the two machines is in principal the same.
The vector controller for each machine is similar to the scheme shown in Fig.8.1. for the

five-phase machine. Machine phase voltage references are created for the two quasi
six-phase motor drive using:
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Vi = V2/6[Viq cOS gy — vy sin g,y
Vacty = ¥ 2/6[Vzq €OS( — 4@) — v, sin(g, —4a)]

V}(l) =42/ 6[vae 005(¢r2 -9a)- V;sz sin(g,, - 9a)]

(9.42)
V;(z) = \/2_/‘5-[";;2 cos g, — V;sx sing,, ]
V;(z) = J%[V;sz cos(g,, —4a) - V;sz sin(g,, - 4a)]
V;‘(Z) = “/%[V;Q COS(¢,2 _9a)_v;s2 Sin(¢r2 —9(1)]
and for the quasi six-phase/two-phase drive using:
V;m = \/-276[v:is‘l cos @,y — v:]sl sing, ]
Yoty = 2/61Va COS(#y —42) gy Sin(9yy — 4]
V1) = V260V cos(s ~9a) - voy sing,; —9a)] (9.43)

. * * .
Vary = [Vas2 cOS $r2 — Vgs2 SIN .1

V;(l) = [V:ch cos(¢,, —3a) - ";sz sin(g,, —3a)]

The overall inverter phase voltage references for the two quasi six-phase machine

configuration of Fig. 9.2 are obtained as:

* L] * * _ - *

Vg =Va tVa2 Vg =Vp +Ve
L] * » * * *

Ve =V tVe Vp = Vg HVe2 (9.44)
* * * * * *

Vi =V tVa2 Vi =V TV

Similarly, for the quasi six-phase/two-phase scheme:
» . * * * *

Va= Val + Va2 Vg =Vpi +v02
* . L] L] * *

Ve =V tVa2 Vi =Va ¥V (9.45)
* L] L * * *

Vi =V Vp Vi =Vt

It is shown in chapter 8 that a problem arises when current control is performed in
the rotating reference frame, due to the flow of x-y currents through the stators of each
machine. This is due to the voltage reference generation described above, which does
not recognise in advance the existence of these additional voltage drops. The
consequence is a degradation of the dynamic performance of the system, due to the
appearance of unwanted transients in the rotor flux. However, a simple solution to the

problem exists and it follows the same reasoning employed in chapter 8 in the case of
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true (symmetrical) series-connected multi-phase motor drives. The solution involves a
modified decoupling voltage calculation. Using analogy, for the two quasi six-phase

machine configuration the decoupling voltages need to be calculated as:

eq =—0n(0\ Ly + Ly, )":m eqy =-0,(02Lg + Lig Jige (9.46)
€5 =Wy ((le /L )V:l + Lzszi:m) €4 =0, ((Lsz /L2 )‘/’:2 + Llsli:IxZ)

Similarly, for the quasi six-phase/two-phase scheme:

€q =00 Lxli;sl €4y = —Wp (62 Lo +1/3Ly )i;sz (9 47)
eg =0u(Ly ! Ly, € =Wy ((L,vZ [Lua W12 +1/3 Llsli;isz)

The decoupling voltage calculation for the quasi six-phase machine in (9.47) does
not include the stator leakage reactance term of the two-phase machine. This is so since
the torque\flux producing currents of the quasi six-phase machine cancel at the point of
connection to the two-phase machine. Therefore no x-y currents flow through the stator
of the two-phase machine and there are no x-y voltage drops. Coefficient 1/3 takes into

account that only 33.3% of the two-phase machine current flows through any of the

phases of the quasi six-phase machine.

9.7 Simulation verification

In order to verify the developed concepts, both configurations were simulated.
Once more the PWM inverter is treated as ideal. Thus the inverter output phase currents
equal the inverter phase current references for current control in the stationary reference
frame, and inverter output phase voltages equal inverter phase voltage references for
current control in the rotating reference frame. Speed mode of operation (PI speed
control) is analysed, with torque limit of the two-phase machine set to twice the rated
value (6.67 Nm) and to rated value for the quasi six-phase machine (10 Nm). Excitation
is initiated first by applying forced excitation to both machines. Acceleration transient
under no-load condition is studied next. Quasi six-phase machine IM1 is accelerated to
the rated speed (299 rads/s elec.), while IM2 is accelerated to one half of the rated speed
(149 rad/s elec.)‘for the configuration with two quasi six-phase machines. In the quasi
six-phase/two-phase configuration IM2 (two-phase machine) is accelerated to 100 rad/s
elec. Simulation results for the two quasi six-phase machine configuration with current

control in the stationary reference frame are shown in Fig. 9.5, while the quasi six-
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phase/two-phase configuration performance is illustrated in Fig. 9.6. As can be seen
from Figs. 9.5a-c and 9.6a-c, completely decoupled control of each machine has been

achieved, since changes in rotor flux or torque in one machine in no way affect the other
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Fig. 9.5. Two quasi six-phase motors connected in series current control in the stationary reference frame:
Rotor flux response (a), torque response (b), speed response (¢), phase “a” current references (d), source
phase “a” and “d” currents (€) and stator phase “a” voltage of each machine (f).

machine. Stator phase “a” current reference created by the vector controller of Fig. 3.1
for each machine is shown in Figs. 9.5d and 9.6b. Inverter current references for phases

“a” and “d” (Figs. 9.5¢ and 9.6b) are highly distorted due to the summations described
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by (9.3) and (9.11). Stator phase “a” voltages for each machine are obtained by
reconstruction and are shown in Figs. 9.5f and 9.6b. In each case the voltage of the
quasi six-phase machine exhibits a small level of distortion caused by the flow of x-y
current components. However the two-phase machine is not affected by the series-
connection because no x-y currents flow through the machine and so the steady-state

stator voltages of the two-phase machine remain undistorted.
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Fig. 9.6. Dynamics of the series-connected two-motor drive with a quasi six-phase machine and a two-
phase machine, current control in the stationary reference frame: torque, speed and rotor flux response (a)
and inverter phase “a ,d” currents, stator phase “a” current references and stator phase “a” voltages (b).

Current control in the rotating reference frame is considered next. Figs. 9.7a and
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9.7b show dynamic responses for the two quasi six-phase machine configuration and

quasi six-phase/two-phase machine configuration, respectively. In principal torque and

speed responses are very much the same as in Figs. 9.5a and 9.6a (and are therefore not

shown), where current control in the stationary reference frame was used. Stator phase

“a” voltage references, generated by the vector controller of each machine, are shown in
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Fig. 9.7: Two quasi six-phase motor drive (a) and quasi six-phase/two-phase motor drive (b) behaviour
using current control in the rotating reference frame.

Figs. 9.7a and 9.7b and have a familiar waveform to that of a traditional three-phase

vector controlled drive. Inverter phase “a” voltages are highly distorted as are the stator

phase ({911

currents references of the quasi six-phase machine due to the flow of x-y
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currents. As expected, the two-phase machine stator phase “a” current is sinusoidal as

this machine remains unaffected by the series-connection to the quasi six-phase
machine.

9.8 Current cancellation

The nature of the quasi six-phase series connected multi-motor drive makes it
possible for the phase current or voltage references (depending on the method of current
control) generated by individual vector controllers to cancel when summed according to
the phase transposition, in a similar manner to that shown in section 5.6 and 6.4 for
symmetrical multi-phase multi-motor drives. The two configurations of the quasi six-
phase multi-motor drive are considered in this section and it is shown both analytically
and with the aid of simulation results that the performance of the proposed

configurations is not affected by the phase current reference cancellation.
9.8.1 Two quasi six-phase machines configuration

This section considers cancellation of the phase current references in the

configuration where two quasi six-phase machines are connected in series using the

appropriate phase transposition (Fig. 9.2). In the example considered here both

machines are given a speed command of 314 rad/s (which corresponds to a stator

current frequency of 50 Hz). It is assumed that both machines are identical and

operating under identical conditions. If a speed command is applied to the second
machine (IM2) 10ms after the first machine and both machines accelerate to the
commanded speed in an identical manner, than the steady-state inverter current

references, generated according to (9.3), can be written for final steady-state as (/; = I,
=1, w1 = w7 = wy):

5
IA =0

iy = s/ill sin(w,1 —4a)—\/5[2 sin(w2t~8a)

i = s/il1 sin(w1t~8a)— ‘\[512 s'm(wzt—4a)

. 9.48
in =21, sin(w,1 -a)- 21, sin(w,! - 5a) ( )
iy =21, sin(wyt -5a)-21, sin(w,1 - a)

i =0
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Note that, in contrast to sections 5.6 and 6.4, here two inverter current references
become zero. The spatial mmf distribution in the quasi six-phase machine is given by:

F,=Ni, cos(e)

F, = Nig cos(e—4a)

F, = Ni,. cos(s -8c)

F,; = Nip cos(e—a) (049
F, = Ni, cos(s—Sa)

Fp=Nip cos(g—‘)a)

Consider current references (single-underlined terms in equation (9.48)) created by the

vector controller of machine 1. They produce in machine 1 mmfs of (9.50):

