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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. 

ector L Feedback 

common 
DC link 3-phase 

PWM Machine 
V S1 I 

3-phase Machine 
PWM 2 
VSI 2 

ector 
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 



1. Introduction 

(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 [Klingshim (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 

2 



1. Introduction 

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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I. Introduction 

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. 

stator of 
machine 
(n-1)/2 

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 

4 

n-phase stator of stator of 
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1. Introduction 

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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1. Introduction 

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. 

9 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. 
2. 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. 
3. 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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1. Introduction 

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. 

4. 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. 
5. 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. 

7. 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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1. Introduction 

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. 
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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 is 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 Härer (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 VSI. 

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 at (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 controlled 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 at 
(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 at (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 at (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 Härer (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), Grochowaiski (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)1. 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 q-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 q 
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 at (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. 

2.4 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 VSI. 

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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2.5 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 a= 2w'n, 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: 

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

" 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)1: 
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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 
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Mutual inductances between stator and rotor windings are given with: 
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The angle 0 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, 
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Motor torque can be expressed in terms of phase variables as: 
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IL 

I's 
j' 

I. 

0 lST 
d Lý 

is T. = 
,T dl, 

de `°P (isT dw r+ý-rT dL`s 
is (3.9b) Lrs 

0 i` 2- dB d9 
- dO 

As i`T 
dL`S 

is =i`T 
dLs 

is = isT 
dLs` 

i` TO d0 de the electromagnetic torque becomes: 

T` =PisT 
dLs' 

i` 
dO (3.9c) 

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

0i. 
silr +i2st2r +'3s'3r +"""""+'ns1nr )sin e+(i. ilr +1ºsi2r +12s13r +'3s14r +""""""+i(n-I)sinr 

)sjn(e+a)+ 

(i(n-1)s1Ir 
+Insi2r +ilsl3r +i2s14r +"""""1'(n-2)slnr)in(O+2a)+ 

Te =-PM 
(l(n-2)siIr+l(n-I). 

s12r+ins13r+1Isl4r...... 
+l(n-3)sinr)ln(O+3a)+ 

((2. 
s1Ir + 13s12r + 14s13r +15s'4r ...... +'Isinr )sin(9+ (n -1)a) 

(3.10) 
The equation of rotor motion is: 
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3. Modelling of multi phase machines 

J dw 
P dt =Te -TL (3.11) 

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

speed of rotation and TL 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: 

xnew = CX. ld 
i x old -C x-. 

(3.12) 

where a power invariant transformation matrix is selected so that C-' = CT . The 

decoupling transformation matrix is then given for an odd number of phases with 
[White and Woodson (1959)]: 

C= 

I Cosa cos 2a cos 3a 
. .. cos 3a cos 2a Cosa 0 sin a sin 2a sin 3a 
. .. - sin 3a - sin 2a - sin a 

1 costa Cos 4a Cos 6a 
.. Cos 6a Cos 4a costa 0 sin 2a sin 4a sin 6a 

. .. -sin6a -sin4a -sin2a I cos3a cos 6a cos9a . .. cos9a cos6a cos 3a 
0 sin 3a sin 6a sin 9a 

. .. - sin 9a - sin 6a - sin 3a 
1 cos4a cos8a cosI2a .. cosi2a Cos 8a Cos 4a 
0 sin 4a sin 8a sin 12a 

. .. - sin 12a - sin 8a - sin 4a 
.... 
1 

..... 
n-1 co 2 

n-1 cos 
..... . 
n-1 cos 2 

....... 
n-1 cos3ý 2 

..... 
-1 osjn 
2 

..... 
n-1 

cos 2) 

0 sin 
n 
21 sin 

n 
21 sin n 

21 -sin 
jn_1 ) 

- sin 
(n_1\ 

x -sinn Z 2 J 2 l J 
1 1 1 1 1 1 1 

42 
NF2 

72 J2 72 72 

ni 

(3.13a) 

Here the first two rows define a-ß components, the last row defines standard zero 

sequence component, while the remaining (n-3) rows define [(n-l)/2 - l] pairs of x-y 
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3. Modelling of multi phase machines 

components. Transformation matrix for an even number of phases is given with [White 

and Woodson (1959)1: 
I cosa costa cos Me ..... cos3a cos 2a Cosa 
0 sin a sin 2a sin 3a ..... - sin 3a - sin 2a -sina 
I cos 2a cos 4a cos 6a ..... cos 6a cos 4a costa 
0 sin 2a sin 4a sin 6a 

..... - sin 6a - sin 4a - sin 2a 
I cos 3a cos 6a cos 9a 

..... cos 9a cos 6a cos 3a 

20 sin 3a sin 6a sin 9a ..... -sin9a -sin6a -sin3a c= - -n..... ..... ..... ..... ..... ..... ..... ..... n-2 n-2 n-2 
cos n-2 n-2 n-2) I co 2 cos 2 cos 

22 

Jr 
cos2 

lx 
cos 

`2 

J 
r 

n-2 n-2 n-2 n-2! n-2J 
I 

n-2 0 sin 2 sin 
2 sin 2 ..... - sin 2 

ýx 
- sin sin( 

2 

ýx 

1 ý1 
NF2 

J 
02 

V-j2- 
-V; 2- 11-F2 -VJ2 - 1/-2 1/; 2- 

(3.13b) 
Here the first two rows define a-ß 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: 

C`I 

1 0 1 0 1 0 ..... 1 0 1 
1 

cos a sin a cos 2a sin 2a cos 3a sin 3a 
..... cos n21) 

sin( n21 )x 

J 72 

cos 2a sin 2a cos 4a sin 4a cos 6a sin 6a 
..... cos n -I 

sin 
n 1 1 

2 2) 
cos 3a sin 3a cos 6a sin 6a cos 9a sin 9a ..... cos n -1 sin n=1 1 

..... ..... ..... 
2 2 72 

cos 3a - sin 3a cos 6a - sin 6a cos 9a 
..... ..... 

- sin 9a cos 
..... 
n 1 

i 
..... 

n 1 ..... 1 
..... 2 -s n 2 

cos 2a - sin 2a cos 4a - sin 4a cos 6a - sin 6a cos n i n 1 1 
..... 2 -s n 

2 
cos a - sin a cos 2a - sin 2a cos 3a - sin 3a 

., co _ 
(n -1 
2 -sin 

n -1 ( 1 
ý 2 72 

n 

(3.14a) 

and for an even number of phases is: 

C-I _ 
ni 

1 0 1 0 1 0 1 01 1 
T2 7 

Cosa sina costa sin 2a cos 3a sin 3a 
..... cos( - "2 2}r 

sin 
22ý 

1 
72 -1 T2 

cos 2a sin 2a cos4a sin 4a cos6a sin 6a 
..... cos n 2 

sin n-2 1 1 
2 ý T2 77 

cos 3a sin 3a cos 6a sin 6a cos9a sin 9a 
..... cos 

! -2 sin 
n-2 I 

_1 

..... .. 
cos3aa 

. .. 

-sin3a 
..... 

cos6a 
..... 

-sin6a 
..... 

cos9a 
..... 

-sin9a 
..... 

..... cos 
..... 
n-2 

-sin 
..... ..... 

_ 
n-2 1 ..... 

-1 2 

costa -sin2a cos4a -sin4a cos6a -sin6a ..... cos 
n 2 

sin 
n-2 

2 2 72 T2 

cosa -sina costa -sin2a cos3a -sinla ..... cos 
(. 

___} -si n( 
21 

- 2 2 T2 

(3.14b) 
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3. Modelling of multi phase machines 

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: 

v, _ Cvs is ^ Cis V/s = CVs 
(3.15) 

V= CV r 
V- c' i t= C. r 

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: 

v_ RS 0ß d 
kci1° 

Rr 1 dt (3.16) 

which remain to be of the same form as in original phase domain. Transformation of 
flux linkage equations results in: 

0 Ls. 1ic o CILrs 

where 

Ls Lsr 
f=[ 01 _ 

--'ß 
La6 

Individual submat 

Lsr C-1 

L, Fo 

CLSC-, 

CLsC-I 

ricer of (: 

O Sýq Sý, 
q 

S 

C-1 ýr Lrs Llr 

CLsrC-' 
CLr C_1 

5.18) are further equal to: 
L1 +(n/2)M 

LI, +(n/2)M 

L= Lis 
Lis 

L, 

LI, +(n/2)M 

Laß 

Lýr + (n / 2)M 
LI. 

Lir 

Lt. 