Fy =05\/—N1 (sm(w,t+8 8a +sm(w,t—£f))
F, ~05\/_NI (sm(a)lt+a 16a)+sm(a)l a)) (9.50)
F, —OSJ—NI (sm(mlt+a 2a)+sm(a)1t 8)) ‘
F,

) =O.SJ—Nll(sm(a)lt+£—10a)+sm(a)1t—s))

Therefore the total mmf produced in machine 1 by the current components belonging to

machine 1 is:

2J2NI, sin(ayt - ¢) (9.51)

Consider current references (double-underlined terms in equation (9.48)), created by the

vector controller of machine 2. These currents produce in machine 1:

F, = —0.5J2_N12 (sin(w,t +& ~12a)+sin(w,t - & -4a))
F, = —0.5\[2_N12 (sin((ozt +&-12a)+ sin(w,t ~£+4a))
F, = —0.5\/_2_N12(sin'(a)2t +&—6a)+ sin(w,t - & ~4a))
F, =—0.5V2NI,(sin(w,t +¢& —6a)+sin(w,t - £ +4a))

(9.52)

Therefore the total mmf produced in machine 1 by the current components belonging to
machine 2 is:

N21, sin{w,t - £) (9.53)

As mentioned previously both machines are identical and therefore have phase current
references of identical magnitudes and frequencies. Thus (9.51) and (9.53) sum to give

the total mmf generated in machine 1 as:
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3V2NI sin(a)st—g) (9.54)

This is what one would expect to see in a six-phase machine operating under normal
conditions. Thus the performance of the machine is not affected by the phase current
reference cancellation. In effect, the remaining stator current references generated by
the vector controller of each machine reinforce each other in the air gap and maintain
the rotating mmf normally found in quasti six-phase machines. However the currents in
the remaining phases will increase in order to deliver the required power to the machine.
The same logic can be applied to machine 2 and the same conclusion can be drawn.

A simulation is performed in order to verify that the machines will perform as
expected if inverter phase current cancellation occurs. The torque generated by the
machines is limited to 10Nm (rated value). Both machines are magnetised as in section
9.7. Next a speed command of 314 rad/s is applied to machine 1 and 0.01 seconds later
to machine 2. Torque, speed and rotor flux response (Fig. 9.8) show that the dynamic
performance of the machines is not affected and that the rotor flux remains undisturbed
by the cancellation of the inverter current references. The cancellation of the inverter
phase “a” and “f” current references can clearly be seen in Figs. 9.8d-e. Stator phase
“a” current references created by the vector controller of each machine can be seen in

Fig. 9.8f. These current references eventually sum to zero as shown in Fig 9.8d.

9.8.2  Two quasi six-phase machines alternative configuration

This section considers cancellation of the phase current references in the
configuration where two quasi six-phase machines are connected in series using the
alternative phase transposition shown in Fig. 9.3. In the example considered here both
machines are again given a speed command of 314 rad/s. The machines are identical
and operate under identical conditions. If a speed command is applied to the second
machine (IM2) 1.67ms after the first machine and both machines accelerate to the
commanded speed in an identical manner, then the steady-state inverter current

references generated according to (9.7) can be writtenas (I, =L, =1 w; = w; = Ws):

174



9. Quasi six-phase configurations

A)

[-]

FORN
Source phase "b” current

Torque (Nm)
Source phase *a" cunent (A)

phase "c"
N 0
2
-4
©
n s . L ) L n L L " U VA G -
] 0.1 0.2 03 04 05 06 07 08 09 1 0.2 03 04 0.5 0.6 07 08 08 1
Time (s) Time (s)
(@) (d)
1600 - 6
4
1400
2
1200 0 pase *8 ~
g \ g
2
w0 H :
E 3 4 Q
E ® +
§ 800 'g B @
3 g
600 I phase " P
; :
400 - .
-2
200
4
0 s s L L L s L " ) \ . L L 1 L s £
0 01 02 03 04 05 ‘.‘0.6 07 08 09 1 0 o1 02 03 04 05 06 07 08 09 1
Time (8): ¢ ¥ Time ()
(b) ©
e
Rotor fux reference

LN Lo =N W

nt reference M2 (A)

Rotor flux space vector magnitude in the machine

Stator phase "a" cumment referance IM1 (A)

o §

o
3w
18
03
]

o o -

)
0.2 0.3 04 05 0.6 0.7 08 09
Time (8}

)

¢ oY 02 03 04 05 06 07 08
Time (s)
©

®
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iy =21, sin(ayt)+ V2 1, sin(e,t — 6c)

iy = V21, sin(wyt - 4a)+ V21, sin(@yt —10c)

it = V21, sin(ayt - 8a)+ 21, sin(wyt —22)

iy = V21, sin{ayt - @)+ V21, sin(wyt - ) (:39)
i = «/511 sin(w,t - 5a)+ ﬁ]z sin(wzt - Sa)

iy = V21, sin(wyt - 9a)+ V21, sin(@,t —92)
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This can be written as:

. -~ ~.
N N e o oo

-~

i
N o O O

(9.56)
ip *J21 sin(wst—a)
;= 2%\21 sin(w, - 5a)

i =2* V21 sin(wst —9a)

-

i

-~

-

In this situation current cancellation takes place in all three phases of one of the two

three-phase windings. Close inspection of (9.56) reveals that both quasi six-phase

machines will now run as equivalent three-phase machines. Twice as much current will
flow through the remaining phases in order to develop the same torque. Simulation
results presented in Fig 9.9 show the performance of the two quasi six-phase machines
in terms of torque, speed and rotor flux response. The response is identical to those one
would see under normal operating conditions. Figs. 9.9e-f show the inverter current

references generated by the summation given in (9.7), where it can be seen that phase “a

to “c” source currents become zero in steady-state.

9.8.3 Quasi six-phase/two-phase configuration

This section considers the response of the configuration consisting of a quasi six-

phase machine and a two-phase machine (Fig. 9.4) when inverter phase “a” current
reference becomes zero. It is assumed that both machines have steady-state reference
currents of exactly the same frequency while I, = 3I;. If both machines are given a

speed command of 314 rad/s with 0.01 seconds between speed command application,

then inverter current references are given by: (I, =1 I, = 31}, w; = @3 = wy):

iy=0

iy = 21 sin(cof —4a)- 21 sin(ayt)

i = V21 sin(eat -8a)- V21 sin(a}zt)

. . . (9.57)
ip= V21 sin(ayf - ) V21 sin(aw,t - 3a)

i = V21 sin(ayf — Sa)- V21 sin(e,f — 3a)

iy = 21 sin(wy -9a) - 21 sin(wyt - 3ar)
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F, =O.SﬁNI(sin(wlt+g—8a)+sin(w,t-—8))

Fp =0.5«/5NI(Sin(60,t+g—~l6a)+sin(a)lt—e))

F, =0.5vV2Ni(sin{ayt + £ ~ 2a)+ sin(w;? — €)) (9.58)
F, =0.5v2NI(sin{@! + & ~10a )+ sin{w,t - £))

F,= O.S\ENI(sin(w]t +& —18a)+ sin(a)lt - e))

Therefore the total mmf produced in machine 1 by the current components belonging to

machine 1 is:

2.5v2 NI sin(ayt —£)—0.5NI sin(at + &) (9.59)

Consider cutrent references (double-underlined terms in equation 9.57) created by the

vector controller of machine 2. These currents cause in machine 1:

F, = —O.5J§N1(sin(w2t +&~4a)+sin{w,! - £ +4a))

F, = —O.SﬁNl(sin(w2t +&—8a)+sin(w,! - £ +8a))

F, =—0.5V2NI(sin(w,t + & — 4a)+sin{w,t — £ + 2a)) (9.60)
F, = —O.SﬁNI(sin(a)zt +&-8a)+sin(w,t — £+ 2a))

F, =-0.5V2NI(sin(w,t + &~ 12a) +sin(wy1 - & +6))

Therefore the total mmf produced in machine 1 by the current components belonging to
machine 2 is:

0.5v2 NI sin(@,? — £)+0.5 NI sin(@,t +¢) 9.61)
Equations (9.59) and (9.61) sum to give the total mmf generated in machine 1 as:

32 NI sin(w, 1 - £) (9.62)

Thus the required revolving field is maintained in the quasi six-phase machine, because
the phase currents of two machines create rotating fields which reinforce each other in

the air gap of the quasi six-phase machine. The two-phase machine is supplied in this
case with:

by =321 sin(a, ) o
ivy =3\2Isin(w,f - 3a) (9.63)

Thus the two-phase machine will also operate as normal.
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9.9 Summary

This chapter has considered the situation when a quasi six-phase machine is
utilised in the series connected multi-phase multi-machine drive. It has been shown that
the quasi six-phase machine configuration enables independent control of two quasi six-
phase machines connected in series or series-connection of a quasi six-phase machine
and a two-phase machine. Two possible configurations exist for the case when two
quasi six-phase machines are connected in series. The first configuration involves
interfacing of “a”, “b”, “c” three-phase windings of the two machines and interfacing of
“d”, “e”, “f” three phase windings, whereas the alternative configuration involves
connection of “a”, “b”, “c” windings of one machine with “d”, “e”, “f” windings of the
other machine. In both configurations the two star points are isolated. This contrasts
with quasi six-phase/two-phase configuration where there is a single star point and the
neutral conductor has to be utilised.