(3.17) 

(3.18) 

(3.19) 

(3.20) 
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3. Modelling of multi-phase machines 

Further 

cos(9) sin(g) 

-sin(O) cos(B) 
rs n 

Laß=2M 0 0 

0 0 

and 
cos(O) -sin(O) 
sin(O) cos(O) 

LSr =nM -`ß 
0 0 

2 

0 0 

0.0 
00 COS 0 sin 0 [OFx(n-2) 
0 =-M 

[-sin8 

cos 8 (3.21) 
101 n-2)x2 fnl(n-2)x(n-2) 

00 
NJ 

0 ..... 0 
00 Cos 0- sin 01 

x(n-2) 
00 =n M sin 0 cos 0 

ý0ý 
(3.22) 

... 
[On-2)x2 

L101n-2)x(n-2) 
0 ..... 0JJ 

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: 

_P 
risr rT 0d 0 Lsr C-' 0 i 

T i 
ro 

di4 
i: 

rs 
0 0 C1 r 

o. o 
o. o 
o. o 

o. o 

0Cs 

The product of the underlined matrices is further equal to 
de 

The two sub-matrices are evaluated as follows: 

sin(O) cos(9) 

-cos(O) sin(6) 
CdL '=- 

d8 -S'c 2 
nM 00 

00 

and 
sin(O) - cos(O) 

d 
cos(9) sin(g) 

CL C-ý=-nM 00 
dO00 

(3.23) 

(3.24) 

0.0 
0.0 
00 (3.25) 

..... ..... ..... 
0.0 

so that the final form of the torque equation is: 

TC = PL�, kosOiQ,. im -ipri. -sin (3.26) 
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3. Modelling of multi-phase machines 

Here L. = (n/2W 
. 

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: 

v. =Rsica dt =RS im +(LtS+L. ýdd+Lm 
t(iQ,. 

cos0-ifi,. sin 0) 

dy/ di d 
v=RSips + 

dfi` =RSi+(L, 5+Lm) dtv` 
+Lm 

dt(iQ, sin8+i, & cos8) 

dV/X1s 
_ 

dixýs 
vxls = Rsixis + dt 

Rsixis +Lý dt 
dylyts diyts 

vyls = Rsiyis + __ dt 
Rsiyls +LI dt (3.27) 

dWx2s diz2s 
vx25 = RSix2s + 

dt 
R5'x2s +L1s 

dt 
dViy2s 

_ 
diy2s 

vy25 =Rsiy2s+ dt =RSiy25+L1, dt 

........................................................................... 
dyfos 

= Rs 
dios 

vos __ Rsios + dt jos + Lis 
dt 

vO, r =0=Rria,. +dV/0' =Rriar+(L1r+Lm )dl°' +Lm 
d (.,. 

cos0+sin0) dt dt dt 
d 

vpr =0=Rrip, +dyidL=Rripr+(L1r+Lm 
di 

)+ Lm (i,, sin0+im. cos 0) 

diyxlr dxlr 
vxlr -O- Rrlxlr + 

dt 
Rrizlr +Lir 

dt 

dtylr dVyl" 
vylr =0= Rr' 

yir 
+ 

dt 
= Rriylr + Lir 

dt (3.28) 

vx2r =0= Rrlx2r +d 
dt2r = Rrix2r + Lir 

di 

dt 
r 

v 0=R i +dýy2r Rri +L 
diy2r 

y2r r y2r dt y2r !r dt 

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

Vßr 0_Rrio, +di _RrIor+L'r 
diOr 

t dt d 

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 -11. For an 

odd number of phases the last equation only is the zero sequence component so that 

there are [(n - 1)/2 -11 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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3. Modelling of multi phase machines 

torque is entirely developed due to the interaction of the stator and rotor a-ß 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 a-ß components only. 
The form of the transformation matrices for stator and rotor are [White and Woodson 

(1959)]: 

cos BS sin B, cos 8,. - sin 9s 

- sin Bs cos BS sin 9s cos Bs 
Ds= 1 Ds-I= I 

(3.29) 
cos ,6 sin. 8 cos ß- sin Q 
-sin p cos, 8 

sin ß cos f 
D"- 1 D; ' - 1 

Transformation of the stator and rotor variables is performed using the same 
transformation expressions, except that 9, is replaced with ß, where Q=6, -9 . Here 9, 
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, 8S =fw,, dt, where co,, is the arbitrary 

rotational speed of the d-axis of the common reference frame while ß is the 

instantaneous angular position of the d-axis of the common reference frame and the 

phase "a" magnetic axis of the rotor. Setting wü =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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Vds = Rs ids -coaPgs + PY)ds 
Vqs =Rsigs +Oa/ds +Pwgs 

v,,, = R. ri 1s + PVfx, s 
vyts = Rsiyts + PYlyis 

Vx2s = Rstx2s +P/ x2s 
v yes = RS' yes + Pw y2s 

Vdr =O=Rridr - 0)a -OJ)Y'gr +PYIdr 

Vqr =0= Rrlgr +(O)a -04Wdr +PYIgr 

Vxlr = Rrlxir+PWxlr 

Vylr =0=RrIyir+PYVylr 

V x2r =0= Rr'x2r + PVV x2r 
Vy2r =0= Rrly2r + PViy2r 

......................................................................................................... 
v0s = Rsios + P'VOs VOr - Rrior + Pivor 

In the case of an even phase number: 

vds = Rsids - OJa Pqs +P Wds 
Vqs = Rsiqs +WaW ds + PWgs 

vxls = Rsix1s + PVpxjs 

vyls = Rsiyjs + PW yls 
Vx2s = Rsix2s + P'Px2s 

vy2s = Rsiy2s + PW y2s 

Vdr == ridr'- 
(Wa - W)Wgr+PWdr 

Vqr =0= Rrigr+(»a -(»)V'dr+PVgr 

Vxlr =0= Rrixlr + PWxj 

Vylr =0= Rriylr + PV1ylr 

Vx2r =0= Rrlx2r + PW x2r 

V y2r =0= Rriy2r + PW y2r 

......................................................................................................... 
vo+s = RiO+s +P yfo+s Vo+r Rrb+r + PVo+r 

v<, -s = Rsb-s +P yf, 
-s vo-r = Rrii-r + PVfo-r 

where p= d/dt. 

The flux linkage equations become (odd phase number): 

Ids = (19s + Lm )ids + Lmldr 

yfgs = (L1 + Lm )iqs + Lmigr 

WAS = Llsixls 

VIyls = L1siyls 

Vfx2s = Llsix2s 

Wy2s = Lt iy2s 

Wdr = sir + Lm)'dr + Lm'ds 

Y/qr = (Lir + Lm )iqr + Lmlgs 

Yfxlr = Lir'xlr 

P'ylr = LirIylr 

wx2r Llrix2r 

Yfy2r = Llriy2r 

..................................................................................... 
V/0s = LIDO., 1Or = Llrtür 
Even phase number: 

wds (I7s + I'm )ids t `inidr 

Yfgs = (Ljs + Lm)iqs 
mtgr 

wxls = 4ixls 

1yls = Llsiyls 

Vx2s = LUix2s 

Wy2s = Ltsiy2s 

V d, = (Lir + Lm)idr +'ids 

Y'gr = (Lir + Lm)igr + migs 

P'xlr = 4rixlr 

wylr = Liriylr 

V 
x2r 

= hlrl x2r 

wy2r = 14r1y2r 

..................................................................................... 
ýVo+s = LtsiO+s Výo+r = 14rý0+r 

ýo-s =113zß-s 1Vo-r = I? 
rb-r 

(3.30a) 

(3.30b) 

(3.31a) 

(3.31b) 
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Here once more Lm = (n/2)nv1. Torque equation is: 

nP r1 Te =2 MCdrigs -'ds'gr] 

TQ = PLm Cdr1gs -'ds'gr J 

(3.32) 

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 q-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)]: 

es=0r er=O, 
-B 

der 
Wp =Wr Wr 

dt 
(3.33) 

where angle 0, denotes instantaneous rotor flux space vector position. Rotor flux space 

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

V, 
r= 

V'dr + J'Pgr = wr 

i. e., it follows that: 

Wdr = Vor Vfqr =0d wqr /dt =0 

(3.34) 

(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: 

lY'r-LmLSJ lr =L (3.36) 

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

results in: 

=r(,, r-Lmjs)+d Lr 
+I(wr-W)ýr 

r 

(3.37) 

Defining rotor time constant as T. = L, 1Rr and separating equation (3.37) into real and 

imaginary parts results in: 

VfrT r kids 3.30) 

(wr -»)WrTr = Lmigs 

I'm! 
gs 

(3.39) 
(sf = 

TrV1r 

Here ' is the electrical slip angular frequency. Taking into account equation (3.35) the 

torque developed by the machine can be written as: 

Te =P '" rrigs 
Lr 

(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 q-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 q-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 q-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 q-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. 

* 
* 

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

The constant terms K1 and K2 are determined, on the basis of (3.39)-(3.40), with: 

1L, 1 
_1Lý 

1 iqs = KIT, * = Kl = iqs /T, 
= -- --2= P L. WrP 1'm ids 

Lm 1 
csr = K2igs K2 = 0)st /iqs 

=r= 
T, W, T l*ds 

3.7 Summary 

(3.41) 

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. 
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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 at (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 

34 



4. Series connections of n-phase machines 

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. 

i c= - n 

i C= 
n 

1 cos a cos 2a cos 3a cos(n -1)a 
0 sina sin 2a sin3a sinn - l)a 

1 cos2a cos4a cos6a cos2(n-l)a 
0 sin 2a sin 4a sin6a sin2(n-1)a 
I cos3a cos 6a cos9a cos3(n-l)a 
0 sin3a sin6a sin9a sin3(n-l)a 
l cos 4a cos 8a cos l 2a cos 4(n - l)a 
0 sin4a sin 8a sinl2a sin4(n-l)a 

l 
1 

la cos(n cos2 
n 1)a 

cos3 
n 1 

Ia costn-iýn 
1 

ja 
2 2 ý 2 ý 2 

0 sin(n 
1 

ja sin2 
n 1 

a sin3Ln 
1Ja 

sin(n-1&n 
1 

a 2 JJJ 2 J ý 2 2 J 
L1/NF2 1/4-2 1/4-2 1IJ 1IJ 

I cos a cos 2a cos 3a cos(n - l)a 
0 sin a sin 2a sin 3a sin(n - i)a 
I cos 2a cos 4a cos 6a cos 2(n -1)a 
0 sin 2a sin 4a sin 6a sin 2(n - l)a 
I cos 3a cos 6a cos 9a cos 3(n -1)a 
0 sin 3a sin 6a sin 9a 

. ... sin An 
- l)a 

rn-2 n-2 n2n2 1 co sj 2 

ýa 
cos 2ý 

2 
la cos 3ý 

2 Ja ... cos(n - lý 2 
ýa 

0 sin(n221a sin2ýn22)a sin 3( n22)a 
sin(n-11n22)a 

1/. 1/4-2 
J 

1/NF2 1/. [2- l/vf2- 
1/j -1%V-2 l/NF2 -1/. 

5 
- IIJ 

(3.13a) 

(3.13b) 

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 ̀ l' 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, 5a, ... [(n-1)/2]a for the 

odd phase number case and [(n-2)12]a for the even phase number case. In a similar 
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4. Series connections of n -phase machines 

manner phase ̀ 3' of the first machine (the third element in the first row of (3.13) with 

spatial displacement of 2a) is connected to phase `5' of the second machine, which 

further gets connected to phase 7 and so on. The phase transposition is 2a, and the 

phase step is 2. This follows from the third column of the transformation matrix, where 

spatial displacement equals 2a, 4a, 6a,... 2[(n-1)/2]a (odd phase number) or 2[(n- 

2)/2]a (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 3a. This corresponds to the fourth column in the transformation matrix, where terms 

with 3a, 6a, 9a, 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 

4a 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 

xn (f = 1,2,3... ) from the number so that the resulting number belongs to the set [l, 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 I J K L M N0 
Ml a b c d e f g h I j k I m n 
M2 a b+1 c+2 d+3 e+4 f+5 g+6 h+7 i+8 j+9 k+10 1+11 m+12 n+13 ... M3 a b+2 c+4 d+6 e+8 f+10 g+12 h+14 i+16 j+18 k+20 1+22 m+24 n+26 M4 a b+3 c+6 d+9 e+12 f+15 g+18 h+21 i+24 j+27 k+30 1+33 m+36 n+39 M5 a b+4 c+8 d+12 e+16 f+20 

- -g+24 
h+28 i+32 j+36 k+40 ; 1+44 m+48 n+52 M6 a b+5 c+10 d+1S e+20 f+25 g+30 h+35 i+40 '+45 k+50 - 1+55 m+60 n+65 M7 a b+6 c+12 d+18 e+24 f+30 g+36 h+42 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 Ml, 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 SP1, SP2, SP3,.... 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)]: 

SPP = Mil -4 M 21 --ý M 31 -- M 41 -4 K --ý Mk1 

SP2 =M12 -4M22+1 -' M32+2 --+M42+3 -+K --* Mk 2+(k-1) 
SP3 =M 13 --* M 23+2 -4 M33+4 --* M 43+6 -* K -a Mk3+2(k-i> 

(4.1) 
SP4 =M 14 -*M 24+3 -4 M 34+6 -4 M 44+9 --* K --* Mk4+3(k-l) 

SP. =M1n -+Mtn+(n-1) -*M3n+2(n-1) M4n+3(n-3) `+K ---+Mkn+(n-1)(k-i) 

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: 

SPA =MI -*M2J+ci-» -4 M3j+2ti-» -+M4J+3ci-» --*K -+Mk J+ti-Ixk-u 
(4.2) 

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

k 

SP' Mid+(i-I)(j-»> 1=1,2,3... n (4.3) 
i=i 

where E 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. 

AB C D E 
M1 
M2 

12 
13 

3 
5 

4 
2 

5 
4 

Source Machine I Machine 2 

A 
al 

ýý 
a2 

bl b2 
B 

cl c2 C 

D dl d2 

el e2 E 

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. 

AB C D E F G 

F Ml 12 3 4 5 6 7 
M2 13 5 7 2 4 6 
M3 14 7 3 6 2 5 

Source Machine 1 Machine 2 Machine 3 

al a2 a3 

bi b2 b3 
8 

cl c2 c3 C 

D dl d2 d3 

E el e2 e3 

F fl f2 fl 

1 2 3 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. 

A B C D E F G H I 
Ml 1 2 3 4 5 6 7 8 9 
M2 1 3 5 7 9 2 4 6 8 

- - - . - M4 -ý- --5 - -9- -4- --g - -3 - -7 2 6 

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 I Machine 2 Machine 3 Machine 4 

i 
Ai 

al 
F - 

a21 a3 

bl b2 
B 

cl c2 j c C 

D dl d2 d3 

E el e2 e3 

F fl t3 

G gl 2 g3 

H 
hl h3 

1 il i3 

a4 

b4 

c4 

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 I J K 
M1 1 2 3 4 5 6 7 8 9 10 11 
M2 1 3 5 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 11 5 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 I 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 5 8 11 
M4 1 5 9 13 4 8 12 3 7 11 2 6 10 
M5 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 O 
Ml 1 2 3 4 5 6 7 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 ; - 4 7 10 
-- 

----- - - - 13 14 
-------------------- 

------- 7 
-- - 

- -- -- 10 ---3 --- 1 --- 1 --- --- 4 --- --- 7 --- 10 -- -- 10 --- 1-3--. 
M4 1 5 9 13 10 - ---- 14 ------ 7 11 ---15-- ---- 2 
MS 1 6 11 1 6 11 1 6 11 1 6 11 1 6 11 
M6 1 

-- 
7 

----- 
13 

------ 
4 

--- 
10 

- 
1 

-- -- 
7 

--- 
13 4 10 1 7 13 4 10 

M7 1 8 15 --- 7 ------ f4 - - 6 ---- 13 ----- 5 12 - -4 11 3 10 2 9 9 
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4. Series connections of n -phase machines 

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

AB C D E F G H I J K L M N 0 
Ml 12 3 4 5 6 7 8 9 10 11 12 13 14 15 
M2 13 

-------- 
5 

----- 
7 

------- 
9 

------ 
11 

------- 
13 

------ 
15 

-- - 
2 4 6 8 10 12 14 

- -- - M3 I4 7 10 13 1 4 --- - 7 ----- 10 13 I 4 -- 7 ------ 10 - - - 1-3--: 
M4 15 

------- 
9 

--- 
13 
-- 

2 
--- 

6 
-- - 

10 
---- 

14 
- 

3 7 11 15 4 8 
-- 

12 
-- M5 17 

----------- 
13 

------- 
4 

-- ---- 
10 

- 
- 1 7 - - 13 -- 4 ---- l0 ---- 1 ---- 7 --- 13 4 

- 
10 

------ M6 18 15 - 7 - --- 14 6 13 5 12 4 11 3 -- 10 ----- - 2 - 9 
M7 16 11 1 6 11 1 6 11 1 6 11 1 6 11 

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): 