Simulation studies are presented for the two quasi six-phase machine
configuration and the quasi six-phase/two-phase configuration with current control
performed in the stationary reference frame and the rotating reference frame. Inverter
current reference cancellation is considered and it is shown both by simulation and

analytically that the performance of is not affected in terms of speed, torque, and flux
response.
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10. Experimental investigation

CHAPTER 10

EXPERIMENTAL INVESTIGATION
10.1 Introduction

This chapter contains an extract of the experiments conducted within the research
project. The chapter begins with a description of a laboratory rig designed on the basis
of four commercially available three-phase inverters. The mains inputs of the diode
bridge rectifiers and the DC links are paralleled and the rig can therefore be used for any
supply phase numbers from five to twelve. For the purposes of the work undertaken in
this chapter two three-phase inverters are configured as a six-phase supply.

An experimental investigation into the dynamic performance of a symmetrical
six-phase induction machine under rotor flux oriented control is undertaken at first.
Acceleration, deceleration and reversing performance of the drive is investigated and
the corresponding results are presented. Behaviour of the drive for application of step
loading and un-loading is also tested.

Once testing of the single six-phase machine is completed, performance of a six-
phase two-motor drive consisting of the same six-phase induction machine and a three-
phase induction machine connected in series is investigated experimentally.
Acceleration, deceleration and reversing performance of each motor is investigated,
while the other motor is held at a constant speed. Disturbance rejection capability
during step loading and un-loading is also tested. These experiments are done in order
to prove the existence of completely decoupled control between the two machines. The
six-phase machine is operated under similar conditions in both the single motor drive
and two-motor drive experiments. This enables a comparison to be made between its

performance as a single drive and as part of the two-motor drive.

Next, a two-motor drive, comprising a symmetrical six-phase induction machine
and a three-phase PMSM, connected in series, is experimentally investigated in order to
prove that the concept is independent of the type of AC machine employed.

Finally, steady-state current waveforms and spectra are presented for the single

six-phase motor drive. In order to allow a comparison, steady-state voltage and current
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10. Experimental investigation

waveforms, along with their corresponding spectra, are also presented for the two-motor
drive, consisting of two induction machines. Various results presented in this chapter

can be found in Jones et al (2004a), Jones et al (2004¢), and Levi et al (2004d).

10.2 Description of the experimental rig

A six-phase inverter is constructed using two commercially available industrial,
MOOG DS2000, drives as shown schematically in Fig. 10.1. The two drives are a part
of the twelve-phase rig, obtained by using four three-phase inverters (Fig. 10.2). Only
the left-hand half of the complete power electronic system of Fig. 10.2 is used for the
work described in this chapter. Each drive comprises a 6-pack IGBT bridge (three-
phase inverter) and 3-phase diode rectifier with its own DC link circuit. The power
connections of the DC-bus (‘+AT’ for the positive rail and ‘-AT’ for the negative rail)
are connected so that the DC-links of the inverters are in parallel. This results in an
inverter with a total of 12 IGBT power switches and six output phases. The first three-
phase inverter supplies phases A, C and E, while the second inverter supplies phases B,
D and F. Each DS2000 has an internal dynamic braking IGBT and control circuit,
which allows the excessive DC voltage that occurs during braking to be suppressed by
an external braking resistor.

The purpose of the six-phase inverter is to control the phase currents and it
behaves as a current source. The current-controlled VSI operates at 10 kHz switching
frequency. Each inverter phase has a dedicated HALL-effect sensor (LEM) for
measuring the output phase current. For this purpose, an additional LEM sensor has
been added to each DS2000 drive (the reason is that a standard DS2000 drive is aimed
for a three-phase servomotor and is therefore equipped with only two current sensors).
Hence all the six phase currents are measured and made controllable. The measured
inverter currents are sampled in such a way as to filter out the PWM current ripple. A
total of 2" equidistant samples of the current are taken and averaged in each switching
period. By doing so, the over-sampled values are FIR filtered. Each inverter has its own

DSP (TM320F240), which performs closed loop current control in the stationary

reference frame. Current control is performed using digital form of the ramp

comparison PWM, with PI controllers in the most basic form [Brod and Novotny
(1985)]. The structure of the current controller used in the first three-phase inverter is

shown in Fig. 10.3. If current control is performed in the manner shown in figure 10.3,
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the current error cannot be driven to zero. Not even the integral action within the
controller can achieve this goal as the reference phase currents are exhibiting sinusoidal
changes even in steady-state. This results in steady-state amplitude and phase errors,
which vary as function of the operating frequency [Nagase et al (1984)]. Hence the
problem of deviation of the actual motor phase current with respect to its reference will
be experienced at higher operating frequencies [Brod and Novotny (1985)]. Several
solutions to this problem have been put forward in the literature. These include varying

the gain of the current controller in proportion to the fundamental frequency [Nagase et.

R Inverter phase current references generated by PC
Interface c 1 ;
FPGA board it L
: : A B Encoder signals (shaft position of 3 ‘a
D [ eachmotor) and measured inverter = w4
currents from DAC's of both B *a
C inverters. - -

i

Resolver signals from IM1 and IM2

sent to inverter 1 and 2 respectively. ki

ns and measured inverter phase C D

E, and F currents

Inverter phase current references

’Angular shaft positio

Phase transposition and connection of three-phase
k ] machine (IM2) according to Fig. 4.4.

A program written in C enables the user to enter the
speed references, it performs indirect vector control
(speed mode) and creation of inverter current
references. The PC stores the g-axis current
references, the angular positions of the shafts, the
motor speeds and the measured inverter currents
sent to the PC via the interface board.

Fig. 10.1: Six-phase experimental rig.
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Fig. 10.2: Experimental 12-phase rig, capable of driving up to four series-connected motors in sensored
mode (up to five if at least one machine operates in speed sensorless mode).

al (1984)], performing current control in the rotating reference frame [Schauder and
Caddy (1982)] and an equivalent synchronous current controller in the stationary
reference frame [Rowan and Kerkman (1986)]. However, such modifications of the
current controllers are beyond the scope of this research. The main program, which
performs indirect rotor flux oriented vector control, closed loop speed control and
current mixing algorithms, is written in C programming language and runs on a PC. It
is necessary to provide the C-program with the motor shaft positions, and to send the
current references to the DS2000 drives in analogue form. For this purpose a dedicated
interface board, namely, the LPT1 board is used to interface the PC with the drives.
The board is based on Xilinx Spartan-family FPGA (field programmable gate array)
device and is programmed using VHDL (very high speed integrated circuit hardware
description language) in the Xilinx foundation 3.1 design tool.  The board
communicates with the PC through the parallel port. The LPT1 board sends over a set
of wires analogue signals, representing the analogue current references for each phase to

the DS2000 drives. The analogue current references are obtained from nine D/A

converters, mounted on the LPT1 board.

Each motor is equipped with a shaft position sensor (resolver). The resolver
signals are sent to the DS2000 drives, where the DSPs perform the necessary signal
processing. At the output of each DS2000 drive, simulated encoder pulses are
generated. These signals are sent to the LPT1 interface board, where a FPGA circuit
counts the encoder pulses and generates the motor shaft position in a digital form. The
PC reads the shaft position and provides the necessary control actions. The LPT1 board
has a total of four A/D inputs, which are used for data acquisition. Every 220ps four

analogue inputs are sampled. These A/D inputs are used to record the measured
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inverter phase currents, C, D, E and F and send them to the PC through the parallel port,
where they are stored along with the rotor speeds, g-axis current references and d-q
transformation angles.

At the end of each experimental run the data stored on the PC is processed using a
Matlab m-file. This allows plotting of inverter current references, motor current

references, actual inverter currents (phases B, C, E, F), g-axis current references and

motor speeds.
10.3 Details of the motors used in the experiments

The symmetrical six-phase motor with 60 degrees spatial displacement between

any two consecutive phases was obtained by rewinding a commercially available three-

phase induction machine (Sever 1ZK100-8). The original three-phase induction

machine was 8-pole, 0.75 kW, 50 Hz, 220 V (phase to neutral) with a rated speed of 675
rpm. The six-phase induction machine is 6-pole, 1.1 kW, 50 Hz, 110 V (phase to
neutral) with a rated speed of 900 rpm. Details of the six-phase winding can be found
in Appendix B. The three-phase induction machine used in the experiments is a
commercially available servo-motor MOOG FAS Y-090-V-030, which is 4-pole, 1 kW,

100 Hz, 187 V (phase to neutral) with the rated synchronous speed of 3000 rpm when
used with a 8/22 DS2000 drive.

| DS2000
VWY (¥ ) £«
10 kHz \If Voltage L T % Apﬂ:“m;néeéer
commands i es A, L, &,
—(T X ¢ - Pl Y c 2 £ cunent references
i © from interface FPGA
ud + i | S board.
Y Pl 3y
IGBT ia i g
1| Drivers
‘ A/D converters l
g
£ A A :
- @ Y Ya
2 AAL
o - e
% 3 u Phases of the six-
phase motor

Fig. 10.3: Current controller structure, for the first three-phase inverter.
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The three-phase PMSM used in the experiments is a commercially available
MOOG servo-motor FAE N7-V4-030, which is 6-pole, 1.1 kW, 150Hz, 216 V (phase to
neutral) with the rated speed of 3000 rpm. Detailed data for both three-phase machines
can be found in Appendix A. A permanent magnet DC motor is used as a DC
generator, in order to provide a load to the machine under investigation. The DC motor
is rated at 1.5 kW when the form factor is 1.05 and the maximum armature current is 9
A. Tt is rated at 1.1 kW when the form factor is 1.4 and the maximum armature current
is 7 A. The rated armature DC voltage of the motor is 180V, and the rated speed is
1800 rpm. A resistor bank is connected to the armature terminals of the DC motor for

loading purpose. The load resistance is set depending on the operating speed of the
driving motor.

10.4 Transient performance of a symmetrical six-phase induction motor

A series of experimental tests are performed in order to examine the dynamic
performance of the true six-phase induction motor operating under indirect rotor flux
oriented control. The drive is operated in the base speed region (constant flux) with
constant stator d-axis current reference. The six-phase motor is fitted with a resolver
and operates in sensored mode. The results of the experimental study are illustrated for
all transients by displaying the speed response, stator g-axis current reference, actual

current and reference current for one inverter (stator) phase. A step speed command is

initiated in all cases. The six-phase machine is coupled to a DC machine, thus

providing an increased inertia. It operates under no-load conditions except for loading
and unloading tests.

Acceleration transients, starting from standstill, are shown in Figs. 10.4a and
10.4b. The speed command is SO0 rpm and 600 rpm respectively. Typical behaviour of
a vector controlled induction machine is observed, with rapid stator g-axis current
reference build up corresponding to almost instantaneous torque build up. Speed
response is therefore the fastest possible for the given current limit. Stator phase current
reference and measured current are in excellent agreement and closely correspond one
to the other in final steady-state.

The second test is a deceleration transient illustrated in Figs 10.4c and 10.4d. The

machine is decelerated from -800 rpm (40Hz) and -500 rpm, respectively, down to zero
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speed. The same quality of performance as for the acceleration transient is obtained.
However, at -800 rpm there is some discrepancy between the inverter current reference
and the actual current. This is a consequence of the applied simplest method of digital
ramp comparison current control [Brod and Novotny (1985)].

Next, reversing performance of the drive is investigated. Transition from -300
rpm to 300 rpm is illustrated in Fig. 10.5a, while Fig. 10.5b shows speed reversal from
500 rpm to -500 rpm. Prolonged operation in the stator current limit results in both
cases, leading to rapid change of direction of rotation. Measured phase current and
reference phase current are in excellent agreement. It is important to note that the actual
current in all steady-states at non-zero frequency contains essentially only the
fundamental harmonic (PWM ripple is filtered out using FIR filters). Low order
harmonics practically do not appear in the actual current. Therefore, problems caused
by low order harmonics of the order 6nxl (n = 1, 3 5...), reported in Gopakumar et al
(1993) and Mohapatra et al (2003), are successfully eliminated by the current control
method applied here. Finally, the drive behaviour during step loading and step
unloading is illustrated in Figs 10.5c and 10.5d respectively. Fig. 10.5c applies to step
loading (40% of the rated) at 300 rpm, while step unloading (51% of the rated) in Fig.
10.5d takes place at SO0 rpm. It can be seen that the drive disturbance rejection
capability is excellent and commensurate with expected performance of a vector
controlled drive.

Presented experimental results indicate existence of a certain ripple in the stator g-
axis current (caused by slight fluctuation of the rotor speed), in addition to the
measurement noise, observable at medium and higher speeds of rotation. It has been
established by an experiment that the six-phase machine used in this work is
characterised with a certain level of asymmetry between phases. The two neutral points
were disconnected and the two three-phase windings (as, cs, es and ds, fs, bs) were
supplied with the same set of three-phase currents. In an ideal symmetrical six-phase
machine this would produce zero net air-gap flux and zero torque and the machine
would stay at standstill. However, the machine did rotate, indicating the existence of
some parasitic torque caused by a certain level of asymmetry between the phases. This

is believed to be the cause of the ripples, which can be eliminated by a better machine
design.
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10. Experimental investigation

10.5 Experimental investigation of a series-connected two-motor six-
phase drive system dynamics

Various experimental tests are performed in order to prove the existence of
decoupled dynamic control in the six-phase series-connected two-motor drive, described
in section 6.2. The drive incorporates the six-phase motor described in section 10.3 and
used in the previous investigations, and a three-phase induction machine, described in
section 10.3. Both machines are equipped with resolvers and operate in speed-sensored

mode. Operation in the base speed region only is considered and the stator d-axis

current references of both machines are constant at all times. Additional inertia is

mounted on the six-phase motor shaft (Fig. 10.6). Both machines are running under no-
load conditions, except for the loading transients, when they are coupled to the
permanent magnet DC machine. The C-code running on the PC performs closed loop
speed control and indirect rotor flux oriented control according to Fig. 3.1, in parallel
for the two machines. Individual stator current references of the two machines are
calculated according to (6.3) and summed according to (6.4) to form inverter phase
current references.

The approach adopted in the experimental investigation is the following. Both
machines are excited and brought to a certain steady-state operating speed. A speed

transient is then initiated for one of the two machines, while the speed reference of the

Fig. 10.6: Experimental rig: six-phase induction motor (front) and three-phase induction motor (back).
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10. Experimental investigation

other remains constant. If the control is truly decoupled, operating speed of the machine
running at constant speed should not change when a transient is initiated for the other
machine. However, due to the fast action of the speed controller, some small variation
of the speed could be unobservable. The ultimate proof of the truly decoupled control is
therefore the absence of variation in the stator q-axis current command of the machine
running at constant speed, since this indicates absence of any speed error at the input of
the speed controller. Experimentally obtained traces include in all cases speeds, stator
g-axis current references, stator phase current references (one phase only) for both
machines, as well as the measured and reference current for one inverter phase. Some

experimental results from this section can be found in Levi et al (2004d) and Jones et al
(2004¢).

10.5.1 Six-phase motor transients

At first, acceleration transients of the six-phase machine are investigated. The
three-phase machine runs at 800 rpm and the six-phase motor is accelerated from O rpm
to 500 rpm. Next, the three-phase machine runs at 600 rpm and the six-phase machine
accelerates from 0 rpm to 800 rpm. Deceleration performance of the six-phase machine
is considered next. The three-phase machine runs at 1200 rpm, while the six-phase
machine is decelerated from -500 rpm to O rpm. The second deceleration test involves
the three-phase motor held at 600 rpm and the six-phase motor decelerated from -800
rpm to O rpm. The results of the four tests are shown in Figs. 10.7a, 10.7b, 10.8a and
10.8b, respectively. As can be seen from the traces of the stator g-axis current
references, initiation of the acceleration transient for the six-phase machine does not
impact on dynamics of the three-phase machine at all. This is confirmed with the
corresponding speed traces as well. Stator phase current references for the three-phase
machine do not change either. Inverter current references, being determined with (6.5),
are complex functions, which contain two sinusoidal components of two different
frequencies in any steady-state. As is evident from Figs 10.7a and 10.8a reference and
measured inverter currents are in very good agreement. However, at the higher speed of
800 rpm (Figs. 10.7b and 10.8b) there is some discrepancy, due to the current control

method used.

The next two tests, illustrated in Figs. 10.9a and 10.9b, involve reversing
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10. Experimental investigation

transients. Initially the three-phase machine is kept at standstill while the six-phase
machine is reversed from -300 rpm to 300 rpm (Fig.10.9a). Next, the three-phase
machine is kept again at O rpm while the six-phase machine is reversed from 500 rpm to
-500 rpm (Fig. 10.9b). Figs. 10.9a to 10.9b show that initiation of the reversing
transient for the six-phase machine has very little impact on the three-phase machine
since stator g-axis current remains basically unchanged. Further proof can be seen in
Figs 10.9a and 10.9b, where phase current references of the three-phase motor do not
change. Measured inverter phase currents and inverter phase current references are in
good agreement and show that current control performs well at these speeds.