'A =ia1 +iq2 +(1/3)iä3 +iä4 +(1/3)iä5 +iü6 +(1/5)ia7 
ýB tbl+ic2+(1/3)i63+ie4+(1/3)ic5+ih6+(1/5)ib7 

iC ii +ii +(1/3)ii +ii +(1/3)e i; +ii +(1/5)ii cl e2 c3 t4 5 o6 c7 
iD = ld1 +ig2 +(1/3)id3 +im4 +(1/3)ib5 +ig6 +(1/5)ia7 

iE = ie1 +ii2 + (1 / 3)ie3 +ib4 + (1 / 3)iä5 + in6 +(1 / 5)ib7 

iF =i ;i +ik2 +(1 / 3)ia3 +i f4 +(113)ia5 +if 6 +(1 / 5)ic7 

iG = iRl +im2 +(I/ 3)ib3 +iý4 +(113)X5 +im6 +(1 / 5)ia7 

y =i, l+io2+(1/3)ic3+in4+(1/3)ies+ie6+(1/5)ib7 
il =iil +ib2 +(1/3)id3 +ic4 +(1/3)i65 +i16 +(1/5)iC7 

,j 
i*l+id2+(113)ii +i +(1/3)i +i +( 115)i e3 g4 d5 d6 a7 

iK = 
4l +if 2 +(1 / 3)ia3 +ik4 +(1 / 3)ia5 +ik6 +(1 / 5)ib7 

iL =ill+ih2+(1/3)ib3+io4+(1/3)ic5+ic6+(1/5)ic7 
ii fii 

M =iml +iý2 +(1/3)ic3 +id4 +(1/3)ies +ij6 +(1/5)i: 7 
N=i: 1 +iI2 +0 / 3)id3 +ih4 +(1 / 3)i b5 +ib6 +(1 /5)ib7 

tiiiiii 

ip = io*l +ii2 +(l /3)ie3 +i14 +(113)id5 +i; 6 +(1 / 5)ic7 (4.4) 

Individual phase currents for the seven machines are then as follows: 
Machine 1 (15-phase): 
lal ='A; thl -1B; Icl =lc; idl ' ID; iel =1E; 
ifI 

-'F; 1g1 ='G; ihl -1H 1i1 =i1; i, =iJ ; (4.5) 
tkl =1K; 'Il ='L; 1m1 ='M; inl =IN; 10I =i0; 
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Machine 2 (15-phase): 

ia2 LA, 1b2 -'1; 

i f2 =ix; Lg2 =LD; 

Ik2 = F; 112 -jN; 

Machine 3 (5-phase): 

ic2 - 'B; 1d2 -'J + 'e2 -'C+ 

1h2 =1L; li2 ='E; i j2 ='M; 

'm2 ' 1G+ in2 = i0; i02 = iH; 

R +R 

la3 =lA+'F +1K =1a3+1a5 

ßb3 = 1B +IG +LL = tb3 +'c5 

1c3 = IC +[H +! M = 1c3 +1e5 

1d3 1D+Ll +IN -Ld3+tb5 

1e3 °iE tlJ ti0 =1e3+ßd5 

Machine 4 (15-phase): 

a4 =if4 =ik4 =(113)(1A+iF +iK) 

ie4 ij4 =io4 =(1/3)(iB+iG+LL) 

! 
d4 = ii4 = rn4 = (I / 3)(ic +iy +iM ) 

c4 = ih4 ='m4 = (113)(iD +il +iN ) 

b4 =1g4 =i14 =(113)(iE+iJ +iO) 

Machine 5 (5-phase): 

! 
aS = la4 +'f 4 +1k4 = lA +! F +1K ='a3 +'a5 

! 
b5 = im4 +1c4 +1h4 =! 0 + il +IN =43 +45 

! 
c5 =le4+ j4+l04 =lB+IG+1L 1b3+ic5 

'd5 =1b4+! g4+! 14 
'E +'J +10 °1e3+id5 

1e5 -1r4+In4+`d4 -! C+iH ß'1M =ßc3+Ze5 

Machine 6 (15-phase): 

iah ='f6 =1k6 =(Oi3)(lA+iF +iK) 

ße6 = 'j6 -'o6 = (1 / 3)(i c+iy+ im ) 

1d6 = ii6 =i n6 = (I / 3)(iE +iJ+ i0 ) 

! 
c6 =ih6 =im6 =(1! 3)(iß+iC+iL) 

46 =1g6 ='16 = (I 3)(1D +'1 + 'N ) 

Machine 7 (3-phase: 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

+'] =-"a6 

=46+'B+'L 

lc7 = Lob +l f6 +'16 t lc6 +lib =(1/3)('A +'B +'C +'D +'E +'F +'G +i H +1I +'J t! K +lL t ley +'N +l0) 

(4.11) 
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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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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 a1 and dl 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 (M I 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 CD E F 
Ml 
M2 

1 
1 

2 
3 

34 
51 

5 
3 

6 
5 

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

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

AB C D E F G H 
Ml 12 3 4 5 6 7 8 
M2 13 5 7 1 3 5 7 
M3 14 7 2 5 8 3 6 
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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 I 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 5 9 3 7 1 5 9 3 7 

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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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 

MI and M5 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, M5, M2, 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 k/2 machines are n-phase, 

while the remaining k12 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, M9, M2, M6, 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. 

A B C D E F G H I J K L 
M1 1 2 3 4 5 6 7 8 9 10 11 12 
M2 1 3 5 7 9 11 1 3 5 7 9 11 
M3 1 4 7 10 1 4 7 10 1 4 7 10 
M4 1 5 9 1 5 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 
sup ly phases 

6 8 10 12 14 16 18 

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 I J K L M N 0 P R S T 

Ml 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 11 13 15 17 19 1 3 5 7 9 11 13 15 17 19 
M3 1 4 7 10 13 16 19 2 5 8 11 14 17 20 3 6 9 12 15 18 
M4 1 5 9 13 17 1 5 9 13 17 1 5 9 13 17 1 5 9 13 17 
M5 1 6 11 1 1 6 1l 16 1 11 1- 1 11 j& I 11_ 16 
M6 1 7 13 19 5 11 17 3 9 15 1 7 13 19 5 11 17 3 9 15 
M7 1 8 15 2 9 16 3 10 17 4 11 18 5 12 19 6 13 20 7 14 
M8 1 9 17 5 13 1 9 17 5 13 1 9 17 5 13 1 9 17 5 13 
M9 1 10 19 8 17 6 15 4 13 2 11 20 9 18 7 16 5 14 3 12 

4.5 Machine connectivity related general considerations 

4.5.1 Odd 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: 

n-1 
2 

(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 n that is not a prime number, but it satisfies 

the condition 

3', m=2,3,4..... (4.14) 

The number of machines that can be connected remains to be given with (4.12), i. e. 
k= (n-1/2. 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: 

nnn 
n, 3,32 

This case can be generalised for the total number of phases n equal to: 

n= l'" ,m=2,3,4..... (4.16) 

where 1 is a prime number. For example, for n= 25,1 =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: 

nnn 
n, 19 12 , ......., l�, -1 

(4.17) 

The phase numbers encompassed by this category are: 

n=9,25,27,49,81,121,125,169,243,...... (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. 

c) The third possible case arises when n is not a prime number and is not 
divisible by r. 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 

n1, n2, n3,... The number of machines that can be connected is now: 

48 



4. Series connections of n -phase machines 

k<nrl (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 n1, n2, n3,... (say, 

n1). 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 nl/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 n, n2 or n, n3 ...... or n, nj (4.20) 

where: 

n=n1"n2"n3....... nj (4.21) 

Note that this category encompasses the situation where some of the numbers n1, 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 " 1', m=2,3,4,.... 

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 n 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 4.15. 