Finally, step loading (40% of the rated torque) and unloading (51% of the rated
torque) of the six-phase machine are illustrated in Figs 10.10a and 10.10b, respectively.
Step loading takes place with the six-phase motor operating at 300 rpm, while the three-
phase machine is held at 600 rpm. Step unloading takes place with the six-phase
machine operating at 500 rpm and the three-phase motor at 800 rpm. As can be seen in
Fig.10.10a, the three-phase machine is undisturbed during the loading transient, while
the six-phase machine’s speed recovers to the reference speed in a very short time
interval with a very small dip, due to the rapid build-up of the stator g-axis current
reference. Similar conclusions can be drawn from the unloading transient (Fig. 10.10b).
Phase current references of the two machines and the inverter and measured current are
included again and these confirm the undisturbed operation of the three-phase machine.
All the six-phase motor transients were chosen to be the same as those used in the single
six-phase motor investigation (section 10.4), with the exception of the acceleration
transient O rpm to 800 rpm (Fig. 10.7b). This approach enables a comparison of the

performance of the six-phase motor when operated as a single drive with its

performance in a two-motor drive. In each case the g-axis current and the speed

responses of the six-phase motor correspond very closely, during both transients and
steady-state. Some ripple in speed and stator g-axis current reference observable in
Figs. 10.7 to 10.10, is essentially the consequence of the imperfections of the six-phase
machine (as explained in section 10.4) and is not a consequence of the control coupling
within the two-motor drive system. This proves that the dynamic and steady-state

performance of the six-phase motor is basically not affected by its connection to the
three-phase motor.
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10.5.2 Three-phase motor transients

In this section dynamic performance of the three-phase induction machine is
investigated. Acceleration transient is considered first. The six-phase machine is held
at -500 rpm, while the three-phase motor is accelerated from 0 rpm to 300 rpm. Next,
the six-phase motor is held at -500 rpm, while the three-phase motor is accelerated from
0 rpm to 1200 rpm. Deceleration of the three-phase machine is investigated by holding
the six-phase machine at 500 rpm, while the three-phase motor is decelerated from 300
rpm to standstill and from 1200 rpm to standstill. The results of these four tests are
illustrated in Figs. 10.11a, 10.11b, 10.12a and 10.12b, respectively. The results show
that initiation of a speed transient for the three-phase motor has no impact on the

behaviour of the six-phase motor, since neither the speed nor the stator g-axis current

reference change. This is further confirmed by inspection of the phase current

references of the six-phase machine, which do not exhibit any change whatsoever

during the transient of the three-phase machine. Measured and reference inverter

current are in very good agreement.

The next two tests, illustrated in Figs. 10.13a and 10.13b, investigate reversing
transients. Initially the six-phase machine speed is maintained at a constant -600 rpm,
while the three-phase machine is reversed from -300 rpm to 300 rpm (Fig. 10.13a).
During the next test, the six-phase machine is held at O rpm while the three-phase
machine is reversed from 600 rpm to -600 rpm (Fig. 10.13b). The same conclusions
can be made here as in the acceleration/deceleration tests.

Step load application to the three-phase machine, which runs at 600 rpm while the six-
phase machine runs at 400 rpm, is illustrated in Fig. 10.14a. The applied load is app.
53% of the rated three-phase motor torque. Step load removal is illustrated in Fig.
10.14b and takes place with the three-phase machine operating at 800 rpm and the six-
phase motor running at 600 rpm. The load removed from the three-phase machine is
51% of the rated value. It can be seen that loading and unloading of the three-phase
motor does not affect the speed and g-axis current reference of the six-phase motor.
Upon application of the load the speed of the three-phase machine dips and then quickly
recovers to the reference speed. Likewise upon removal of the load the three-phase
motor speed overshoots the reference speed, but quickly recovers in a very short time
interval. Phase current reference of the two motors confirms decoupled control. Once

again, inverter current references and measured inverter currents match very well.
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10.6 Experimental investigation of dynamics of a two-motor drive, using

a three-phase permanent magnet synchronous machine

The possibility of using different types of AC machines in the multi-phase multi-
machine drive has been discussed in chapter 7 and Jones et al (2004). A seven-phase
three-motor configuration, comprising an induction machine, a PMSM and a Syn-Rel
machine, has been considered. It was concluded that the construction of the rotor is of
no importance as long as the multi-phase stator windings are sinusoidally distributed.
An experimental investigation is performed in this section in order to further
corroborate this conclusion. A six-phase two-motor rig is constructed, which consists
of the six-phase induction machine used in the previous experiments and the PMSM
described in section 10.3. C-code, performs speed control and indirect rotor flux
oriented control for the six-phase IM and the three-phase PMSM according to Figs. 3.1
and 7.1, respectively. The stator d-axis current is held at zero for the PMSM as the
machine will only be operated in the base speed region. Control of the six-phase motor
is performed in an identical manner as in the previous experiments.

The approach adopted in the experimental investigation is the same as that
described in section 10.5. Both machines are initially brought to a certain steady-state
operating speed. A speed transient is then initiated for one of the two machines, while
the speed reference of the other remains constant. Both machines operate under no-load
conditions unless otherwise stated. Additional inertia is mounted on the PMSM. The

six-phase machine is coupled to a DC machine, thus providing an increased inertia (Fig.
10.15).

Fig. 10.15: Experimental rig: six-phase induction motor coupled to a DC generator (front) and three-
phase PMSM (back).
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10.6.1 Experimental results

The first set of experiments involves acceleration transients of the two machines.
The PMSM is accelerated from standstill to 800 rpm, while the six-phase motor is held
at 500 rpm. Next, the six-phase machine is accelerated from standstill to 600 rpm,
while the PMSM is held at 300 rpm. The second set of experiments consists of
deceleration transients. The PMSM is decelerated from 900 rpm to 0 rpm, with the six-
phase motor running at a constant 500 rpm. Next, the PMSM is held at 600 rpm, while
the six-phase motor decelerates to O rpm from 500 rpm. Experimental results are shown
in Figs. 10.16a, 10.16b, 10.17a and 10.17b, respectively. These include stator g-axis
current reference of both machines, measured speed response of both machines,
inverter current references and actual inverter currents for one of the six phases as well
as individual phase current references of the two machines. The results show that
neither machine is affected by the application of a speed command to the other motor.
This is evident from the speed response and the g-axis current reference of the six-phase
motor, which does not change when a speed command is applied to the PMSM. There
is a very small change in the stator g-axis current reference of the PMSM when a speed
command is applied to the six-phase motor. This is believed to be due to incomplete
six-phase motor current cancellation at the point of connection to the PMSM (as
discussed in section 10.7). This phenomenon is also visible in the phase current
references of the PMSM.  In all the cases under consideration inverter phase references
and measured inverter currents are in good agreement. Steady-state phase current
references of the six-phase machine closely match measured inverter phase currents.
This is so since the PMSM operates under no-load conditions and requires no
magnetising current (Ids* = 0), thus the steady-state phase currents of the machine are
very small.

The next two tests illustrate reversing transients. Transition from —300 rpm to 300
rpm is illustrated in Fig. 10.18a for the PMSM, while the six-phase machine is held at
600 rpm. Speed reversal of the six-phase machine is shown in Fig. 10.18b, where the
six-phase machine is reversed from ~500 rpm to 500 rpm, while the three-phase
machine is kept at standstill. The same observations as made for the previous tests
apply, thus proving that fully decoupled control is maintained during reversal of each

machine.

The last two tests involve step loading and unloading of the six-phase motor.
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Loading (54% of the rated torque) takes place at 600 rpm, with the PMSM held at 500
rpm and is illustrated in Fig. 10.19a. Unloading (51% of the rated torque) takes place at
500 rpm, while the PMSM runs at 800 rpm and is shown in Fig. 10.19b. As can be seen
in 10.19a the three-phase machine is undisturbed during loading transient, while the six-
phase machine’s speed recovers to the reference speed in a very short time interval with
a very small dip, due to the rapid build-up of the stator g-axis current reference. Similar
conclusions can be drawn from the unloading transient (Fig. 10.19b). Phase current
references of the two machines and the inverter reference and measured current are

included again. These also confirm the undisturbed operation of the three-phase
machine.

10.7 Experimental investigation of steady-state operation

This section considers the steady-state performance of the single six-phase motor

drive discussed in section 10.4 and the six-phase two-motor drive discussed in section

10.5. Steady-state stator current measurements are made for both configurations and the

resulting current waveforms and spectra are presented. Additionally steady-state

voltage measurements are also made and recorded for the two-motor six-phase drive.
The resulting voltage waveforms and spectra are presented. Operating conditions are
chosen to coincide with some of those considered in sections 10.4 and 10.5 respectively.

The motor phase current is recorded using the Tektronic AM6203 Hall-effect
probe and Tektronic AMS03 amplifier. This system can accurately record currents of
up to 20A with frequencies form OHz to 20MHz. The amplifier is connected to an
oscilloscope to which it provides analogue signals of up to +50mV. The Hewlett-
Packard HP3566SA dynamic signal analyser is used for recording the current
waveforms and/or spectra.

For recording the PWM voltages a potential divider is used in conjunction with
oscilloscope probes with attenuation of 10. Additionally, a low-pass filter is included in
order to eliminate the high-frequency components (PWM ripple). Line voltage is
recorded by connecting two oscilloscope probes to two attenuated and filtered phase

voltage signals. The two signals are recorded by the HP35665A analyser and

consequently processed, in order to obtain the voltage waveform and spectra.
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10.7.1 Steady-state performance of symmetrical six-phase induction machine

In this section steady-state current measurements are undertaken for the single six-
phase motor drive. The machine runs under no-load conditions and the stator d-axis
current reference setting is 1.5A rms. Time domain current waveforms and spectra are
presented for various operating speeds.

Time domain current waveforms and associated low frequency parts of the spectra
are displayed in Figs. 10.20a to 10.20c for operation at 15Hz, 25Hz and 40Hz,
respectively. As can be seen from Figs. 10.20a-b, low order current harmonics are
practically non-existent at low to medium operating frequencies, confirming the ability
of the adopted current control scheme to eliminate unwanted x-y and zero sequence
harmonics. Some lower order harmonics can be observed at higher operating
frequencies (Fig. 10.20c). However, these are of negligibly small amplitudes. It should

be noted that the fundamental current component at 15Hz and 25Hz closely corresponds

to the stator d-axis current reference of 1.5A rms, while at 40Hz it is slightly higher due

to the ramp-comparison current control method used.

10.7.2 Steady-state performance of a two-motor six-phase drive

An experimental investigation into the steady-state performance of a two-motor
six-phase drive is undertaken in order to further prove that each motor is operating
independently. Steady-state phase current measurements are taken at the point of
connection to the six-phase motor (inverter phase currents) and the three-phase motor
using the already mentioned equipment. Line to line voltage at the inverter input (A to
C) and at the three-phase motor terminals (a to b) is measured as well. Initially the six-
phase machine operates at 500 rpm (25Hz), while the three-phase machine runs at 1200
rpm (40Hz). Next, the six-phase machine operates at 800 rpm (40 Hz), while the three-
phase machine runs at 600 rpm (20Hz). Resulting current waveforms and spectra are
illustrated in Figs. 10.21a and 10.21b, respectively. The stator current of the six-phase
motor (inverter current) is essentially a sum of two sinusoidal components at two
frequencies, as can be clearly seen from the spectrum of the current. The fundamental

six-phase motor current component at 25Hz closely corresponds to the stator d-axis

e
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current reference of 1.5A rms, while at 40Hz it is slightly higher. In both tests the
three-phase motor current spectrum shows that the component at the three-phase
motor’s operating frequency is close to twice the value of the harmonic at the same
frequency in the inverter current, as it should be according to the presented theory. It
should be noted that there is a small harmonic component at the operating frequency of

the six-phase motor, which according to the theory, should not exist at all in the three-
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phase motor current. This means that the cancellation of the flux/torque producing
currents of the six-phase machine is not ideal at the point of connection with the three-
phase machine. This phenomenon is believed to be associated with some asymmetry
between the two three-phase inverters. The unwanted harmonic was found to be of a
more or less constant rms value (between 0.2 and 0.3 A) regardless of the operating
frequency of the six-phase motor. The cause of existence of this current harmonic is left
here unresolved and it represents one of the directions for further work.

Voltage waveforms and spectra recorded under the same conditions can be seen in
Figs 10.22a and 10.22b. It is clear that the inverter voltage spectrum contains two
components, one at the operating frequency of the six-phase machine and another at the
operating frequency of the three-phase machine. Three-phase motor voltages clearly
show the component at the operating frequency of the three-phase machine, which is
very close to the value recorded at the inverter side. Once again, there is a small
negligible harmonic component at the operating frequency of the six-phase motor.
There is also a voltage component at SOHz present in all the voltage results. This is

believed to be a consequence of the measuring method, as no such component can be
seen in the current spectra.

10.8 Summary

An experimental laboratory rig has been described in this chapter. The rig is
capable of supplying up to twelve phases. The rig is constructed of four commercially
available MOOG DS2000 three-phase VSIs. For the purpose of the work carried out
during this research one half of the rig was configured as a six-phase supply. This
enables an experimental investigation of the performance of a symmetrical six-phase
induction machine under indirect rotor flux oriented control, as well as experimentation

on the series-connected two-motor drive systems.

Experiments are at first performed in order to determine both the transient and

steady-state performance of the six-phase motor. These include acceleration,

deceleration, reversing and step loading/unloading transients. Excellent dynamics,
commensurate with vector control algorithm, are demonstrated, thus proving that the

method of achieving rotor flux oriented control described in chapter 4 is indeed valid.
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Hence an indirect vector control algorithm can be applied to achieve independent
rotor flux and torque control in the same manner as it is done for a three-phase machine.
It is shown that unwanted harmonics, which can flow in x-y circuits, can be easily
suppressed by implementing current control exercised upon phase currents. It is shown
as well that a certain ripple, in addition to measurement noise appears in both stator q-
axis current reference and speed response. The existence of these ripples is assigned to
imperfections in the machine design, which lead to some level of asymmetry between
two three-phase windings. This is regarded as important, since by and large the ripples
observed later on in the studies of two-motor drives in six-phase machine variables are
very much the same and are therefore not a consequence of the coupling of control of
the two machines.

The chapter continues on to consider dynamics of the six-phase two-motor drive
consisting of a six-phase induction motor and a three-phase induction motor connected
in series. Performance of each machine is investigated experimentally with the other
machine running at constant speed in order to determine if decoupled control has been
achieved in accordance with the presented theory. Presentation of acceleration,
deceleration, reversing and loading/unloading transients clearly shows that both
machines operate independent of the other and that high performance control of each
motor is achieved.

Next, the three-phase induction motor is replaced with a three-phase PMSM in

order to prove that the multi-phase multi-motor concept is independent of the type of

AC machine employed. Once again the transient performance of the drive is

experimentally evaluated in the same manner as previously mentioned. It is shown that
decoupled control of two machines is achieved.

Finally, steady-state performance is examined experimentally. The resulting
current waveforms and spectra for a single six-phase induction motor drive demonstrate

that unwanted harmonics are suppressed by the current control method employed.
Presentation of steady-state currents and voltages of the six-phase two-motor drive
shows two components at two different frequencies, corresponding to the two operating
frequencies of the two machines. This is found to be in complete agreement with the

presented theory, except for the presence of a small harmonic in the three-phase motor

current at the operating frequency of the six-phase machine.
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CHAPTER 11

CONCLUSION

11.1 Summary and conclusions

This research project develops a novel concept for a multi-machine drive system,
which allows independent control of a set of AC machines supplied from a single
current-controlled voltage source inverter. In order to achieve independent control of
individual AC machines it is necessary to construct the multi-machine drive using
multi-phase machines. Mathematical modelling of multi-phase machines using the
general theory of electrical machines and assuming sinusoidal mmf distribution, is
undertaken and it is shown that there are only two components (d-q) for stator and rotor
which contribute to the torque developed by the machine (stator/rotor coupling) and [(n
- 3)/2] pairs (odd phase number machine) or [(n-4)/2] pairs (even phase number
machine) of components (x-y) which do not. Since only one pair of stator d-q current
components is needed for the flux and torque control in one machine, there is a
possibility of using the existing degrees of freedom (x-y components) for control of
other machines that would be connected in series with the first machine. Therefore, if
the supply has an odd number of phases it is possible to connect at most the stator
windings of (n - 1)/2 machines in series and independently control each machine.
Whereas, if the supply has an even number of phases it is possible to connect at most (n
- 2)/2 machines in series and control them independently.

In order to enable independent control of each multi-phase motor within the multi-
motor drive, series connection needs to be done in such a way that what one motor sees
as the d-q axis stator current components the other motors see as Xx-y current
components, and vice versa. This is achieved by introducing a phase transposition
between the stator connections of the motors within the multi-motor drive. The
necessary phase transposition between the stator windings of the machines 1is
established by analysing the properties of the transformation matrix, allowing the so-

called connectivity matrix and a corresponding connection diagram to be formed for an
arbitrary supply phase number.
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The major advantage of the series-connected multi-phase multi-machine drive
over the more traditional three-phase system (with individual three-phase VSIs
paralleled to the same DC link) is that the overall number of inverter legs is reduced.
For example, in the five-phase case it is possible to connect two five-phase machines in
series, requiring a total of five inverter legs. This represents a saving of one inverter leg
over the traditional three-phase two-motor configuration. Higher the number of phases
is, larger the reduction in the number of inverter legs is. A reduction in the number of
inverter legs translates into a reduction in the protection and firing circuit components.
It is expected that this will in turn lead to improved reliability and reduced inverter
costs. Multi-machine drives comprising an inverter with an even number of phases do
not offer savings in the number of inverter legs unless the phase number is greater than
or equal to eight.

The number of connectable machines and the phase number of individual
machines within the multi-motor drive are dependent upon the properties of the supply

phase number. For both odd and even supply numbers there are three possible

situations that may arise. These are detailed in Chapter 4. Of particular interest are the
configurations that arise when the supply has an even phase number. In all such cases
the multi-machine drive comprises machines with different phase numbers. Only
supply phase numbers that allow the maximum number of connectable machines are of
any potential importance because these configurations allow saving of the maximum
number of inverter legs, when compared with an equivalent three-phase system. The
viable multi-phase multi-motor drive systems are therefore those for which the number
of supply phases is either a prime number or power of the prime number (for odd phase
number supplies) or n is such that n/2 is a prime number or is a power of two (for the
even number case).

A second advantage of the proposed multi-motor drives is the easiness of the
implementation of the vector control algorithm for all the machines of the group within
a single DSP. If there are k series-connected machines the DSP needs to execute k
individual vector control algorithms in parallel, giving at the output, after appropriate
summation, the references for the inverter phase currents. This will positively reflect on
both the reliability and cost of the drive compared to its three-phase counterpart.