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

n= an odd number, >_ 5 
Number of Number of phases of machines in the 

connectable machines multi-drive system 
n=aprime n-1 k= 

n 
number 

n*aprime . n=l', m=2,3,4.... k= n-1 nnn 
n number 2 ,l2,......., I--, 

n=nl-n2"n3....... nj n-1 n, nl or n, n2 or n, n3...... 
k 

2 or n, nj 

n=n1"n2....... nj"l', k<n-1 n, nl or n, n2..... or n, nj 

m=234 ,... 
2 nnn 

or ..... 1, T lm_1 

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 n/2 be a prime number. The maximum number of machines 

that can be connected in series with phase transposition equals: 

k n-2 
2 

(4.23) 

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 k12 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=2', m=3,4,5..... (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): 

k_ n-2 
2 

(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 >_ 3 the phase numbers of the machines that can be connected in series will be: 

nnn (4.27) 
2,22 , ......., 2 m-2 

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

n=8,16,32,64 .... (4.28) 

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

number of machines that can be connected is now: 

k<n-2 
2 

(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 02,03, 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 n=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=3,4,5...... 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 
k- 

2 k12 are n/2 - phase 

n/2*aprime n=2' , m=3,4,5. n-2 nnn 
n number -2 ,2,22 , ......., 2m-2 

All other even n-2 n, n/2, n/3, n/4.... 
numbers 

k 
2 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 (2004c) and Jones et al (2003a). Considerations related to the seven- 

phase three-motor drive can be found in Jones et at (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: 

is = -F2 I sin(wst) 
ib =y`Isin(wst-a) 

iC =J1 sin(wst-2a) 

id =yil sin(wst+2a) 

ie =Nf21 sin(w5t+a) 

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

dia / dt = -ý21tvs cos(wst) 
dib / dt = NF2 

1Iovs cos(a t -a) 
diC / dt = 

ýIrvt cos(wst - 2a) 

did / dt = V-21ws cos(wst+ 2a) 

di, /dt = NF2 Iws cos(w, t+a) 

(5.1) 

(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): 

abcde 
Rr 

-' abcde 
+ pwabcde 

`5.3ý 

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

ýabcde -&rLabcde +Pfr£abcde +L 
rs-abcde) 

(5.4) 

Performing the differentiation gives: 

vabcde -Rrlabcde+1'rP(iabcde)+IPýLrsýýiobcde+l'rsPýýabcdeý (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): 

p(i 
abcde) = -1'r' r abode 

IIP(1 
rs 

)1i 
abcde 

+ jrs P(1 abcde 
)! (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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Mar Lir +M M cos aM cos 2a M cos 2a M cos a 

pfbr M cos a Lir +M M cos a M cos 2a M cos 2a 

pity =- M cos 2a M cos a Lir +M M cos a M cos 2a x 
P'dr M cos 2a M cos 2a M cos a Lir +M M cos a 

Pier M cos aM cos 2a M cos 2a M cos a L1r +M 

sin(O) sin(B-a) sin(O-2a) sin(O + 2a) sin(O + a) as 
sin(B+a) sin(O) sin(O - a) sin(9-2a) sin(O+2a) bs 

-ON sin(O+2a) sin(B+a) sin(O) sin(O-a) sin(O-2a) its + 

sin(B-2a) sin(B+2a) sin(B+a) sin(g) sin(O - a) ds 
sin(O-a) sin(9-2a) sin(9+2a) sin(9+a) sin(g) es 
cos(B) cos(O-a) cos(O-2a) cos(O+2a) cos(O+a) Pias 

cos(O + a) cos(h) cos(O - a) cos(O - 2a) cos(O+2a) pib, 1 
x +M cos(O + 2a) cos(O + a) cos(9) cos(9 - a) cos(8 - 2a) pi cs + 

cos(O - 2a) cos(B+2a) cos(O + a) cos(9) cos(9-a) Piss 

cos(6-a) cos(O - 2a) cos(O+2a) cos(O + a) cos(o) pies 

Rr 00 00 ar 
0 R, 0 00 ibr 

+00 Rr 00 
cr 

000 Rr 0 dr 
000 0 Rr er 

(5.7) 

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

according to: 

v abcde =Rs. abode 
+Ls P('s bcde )+I P(L sr 

ý1 L abcde +L sr P(i abcde (5.8) 

Expanding (5.8) by means of (3.5)-(3.7) gives expressions for stator phase 

voltages: 

Vas Rs 

Vbs Rs 
vcs = Rs 

V ds Rs 

ves 

ias L, +m 

bs M coca 
iss + M cos 2a 

ds M cos 2a 
Rs 

es 
M cosa 

sin(O + a) sin(B+2a) 
sin(O) sin(6+a) 

sin(9-a) sin(g) 

sin(O - 2a) sin(O - a) 

sin(B+2a) sin(9-2a) 

M Cosa M cos 2a M cos 2a 
L1 +M M Cosa M Cos 2a 
M cos a L1S +M M Cosa 

M cos 2a M cos a Lis +M 
M cos 2a M cos 2a M Cosa 

M Cosa Pias 
M cos 2a Pihs 
M cos 2a pi" - 
M Cosa Pids 
L1 +M Pies 

sin(g) 

sin(O - a) 

-uM sin(B-2a) 
sin(8 + 2a) 

sin(O +a) 

sin(O-2a) sin(B-a) iar 

sin(O + 2a) sin(O - 2a) für 

sin(B+a) sin(6+2a) i"r + 

sin(B) sin(9+a) idr 

sin(B-a) sin(O) ier 

cos(B) cos(B+a) cos(9+2a) cos(O - 2a) cos(B-a) piar 

cos(9 - a) cos(B) cos(O + a) cos(O + 2a) cos(6 - 2a) pinr 
+M cos(O - 2a) cos(O - a) cos(9) cos(O + a) cos(O + 2a) picr 

cos(O + 2a) cos(9 - 2a) cos(O - a) cos(B) cos(B +a) pidr 
cos(O +a) cos(O + 2a) cos(O - 2a) cos(O - a) cos(9) Pier 

(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: 

ltaslar +ibsibr +icslcr +'dsidr +lesler )SlnO+(iestar +lasibr +ibsicr +icsidr +idsier )Sin(B+of) 

Te =-PM 
(diar +iesLbr +lasicr +ibsldr +tcsier )SHl(e+2a)+(1cs'ar +idsibr +lestcr +lasldr +lbsier 

) 

sin(0-2a)+(bsiar +lcs'br +ldslcr +iesldr +1as'er)Sin(9-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: 

dwJ(Te-TLý 
dB 
dt 

(5.11) 

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 50Hz machine with rated rms phase voltage of 
220V, rated rms current of 2.1A and rated torque of 5Nm (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 
parameters 

Phase-domain model 

L1, = 0.04 H Li, = 0.04 H 
L, =0.04H LI, =0.04H 
L. =0.42H M=Lm/2.5=0.168H 
R, 6.3 S2 R, 6.3 S2 
Rs= 100 Rs= 10Q 

The inertia of all machines simulated further on is equal to J=0.03kgm2. 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. 5.2c), which indicates that the rotor flux is very small near 

standstill and slowly increases to above rated value (rated = ixO. 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. 
Rs inls IXlr rY/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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Fig 5.2: Simulation of a five-phase current-fed 
induction machine direct on-line starting using 
phase-domain model: stator input currents (a), 
rotor speed and torque response (b), and rotor 

flux space vector amplitude (c). 
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This stepped stator current produces an instantaneous rotor flux of 1.97 Wb (Fig. 5.2c) 

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 
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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 K2 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 from t=0.05 to 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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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. 5.5c 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- 
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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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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 I,, w, respectively. Similarly, machine 2 is supplied 

with a flux and torque producing set of currents of rms value and frequency 2462 . 
According to Fig. 5.8, source phase currents are simultaneously corresponding phase 

currents for machine 1: 

iA ion =y511 sin((olt)+NF212 sin(a2t) 

iB ib1 =NF21, sin(w, t-a)+/12 sin(o 2t-2a) 

ic =icy =NF21, sin(w1t-2a)+412 sin(0)2t+a) 

iD =id1 =J1, sin(w, t+2a)+112 sin(w2t-a) 

iE =iel = J21, sin(cv1t+a)+/12 sin(w2t+2a) 

(5.12) 

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

that the machine is supplied with the following currents: 

ia2 = is = 
41, 

sin(t»1t)+4212 sin(W2t) 

b2 =iD =Nr21, sin(wit+2a)+NF212 sin(w2t-a) 

ce = ie =f 11 sin(w1t -a)+ 
4212 sin(a)2t - 2a) (5.13) 

d2 iE =4li sin(wlt+a)+. 12 sin(w2t+2a) 

e2 = is = 
/1, sin(o 1t -2a)+'12 sin(o. 2t+a) 

Supplying the machines with the above currents makes it possible to 
independently control the speed of each machine by controlling frequencies fl and f2 

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: 

Fa = Nia cos(e) 
Fb = Nib cos(e -a) 
FF = Ni, cos(e - 2a) 

Fd = Nid cos(e+2a) 
Fe = Ni, cos(e+a) 

(5.14) 
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The origin of E is chosen to be the magnetic axis of phase "a". The resultant mmf at 

point c is: 

F(E)= Fa(£)+Fb(E)+Fc(E)+Fd (E)+Fe(E) (5.15) 

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

given with: 

sin(oq)cos(e)+sin(w1t+2a)cos(E-a)+sin(o 1t-a)cos(e-2a)+ 
, 
r2- Nf' 