The third advantage of the multi-phase series-connected drive systems is the
possibility of direct utilisation of the braking energy, developed by some of the

machines in the group, by the other machines that are operating in motoring, This
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means that the braking energy does not have to be returned to the DC link and therefore
it does not circulate through the inverter. In other words, the system provides full
regenerative braking as long as the total braking energy, developed by some of the
machines in the system, is smaller than the total motoring energy, required by the other
machines in the system. Only once when the braking energy exceeds the required
motoring energy, power is returned to the DC link and dynamic braking becomes
necessary.

The major drawback of the concept is an increase in the stator winding losses (and
a considerably smaller increase in the stator iron losses) due to the flow of flux/torque
producing currents of all the machines through stator windings of all the machines. As
x-y currents do not flow in the rotor the rotor winding losses are not affected. This will
inevitably decrease the efficiency of individual machines in the multi-motor drive and
will yield an overall reduction in the total efficiency of the drive system, when
compared to an equivalent three-phase drive system.

Although the six-phase two-motor drive offers no advantage in terms of inverter
leg saving, the fact that no x-y currents flow through the three-phase motor windings
makes this configuration extremely appealing for some applications. A six-phase
single-motor drive is often employed due to high power requirements. In many such
situations there is a need for a low power auxiliary motor drive, which has to be
controlled independently. In such cases the series-connected two-motor drive enables
control of the second machine at no extra cost, since the existing inverter can be
utilised. The three-phase machine is not adversely affected by its series connection to
the six-phase machine and the three-phase machine (of low power) will have negligible
impact on efficiency of the six-phase machine (high power).

It has been shown further that the concept is completely independent of the type
of rotor the AC machines have as long as the multi-phase machines have a sinusoidal
field distribution. This means that different types of AC machine can be employed
within the multi-motor drive system. This fact is of particular importance for machine
tool applications, where an induction machine is often used for positioning of the work
piece, while a PMSM is used to drive the cutting tool. This makes the six-phase two-
motor drive a potentially viable solution for such applications, especially because no
magnetising currents are required for the PMSM and therefore they do not flow through

the six-phase machine.

If the five-phase two-motor drive is constructed using induction machines then the
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flow of x-y currents through the stator of both machines will create a significant
increase in stator losses. Each machine will have to be de-rated in order to cope with
the increased stator currents and thermal load. However the five-phase two-motor drive
may prove advantageous in winding applications, if two PMSMs are employed. In
winding applications one machine typically operates at low speed (low voltage) with
high torque (high current) while the other machine operates at high speed (high voltage)
with low torque (low current). This means that the total stator rms current of each
machine may actually stay below or up to rated during the whole operating cycle, thus
eliminating the need for de-rating. Efficiency would however still be worse than with
two traditional three-phase drives. However, total inverter installed power may be close
to 5/6 of the installed power for two three-phase motor drives.

The basic concept of series-connected multi-phase multi-motor drive systems has
been developed assuming that current control is executed in the stationary reference
frame (i.e. inverter phase currents are directly controlled). A detailed study of the
applicability of the current control in the rotating reference frame is studied at a later

stage in the thesis.

The research has shown that application of current control in the synchronous
reference frame requires x-y voltage drop compensation. Otherwise the dynamic
performance of the drive is negatively affected. Two possible methods of x-y voltage
drop compensation are suggested in the research. The first method involves
compensating for the x-y voltage drops in a feed-forward manner. It is based on the
knowledge of the x-y current references, which are governed by d-q current references
of a different machine in the group. The second method involves modification of the
decoupling circuit to compensate for x-y voltage drops across the leakage reactances of
the other machines. It is shown via simulation that both methods perform very well.
However, the modified decoupling circuit method is preferred because it offers the
simpler realisation. Both methods require knowledge of machine parameters. This
means that the potential problems with parameter variation effects are amplified. It is
therefore concluded that current control in the stationary reference frame is
advantageous for series-connected drives because the accuracy of control and
performance of one machine is then independent of the parameters of the other
machines in the group.

Most of the theoretical work in the thesis concentrates on symmetrical multi-phase

machines, with spatial displacement between any two consecutive phases equal to 277n.
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However, as already emphasised, multi-phase AC machines are particularly suitable for
high power applications, with the most popular choice being a quasi six-phase AC
machine with two three-phase windings on the stator, spatially displaced by 30°.
Series-connected two-motor drives, based on application of this machine, are therefore

considered as well. It is shown that a quasi six-phase supply enables two different

configurations of the multi-motor drive. Both configurations permit independent

control of two machines connected in series. The first configuration comprises two
quasi six-phase motors, while the second configuration employs a quasi six-phase motor
and a two-phase motor. The quasi six-phase/two-phase configuration offers a greater
benefit because the two-phase machine does not suffer in any adverse way due its
connection to the quasi six-phase machine. It should be noted that the issue of where to
connect the neutral point of such a system requires further investigation. Both
configurations utilise the additional degrees of freedom to control the second machine
in the group and therefore avoid the need for special harmonic current reduction
methods. This is so since active impedance of one machine serves as a filter for the x-y
current harmonics of the other machine, and vice versa.

The novel multi-phase multi-motor drive system analysed in this research has

been verified by simulation for the five, six, seven, nine, ten and fifteen phase

configurations. These simulations rely on machine models, which make certain

simplifying assumptions, the most important of which is that the machines have perfect
sinusoidally distributed windings and therefore perfect sinusoidal mmf distribution.
This is not the case in reality. Therefore, definitive proof of the concept is provided by
means of an experimental rig. Initially, performance of a true six-phase induction
machine is examined during both transient and steady state conditions for both loaded
and unloaded operation (base speed region only). It is shown that the machine suffers
from some torque pulsations, which are believed to be due to a certain level of
asymmetry between the two three-phase windings. However dynamic performance of
the machine is still excellent. Performance of a six-phase two-motor drive is further
qualitatively examined, using two induction machines, for both loaded and unloaded
operation. It is shown that the dynamic and steady state performance of the six-phase
motor is practically not affected by its connection to the three-phase motor, and vice

versa. The dynamic performance of each machine is commensurate with that of a three-

phase high performance drive. Steady state current spectra show that current

cancellation at the point of connection to the three-phase motor is not entirely perfect as
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a small current at the operating frequency of the six-phase machine flows into the three-
phase motor. Finally, the six-phase two-motor configuration comprising a six-phase
induction machine and a three-phase PMSM is examined experimentally. Once again
the results show that decoupled control of each machine is achieved thus proving that
the concept is independent of the type of AC machine employed.

Torque and speed pulsations, observed in the waveforms for the six-phase
machine, are by and large those that exist when the six-phase machine is operated on its
own. It is however fair to say that the experimental results do show some evidence of
additional pulsations, in both machines, which are rather small and are believed to be a

consequence of parasitic torque components produced by higher special harmonics of
the mmf.

11.2 Future work

The research undertaken so far has examined the possibility of achieving
decoupled control of a number of n-phase AC machines connected in series and
supplied by a single n-phase VSI. Although the research has proven that the concept is

valid and feasible, a great deal more work still remains.
believed to be:

The main directions are
o Detailed modelling of multi-phase VSIs and development of suitable
PWM control strategies, applicable in conjunction with current control in the
rotating reference frame. This essentially means development of suitable space

vector modulation techniques for multi-phase VSIs, an area where very little
research has been done so far.

. The possibility of connecting the multi-phase machines in parallel should

be investigated and compared to the situation when the motors are connected in
series. On the basis of the analogy between series and parallel electric circuits, it

is believed that parallel connection should be realisable for a least some supply
phase numbers.

o Further investigation into the five-phase two-motor drive with regard to

winder applications and a comparison with the current three-phase system is

another direction for further research.
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. Connection of neutral point in the quasi six-phase/two-phase configuration

requires further consideration, particularly because the quasi six-phase machine is
by far the most popular multi-phase motor used in high power applications.
Injection of third harmonic current into the quasi six-phase machine windings in
order to boost the torque developed by the machine should also be investigated for
this configuration.

o Fault tolerance ability of the proposed multi-motor drives should be

further considered with regard to loss of an inverter phase. Although fault
tolerance has stayed outside the scope of research here, it has been shown that the
two-motor five-phase and six-phase drives can operate with current cancellation

in one inverter phase (i.e., without one inverter phase).

o An evaluation of the required inverter rating in terms of switch voltage and

current rating and DC bus voltage for series-connected two-motor drives. DC bus
voltage can be quite arbitrarily doubled for two-motor drives, compared to the one
needed for a single-motor-drive. However, it is believed that actual required DC

bus voltage is smaller than this value.

° Total efficiency of the multi-phase multi-motor drive compared to the

equivalent three-phase multi-motor drive (including inverter losses) requires

investigation in order to establish the practicality of the proposed system.

o Investigation into the amount of machine de-rating required due to the

heating effects of increased stator losses related to the flow of x-y currents. This
needs to be done for certain types of applications, such as for example the one in
winders.