[+ 

sin(w1t + a) cos(e+2a)+sin(w1t - 2a) cos(e + a) _ 
(ejo'f 

-e-jwt 
Yaje 

+e-j£ 
ý 

\ej(Wt+2a) -e-j(Wt+2a)ej(£-a) +e-J(f-a) 

1(aßº-a) 
- 

/C-j(Wr-a) 
j(e-2a) -j(e-2a) j(ahtt+a) 

_ -j(uýt+a 1(e+2a) -j(e+2a) 
=ýNli 4 +(e e 

ýe 
+e 

)+(e 
e 

ýe 
+e = 

+ 1�j(W'-2a) 
- e-j('-2a) 

Ye j(e+a) + e-j(e+a) 
) 

j ejý"'ej6 
(1+eja 

+e-j3a +e j3a +e-ja)--e-joýte-ie 
(I+e-ja 

+ ej3a +e-j3a +eja 
)-F 

4. % eiw'e-1e 
(I+ 

ei3a +eja +e-ja +e-i3a 
)--e-jW'e1e (l+e-i3a 

+e-1a +eja +ej 
) 

(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 a-ß 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 ml M2 
components 

a -,, 
15-11 

sin wlt 412 
sin 0-)2t 

-51, coswýt 
512 

COS (02t 

XI fI2sinwet 41, 
sinwit 

Y1 -412 cosw2t COS (1) t 

000 

The source phase voltages are calculated using the voltages of the two machines, 

according to: 
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VA yVasl + Vas2 

VB -' Vbsl +Vcs2 

V(' = Vcsl +Vest (5.17) 

VU `Vdsl +Vhs2 

VE 'vest +Vds2 

Stator of al 
Stator of 

A 5-phase achine Machine 2 a2 
B ideal bý b2 
C current cl c2 
D source dl 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 (IM I) is supplied with rated current 2. I A at 50Hz and is 

loaded at t= 6s in a stepped manner. The second machine (IM2) is supplied with rated 

current 2.1 A 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). 
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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 I (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 IMI is identical to that obtained with a single 

five-phase machine (Fig 5.2), while IM2 is operating at half the speed of IMI 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 IM I, and vice versa. 
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Fig. 5.10: Torque (a) and speed (b) response of the two series-connected five-phase machines during 
direct on-line star ting (phase-domain model). 
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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 I (a) and machine 2 (b). 

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

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 5.13c 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 I flowing through the stator of machine 2. The effect is less prominent for 

machine I 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 IM I 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. 
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Fig. 5.13: Simulation results of two five-phase induction machines connected in series during direct on- 
line starting (phase-domain model): source phase "a-d" voltages (a), source phase "e" voltage (b) and 

rotor flux magnitude in each machine (c). 

5.3.2 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-phase machine 
the following: 

Vd: = R.. id, -Wawy. s + Pwd, 
Vq., = R.. ciq., + 0aWh, + PWgs 
Vxc = R. 

vixv + PWxs 

º'y., = R., iy. 
5 + PW y., 

v0 = Rs 
0. 

+p ins 

Vdr = Rrldr -(Wa -w)Wgr + PWdr 

Vqr = Rriqr +(Wa - w)Wdr + PWqr 

Vxr = Rrixr + PW xr 
Vyr = Rrlyr + PW yr 

vor = Rrior + PWor 

(5.18) 
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Vds = (L1 + Lm)ids + Lmidr Wdr = (LIr + Lm)idr + Lmidc 

yfgs = (L1 + Lm)Iq. 
c 

+ Lmigr Vqr = (Lir + Lm)igr + Lmigs 

y/xs = Llsixs Vxr = Lirixr (5.19) 

V, = jgciys Wyr - Liriyr 

y/os = Llsios y/or = Llrior 

Te = PLm 
lidrigs - idsigr 

l (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 wd = 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: 

didr / dt =-I 
(Rrtdr 

+w (Lrigr + Lmlßs) + Lmdi, c / 
di) 

r 

diqr / dt =-I 
(Rrigr 

-w (Lridr + Lmia,. ) + Lmdia, / dt) 
r (5.21) 

dixr / dt =- 
(Rrlxr) 

diyr/dt =- 
(Rriyr) 

Llr 

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-ß 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-ß and x-y components according to: 

Vas = Rsiac + Lspias + LmPidr 

Vß _ R%ifi, + L, pißc + L. pigr 

Vx., = RSix, + LrcPixc 

Vyv = Rcly% + Lis pigs 

vo, = Rio, + L1 pio, 

(5.22) 
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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 

setting n=5: 

0 
2 

C= - 50 

V1 

cosa cos2a cos2a cosa 

sin a sin 2a - sin 2a - sin a 

cos2a cos4a cos4a costa 

sin 2a sin 4a - sin 4a - sin 2a 
I I I I 

yl 
72- 

VL VL 

1 0 1 0 T 

cos a sin a cos 2a sin 2a 72 

costa 5 
sin2a cos4a sin4a ý 2 ýI 

cos to - sin 2a cos 4a - sin 4a 7 

cosa -sina cos2a -sin2a 
1 

J 

(5.23a) 
so that: 

Sss Is 
lý= Cis V 

abcde 
=C 

-up 
(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): 

5 
cos 6- ip. sin ß) 

ihr =ji,,, cos( -a)-ifr sin a)) 

ic, =5 cos( - 2a)- ia, sin(# - 2a)) 

idr =5i cos(8 + 2a)-ipr sin(#+2a)) 

cosý+a)-iß,. sin(# +a)) i=5 (w 

(5.24) 

where ß= -0,0 =J atit. 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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VVdr =Lridr+Lmtac 

Wqr =Lrlgr+LmlAV 

hr - 
((dr)2 

+(Vgr)2 

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

w=i 
f(T, 

-T1, )dt 

Te = PLm(ldr1ßs -laslgr 

(5.25) 

(5.26a) 

(5.26b) 

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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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 at 

(2004b). 

Stator of Stator of 
5-phase Machine 1 Machine 2 

DC current- 
controlled 

link PWM 
VSl 

Total phase current 
references Feedback 

Vector Vector 
control control 

Summation Phase 
and mixing current references for MI and M2 - 

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

The constant terms Kj and K2 are determined for each machine in accordance with 

(3.41) as follows: 

"1 Lrt 11 Lr1 l iysl = Kul)Tl Ki(l) _ igsl IT,, =- ä -- 2 P1 L., Yfrt Pi Lml 'dst 
L, nl I 

ýstý = Kz(l)tgst K2(l) = O)srt 
/iqst 

=s=s 
TrlVf 

rl 
Trltdsl 

(5.27) 
I Lr2 11 Lr2 1 

lgs2 =K1(2)Te2 K1(2) =1gs2/Te2 -- a =- 2 P2 j' 
m2 

wr2 P2 Lm2 lds2 

" Lm2 I 
Wart = K2(2)1gs2 K2(2) = »s! 2l1gs2 =s=. 

Tr2Yfr2 Tr2ýds2 
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Phase current references are further formed separately for the two machines, as follows: 

ßa1 - 

J5 

s, 
COS 0', 'q, sin 0,, j) 

ibi = iI C (iä,. ß COS(O, i -a) - igsl sin(o, 1 -a)) 

1c1= S (ids, cos(0rl - 2a) - iysl Sln(0rl - 2a)) 

idl =5 (ill COS(bri + 2a)- igsl Slll(orl + 2a) 

lei =5(! 11 COS(Ori + aý- lgsl sin(0rl + aý 

is 
2=5 

([12 COS Or2 -1gs2 Sln Or2 ) 

ib2 =5 (i12 cos(tr2 - a) - igs2 sin(Orz - a)) 

ice =5 (i12 COS(Or2 - 2a) - i;., 2 sin(Or2 - 2a)) 

id2 =5 (i12 COS(1r2 + 2a)- i9s2 sin(Or2 + 2a)j 
(5.28) 

(ýds2 cos(Y r2 
+ a)- lgs2 sin(Or2 + a) ! e2 =5 

Resultant inverter current references are given with: 

tq = lal +la2 = 1A 

g =IbI +Ic2 lB 

is ='c1 +1,2 =is (5.29) 
1d1 +1b2 'D 

.f 
IE =1e1 +Id2 =1E 

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: 

1a2 ='A -1A 

ßb2 -iD 1D 

ic2 =iB =iB (5.30) 
td2 =iE ='E 

ße2 = iC iC 

Source phase voltages are determined using equation (5.17). 
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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-ß and x-y current components in the stationary 

reference frame, respectively, as seen by machine 1. One can see that the a-(3 

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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reference frame machine model. Stator current a-ß 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. 