. The reason for appearance of the current harmonics at the operating

frequency of the six-phase machine in the current spectrum of the three-phase

machine requires further attention. No satisfactory explanation for this

phenomenon has been provided in this thesis.

o Practical implementation of current control performed in the synchronous

reference frame using modified decoupling circuit scheme developed in chapter 8
and implementation of synchronous current controller in the stationary reference

frame should be considered in order to remove dependence of the current

controller performance on the speed of the machines.

o Last but not least, multi-phase machines are highly unlikely to have an
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mmf distribution which is very close to sinusoidal. Hence an investigation of
theoretical/simulation nature should be conducted, which would be based on
enhanced machine models that account for at least some of the special harmonics
of the mmf. Such a study should be conducted for the five-phase and six-phase

two-motor drive systems, since these hold the best prospect for industrial

applications.
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APPENDIX A

Three-phase machine data

Table A.1: Three-phase permanent magnet synchronous motor data

Type FAE N7 V4 030

Nominal speed 3000 rpm

Number of pole pairs 3

Rated frequency 150 Hz

Rated torque, at rated speed 3.5 Nm

Nominal power, continuous cycle at rated speed 1.1 kW

Maximum torque at rated speed with DS2000 drive (8/22 drive) 20 Nm

Inertia 0.075 kgm’

Stator winding per-phase resistance at 20 degrees C 1.93 Ohms

Electrical time constant (L/R) 6.35 ms

Winding per-phase inductance (data sheet) 12.25 mH

Winding per-phase inductance (test sheet, average value) 10.97 mH

Nominal current, rated speed, rated load 1.9444 A

Torque constant 1.8 Nm/A (rms)

Mechanical time constant 1.55 ms

Measured back emf at 1000 rpm (line to line) 109.6 V

Back emf constant 0.2V/(rad/s)
Table A.2 Three-phase induction motor data

Type FAS Y 090-V-030

Nominal speed 3000 rpm

Number of pole pairs 2

Nominal frequency 100 Hz

Nominal torque, continuous duty at rated speed 3.18 Nm

Nominal power, continuous at rated speed 1 kW

Maximum torque at rated speed with DS2000 drive (8/22) 20 Nm

Inertia 0.275 kgm®

Nominal current, locked rotor 55A

Nominal torque, continuous cycle with locked rotor 6 Nm

Winding (stator) phase-to-phase resistance at 20 degrees C 1.4 Ohms

Stator per-phase resistance, hot (Ohms) 0.88

Rotor per-phase resistance, hot (Ohms) 0.758

Stator leakage inductance (mH) 2.75

Rotor leakage inductance (mH) 2.56

Magnetising inductance (mH) 81.72

Equivalent iron loss resistance at 120 Hz (kOhms) 2.53
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APPENDIX B

Six-phase induction motor data

Table B.1: Original three-phase motor data

Type Sever 1ZK 100-8
Power 0.75 kW
Frequency 50 Hz
Rated speed 675 rpm
Voltage 220 V (phase to neutral)
Rated slip 10%
Number of pole pairs 8
Stator slots 36
Rotor slots 44

The motor was rewound into six-phase star configuration (true, six-phase, 60 degrees
spatial displacement between any two consecutive phases).

Table B.2: Six-phase motor data

Type 1ZK 100-6
Power 1.1 kW
Frequency S0 Hz
Rated speed 900 rpm
Voltage 110 V (phase to neutral)
Number of pole pairs 6
Rated current 35A
Rated slip 10%
Stator slots 36
Rotor slots 44

The lap winding is distributed into 36 stator slots. The winding type is double-layer,
integral slot winding. It is a short-pitched winding, with the pitch equal to five slots. Pole-
pitch is six slots, since there are 36 slots and six poles (36/6=6). In each slot there are two
conductors, the upper and the lower, belonging to two different phases. Each of the six

phases has its conductors in the upper slot layer in six slots, and the returning conductors
(in the second layer) in another six slots.
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Note that the machine was originally three-phase with eight poles. Since number of
slots divided by the product of the number of poles and number of phases is not an integer
(36/(3x8)=1.5), the original winding was fractional slot winding.

Table B.3 lists the numbers of slots in which conductors of individual phases are. The
first number is always the conductor in the top layer and the second number is the
conductor in the lower layer. In each row, there are two slots for upper and two for lower

conductors, denoting a phase belt for each phase under one pole-pair. Since there are three
pole-pairs, there are three rows in the table.

Table B.3: Six-phase machine winding data

A B C D E F
1-6, 2-7 3-8,4-9 5-10, 6-11 7-12,8-13 9-14, 10-15 11-16, 12-17
13-18, 14-19 | 15-20,16-21 | 17-22,18-23 | 19-24,20-25 | 21-26,22-27 | 23-28,24-29
25-30,26-31 | 27-32,28-33 | 2934, 30-35 31-36, 32-1 33-2,33-3 35-4, 36-5
Start (1) and end (2) of each phase winding
Al=1 B1=27 Ci=5 D1=31 El=9 F1=35
A2=31 B2=9 C2=35 D2=13 E2=3 F2=17

Since there are 12 slots per one pole pair, and each phase occupies two slots out of
12, the winding is six-phase. Since the phases follow each other in consecutive order (i.e.
phase A is in top layer of 1,2, phase B in 3,4, phase C in 5,6 etc., while A’, B*, C etc. are
in lower layer), this means that the spatial displacement between any two consecutive
phases is 60 degrees.

Detailed schematic of the winding, as it is distributed in the 36 slots, is shown in
Table B.4. For each slot it is indicated which phases have a conductor in that slot. Phase
notation a,b,c,def applies to conductors in the upper layer; while phase notation
a’,b’,c’,d’e’.f" applies to conductors in the lower layer. As can be seen from Table B.4,
winding pitch is five slots, while the pole-pitch is six slots.

When windings are distributed in the slots (rather than concentrated), total induced
emf (which is a phasor sum) is less than the algebraic sum of the induced emfs in individual
conductors. This is taken into account through so-called breadth factor. If the winding is
not with the full pole pitch, there is additionally the effect of chording, which is taken into

account through the so-called pitch factor. Product of the breadth factor and pitch factor is
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called winding factor. Henceky =k,k,, where indices w, b, and p stand for winding,

breadth and pitch factors. Breadth factor and pitch factor can be calculated according to:

_sin(ny/2)
b7 nsin(y/2) B1)
k =cos”_p
p 2

Here n is the number of slots per phase belt (two in the case of this winding), v is
obtained by dividing 180 degrees with the number of slots per pole (here 180/6=30 degrees,
since there are six slots per pole) and p is the distance between two conductors of the same
phase under two opposite poles in electrical radians (here distance from slot 1 to slot 6,

which is 150 electrical degrees). Using these numbers one gets the breadth factor as equal

to 0.9659 and the pitch factor as equal to 0.9659. Hence the winding factor is 0.93301.
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Appendix C - Simulation data

APPENDIX C

Simulation data

The basis for all n-phase induction machine simulations is a three-phase induction
machine, with magnetising inductance of 0.42 H and rated torque of 5 Nm. Rated rotor
flux (rms) is for this benchmark three-phase machine equal to 0.5683 Wb, rated rms d-q

axis currents are Igsn = 1.35 A and Ijin = 1.6 A. Hence in the case of an n-phase
machine:

M =0.42/(n/2)
|g| =n(0.5683)
T,, =5(n/3)

i gon =nl dsn

iqen = V1 g

(C.1)

Rated phase voltage and current are for all cases 220 V (rms) and 2.1 A (rms).
Table C.1 lists the rotor flux, rated torque, rated d-q axis currents and the phase current

reference (taking into account the torque command magnitude) for all the simulations
mentioned within this thesis.

Table C.1: Simulation data

Phase Rated Commanded | Rated d-axis | Rated q-axis | Peak phase current Rotor flux
number | torque- torque-T, | current i am | Current iy, (42 rms) (A) ref. lW*\ (Wb)
T, (Nm) (Nm) (A) (A) '
2ph 3.33 3.33 1.91 2.26 2.97 0.8036
3ph 5 10 2.34 2.78 493 0.9853
3ph 5 5 2.34 2.78 2.97 0.9853
3ph 5 4 2.34 2.78 2.64 0.9853
Sph 8.33 16.67 3.03 3.59 493 1.2707.
Sph 8.33 8.33 3.03 3.59 2.97 1.2707.
6ph 10 20 3.31 3.93 4.93 1.392
6ph 10 15 3.31 393 391 1.392
6ph 10 10 3.31 3.93 297 1.392
Tph 11.67 23.34 3.58 4.25 4.93 1.503
9ph 15 15 4.06 4.82 2.97 1.7049
9ph 15 10 4.06 4.82 2.44 1.7049
9ph 15 5 4.06 4.82 2.06 1.7049
10ph 16.67 16.67 428 5.08 2.97 1.797
10ph 16.67 11.11 4.28 5.08 2.44 1.797
15ph 25 25 5.24 6.22 2.97 2.201
15ph 25 18.75 5.24 6.22 2.56 2.201
15ph 25 12.5 5.24 6.22 2.22 2.201
15ph 25 6.25 5.24 6.22 1.99 2.201
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