Fig. 5.20: Structure of the speed control loop 

The transfer function for the PI controller is: 

Gf, 1(s)=Kp+K; 
1 

=KP 1+ 
1 

(5.31) 
T, s 

The characteristic equation of the above speed control loop is solved for 1+ Gpi(s)H(s) 

= 0, where according to Fig. 5.20 H(s) = 1/(Js/P). Hence the characteristic equation is: 
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s2 +66.67KPs+o =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 4 and natural frequency coo: 

s2 +2ýo C902 =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 [Iqbal (2003)]. Taking the 

speed control bandwidth as one tenth of this value (10 Hz) and approximating the 

natural frequency with the bandwidth, one has wo = 62.8318 radis. 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; Kp = 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 Kp = 1.5, K, = 75 (T1 = 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 I 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 

5.21 a). 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 I (Fig. 5.21 a-b). 
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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 (c) 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 

82 



S. Simulation studies for odd phase numbers 

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 

A 
al a2{ a3, 

bl b2{ b3 
B 

cl c2 c3 C A IIIMF 
D dl d2 d3 

E el e2 e3 

F fl 12 f3 

G 
1 2 {3 

H 
hl h3 

ii i3 

a4 

b4 

c4 

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

VA = Vasl + Vas2 +Vas3 +Vas4 

VB = Vbsl + Vcs2 + Ves3 + Vbs4 

VC =Vcsl + Ves2 +Vis3 + Vcs4 

VD Vdsl +Vgs2 +Vds3 +Vas4 

VE = vest +Vis2 +Vhs3 +Vbs4 

VFV fs1 + Vbs2 +V 
cs3 

+V 
cs4 

VG vgsl +Vds2 +Vgs3 +Vas4 

VH Vhs1 +V fs2 +Vbs3 +Vbs4 

V, Visl + Vhs2 +V fs3 + Vcs4 

(5.34) 

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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4 
=ßa1 +1a2 +1u3 + 1(I3)a4 

rr: t` 
! 1/3)+ 

= tb c 1+ 
i2 + te3 

b4 iB 

lc =1c1 +1e2 +1 3 +(1/3)c4 

D 
idl +ßg2 +1d3 +(1/3)a4 

iE =ie1 +li2 +1h3 +(1/3)64 

iF =if I +ib2 +1c3 +c4 

iG =ig1 +id2 +1g3 +(I/3) 4 

iH = thl +1J2 +1b3 +(1/3)b4 

ii = 
41 

+1h2 +'f3 + 
(1/3)4 

(5.35) 

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 0.01 s 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 Te Applied at Removed at 
IM1 (9-phase) Ten t 0.3 s t= 0.5 s 
IM2 (9-phase) (2/3)TT� t=0.35 s t=0.55 s 
IM3 (9-phase) (1/3)Ten t=0.4 s t=0.65 s 
IM4 (3-phase) 0.8Ten t=0.45 s t=0.7 s 

5.5 The fifteen-phase six-motor drive 

As shown in chapter 4, the fifteen-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 C D E F G H I J K L M N 0 

IM1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
IM2 1 3 5 7 9 11 13 15 2 4 6 8 10 12 14 
IM3 1 5 9 13 2 6 10 14 3 7 11 15 4 8 12 
IM4 1 8 15 7 14 6 13 5 12 4 11 3 10 2 9 

IM5 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 
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each other and so the resulting inverter phase current reference becomes zero o. 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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Table. 5.5 Torque command application and 
removal for each machine. 

Machine Te Applied 
at 

Removed 
at 

IMI (15-phase) Ten t=0.5 t=0.65 
1M2 (15-phase) (3/4)Te� t=0.45 t=0.55 
(M3 (15-phase) (1/2)Te� t=0.4 t=0.5 
1M4(15-hase) (1/4)Te1 t=0.35 t=0.6 
IM5 (5-phase) Ten t=0.32 t=0.52 
IM6 (5- hase) (1/2)Tý� t=0.3 t=0.57 

In the example examined here both five-phase machines are identical and operate 

under identical conditions (J = 12 = 1,0) 1= w2 = oh). 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 11 Oms 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 IM 1. 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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iÄ =421, sin(c), t)+4212 sin(W2t-i0 =0 
iB =ý1, sin(w, t-a)+ýl2 sin(w2t-2a-ý)=2/ 1+cos(3a/2 sin(ca-a/4) 

is = 
421i 

sin(w1t-2a)+il2 sin(c)2t-4a-n)=21 1+cos(a/2)sin(ox-7a14) (5.36) 

iö =i1i sin(qt-3a)+! IZ sin(a)2t-a-n)=21 1+cos(a/2 sin(a. -13a/4) 

iE =42I, sin(w1t-4a)+/12 sin(w2t-3a-n)=21 l+cos 3a/2 sin(ax-19a/4) 

This can be written as: 

iA =0 
iB = 421 sin(ceat - a) - 

41 sin(orx - 2a) 

i* =421 sin(ox-2a)-ifI sin(ux-4a) (5.37) 

iö = 
V21 

sin(ux-3a)-V2I sin(ux-a) 

iE =. 121sin((a-4a)-421sin(Uu-3a) 

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

FQ = NiA cos(E) 
Fb = Nis cos(e -a) 
Fc =Nip cos(e-2a) (5.38) 

Fd = ND cos(e+2a) 
Fe = Ni,, cos(e+a) 

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

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

Fb =0.5NI(sin(ar+e-2a)+sin(oi-E» 
F, =0.5%F2NI(sin(a+e-4a)+sin(au-e)) 
Fd = 0.5/NI (sin((+e+4a)+sin(OX 

-s» 
Fe = 0.5JN1(sin(ax+e+2a)+sin(z1-e)) 

(5.39) 

Therefore the total mmf produced in machine l by the current components belonging to 

machine 1 is: 

-0.54NI sin(ax+E)+2%F2NI sin(r-e) (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: 

Fb =-0.5ýF2NI(sin(ax+-P-3a)+sin(ox-E+a)) 

F, =-0.54N1(sin(ra+e- a)+sin(tr-e+3a)) (5.41) 
Fd = -0.54-2-NI(sin(a; t+e+a)+sin(ar -e -3a)) 
Fe = -0.55NI 

(sin (cr+E+3a)+sin(ox-E+a)) 
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Therefore the total mmf produced in machine 1 by the current components belonging to 

machine 2 is: 

0.5, sf2-NI sin (OX +E)+0.5; 2-NI sin((a -e) (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: 

2.5, N1 sin(ax-E) (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 ml M2 
components 

a 51 sin ox -/1 sin al 

ß -Jlcosca /lcosox 

X1 - 
Jl 

sin OX V5l sin ca 

YI NF51 cos ax J1 
cos OX 

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 I 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 5 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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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 k 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 

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, are 

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 I (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 12, &2. According to the connection diagram (Fig. 6.1), source phase 

currents are simultaneously corresponding phase currents for machine 1: 

Source Machine I Machine 2 

Table 6.1: Connectivity matrix for the six-phase 
drive system. 

A B C D E F 
M1 
M2 

1 
1 

2 
3 

3 
5 

4 
1 

5 
3 

6 
5 

iA ='al =421, sin(cw, t)+0.5"ýIZ sin(&2i) 

iH = ins = 
ý11 

sin(colt-a)+0.54-212 sin(o t-2a) 

i(. = id, = 4I, sin(cc), t- 2a)+ 0-54212 sin(cozt - 4a) 

iD =idi _, /, sin(w, t-3a)+0.5"fI2sin(w2t) 

if, =ivy =ý11 sin(a t-4a)+0.5" 12 sin(w2t-2a) 

ij: =i1ý =ýIi sin(wlt-5a)+0.5" Iz sin(w2t-4aý 

A 
al a2 

bl 
B 

cl b2 
C 

dl D 

el c2 E 

fl 1 
F 

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

(6.1) 

Machine I (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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ia2 ='A +'I) =41, sin(cw1t)+ 
1 1i sin(cw1t-3a)+412 sin((021) 

ihz =i8+il. =421 sin(w1t-a)+f11 sin(ao1t-4a)+J12 sin(c)7t-2a) (6.2) 

ice =i( +ij; =ý21, sin(coit-2a)+421, sin(wýt-5a)+h12 sin(w2t-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 fl and f2 

together with current magnitudes 11 and 12, 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 at (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 

d' ý11 
sin wit 

J12 
sin 0)2t 

411 
COS Wt - 

N12 
COS O)2 t 

x1 
46 2 sin f021 

Y -. 
16 cosW2t 

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, I or 2; a= 27r/n = 60° for machine I and a= 27r/n = 

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

i= cosO(') -i*(') sinO(')] 1 YYY nL rls r qv r 

i* (J) 
_ 

J[. 
* M') 

cos(OrMJ) -a)-igsMl) sin(orJ) -aý 111 
n (6.3) 

------------------------------------------ 
in(j) =_j. ([i"j) cos( ') -(n-1)a)-igs») sin(') -(n-1)a)j 

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: 

iA =1j +0.5ici2 iH = ins +0.5in2 
i(. = i, +0.5i, 

-2 
ij) = ids +0.51a2 (6.4) 

,; =iii +O. 5ih2 il; =i fI +0.5iß. 2 

The inverter output phase voltages follow directly from Fig. 6.1: 

VA = Val + Va2 VH = Vhl + Vh2 VC = Vc. I + Vc2 
(6.5) VU VdI +ß'a2 VR = Vel +Vh2 V/: = Vii + Vc2 

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 

= 0.01 Is. 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 (IONm) 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. 6.2c) 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 I 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: 

lq = ia, + ia2 + 0.5ia3 + 0.5ia4 

iH = ih1 + iýZ + 0.5in3 + 0.5iC4 

iC = id + i92 +O. 5ic3 +O. 5iea 

i=i; i +ij2 +O. 5 3 +O. Siba 

iý; = 'el +ic2 +0.51;, +0.5i; 4 

i f, +i12 +0.5ia3 +0.5ici4 
ý; 

=iý +ii2 +0.5in3 +0.5ii4 

iy= 41 + 42 + 0.56 + 0.5ie4 

i* = i* + i*2 +0.5'* 3+0.5ih4 

1J = '*I + i, 2 + 0.5ie3 + 0.5id4 

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

VA = Val +Vat +Va3 +Va4 

VR =Vhl +Vd2 +Vh3 +V 4 

V(ý = VC. 1 +Vgl +Vc3 +Ve4 

VJ) = Vdl +VI2 +Vd3 +Vb4 

VI, =VCS +Vc2 +Ve3+Vd4 

VI: =V/ 1+Vf2+Va3+Va4 

V(% =VKI +Vi2 +Vb3 +Vc4 

VH = Vhl +Vh2 +Vc. 3 +Ve4 

VI =V11 +Ve2 +Vd3 +Vb4 

V� = V/1 +Vh2 +Ve3 +Vd4 

(6.6) 

(6.7) 
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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. 6.3e). 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. 6.3e) 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 

Machine TQ Applied at Removed 
at 

IMI (10 hase T¢� t=0.4s i=0.6s 
IM2 (10- hase) 2/3 Te� t=0.45 s t=0.65 s 
IM3 (5-hase) 2T_ t=0.3 s t=0.55 s 
IM4 (5-hase) Ten 1=0.35 s 1=0.5 s 
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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 
"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 (12 = 211; I, = 0.512 = I, w1= (02 = cows). If 

both machines are given a speed command of 314 rad/s lOms 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: 

iÄ = 
r2 11 sin(cwit)+ 1/2 / !2 sin(w21 - 

iH =421 sin((olt-a)+1/2412 sin(w2t-2a-7r) 
i(,. 42li sin(o)lt-2a)+1/242,2 sin(w2t-4a-7r) 

42 1 sin(wit-3a)+1/2 12 sin(w2t-, r) 

=Nr2 11 1/2NF2 12 Sin (a2t-2a-ir) 

il; =NF211 sin((o, t-5a)+1/2412 sin(012t-4a-i) 

This can be written as: 

(6.8) 
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i, q =0 
i, 

= 
421 

sin(co, t - a) - 
ý2 I sin(wst - 2a) 

j1 sin(rq - 2a)- JI 
sin(6 ,t- 

4a) 

[I sin(wit - 3a) - 
-1 sin(ay) 

41 
sin(wt-4a)-. 

121 
sin(wt-2a) 

iý; _ 21 sin(aw, t - 5a)- JI 
sin(6 ,t- 

4a) 

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

Fa = NIA COS(E) 
Fr, = N/8 cos(E - a) 
F, = NI(, cos(c - 2a) 
F� = N/ J) cos(c - 3a) 
F, = N/1, cos(c-4a) 
Ff =NIA; cos(c - 5a) 

numbers 

(6.9) 

(6.10) 

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: 

Fh =0.5VN! (sin(ay+e-2a)+sin(w. t-e» 

E. = 0.5 JN! (sin (W. t+e- 4a) + sin (w, t- s)) 
Fd = 0.5'N/(sin(wst + e)+ sin(uo, St - e» (6.11) 

F, = 0.5ý2N/(sin(wst +e- 2a)+ sin(co, t - e» 
Ft =0.5JN/(sin(Wo t+e+2a)+sin(uýct-e» 

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

- 0.54-21 sin(w, t + e)+ 2.54-21 sin(w5t - s) (6.12) 

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

Fb =-0.5Ji(sin(mtt+e-3a)+sin(» t-e-a)) 
F. = -0.5V/(sin(w, t + e)+ sin(wst -e- 2a)) 

Fd =-0.5'I(sin(oo. t+e-3a)+sin(a. t-e+3a)) (6.13) 

F, = -0.5Il(sin(o t+ e)+ sin(m., t -e- 2a)) 

Ff = -0.5 
fI sin(o. t+e+3a)+sin(et-e+a)) 

Summation of (6.13) gives the following result: 

0.5J1sin(a t+e)+0.541sin(&t-s) (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: 

34/ sin(wst - c) (6.15) 

Consider the currents supplied to machine 2: 

ia2 = iA +'D _ 
-1 sin(wst - 3a)+ -1 sin(c ,. t -; r) = 2421 sin(ai .i -7r) 

ih2 =iB+ij; _V1sin(rýst-a)+41sin(w, t-4a)+2V1sin(rý, t-2a-7r) (6.16) 

ice = i(, + iý, = 
41 sin(w. ct - 

2a)+ 421 
sin(wt - 5a)+ 2NF21 sin(cw, t - 4a -; r) 

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 Ml M2 
components 

a -, 
r6 /1 sin wit - 1212 sin C02 t 

-V/, Ioscolt 1212 cosW2t 

xl 
- 

JI2 
sin 0)7t 

yl 46-12 COS (02 t 
0+ 00 
0- 00 

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 IONm. 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=0.301 s, 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. 6.5c), 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. 
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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 I (IM1) is supplied with ideal sinusoidal currents of 

rms value and frequency equal to 1I, Zvi, machine 2 (IM2) is supplied with 12,0 and 

machine 3 (IM3) is supplied with 13,0v3. Then the phase currents for machine 1 can be 

written as: 
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iA = iai = 
421, 

sin(w1t)+ NF2I2 sin(w2t)+ Nr213 sin(w3t) 

i8 = ibl = 
421, sin(w»t - a)+ NF212 sin(w2t - 2a)+ NF213 sin(w3t - 3a) 

is = ict = Nr21, sin(ay - 2a)+ 412 sin(w2t + 3a)+ 413 sin(w3t + a) 

io = idl =411 sin(wit - 3a)+ J12 
sin(w2t + a)+ 413 sin(w3t - 2a) (7.1) 

iE = iel = , sf21, sin(wt + 3a)+ JI2 
sin(w2t - a)+ 413 sin(w3t + 2a) 

iF = i11 = , 
ý211 sin(wit + 2a)+ Nr212 sin(w2t - 3a)+ NF213 sin(w3t - a) 

is = ig, = 
421, 

sin(oýt + a)+ 4212 
sin(w2t + 2a)+ 4213 sin(o. t+ 3a) 

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: 

Fa = NIQ cos(e) 
Pb = NIb cos(e - a) 
FF = NI, cos(E - 2a) 

Fd = NI d cos(e - 3a) (7.2) 
Fe = NI, cos(e + 3a) 
Ff = NIf cos(E + 2a) 

Fg = NI, cos(e+a) 

The total mmf produced in machine 1 by the second set of terms in equation (7.1) 

is given by: 

sin(w2t)cos(E)+ sin(cv2t - 2a)cos(s - a)+ sin(w21 - 3a)cos(E - 2a)+ 
42-NI2 sin(et + a)cos(e - 3a)+ sin(w2t - a)cos(e + 3a)+ sin(o t- 3a)cos(e + 2a)+ _ 

sin(w2t + 2a)cos(e + a) 

ej0)teie(+e jX+eja+e j2a+ej2a+e j3a+ej3a) 

1 -e 
johle-j£(1+e ja +eja+e-l2a+ej2a+e-j3a+ej3a) 

_ %F2NI 2 4j ej%(e-3E(1+e-1a +eja +e-jX +ej4a +e jsa +e35) 
-0 

-e-J0)ite1£(1+e 
ja+eja+e jaa+ejaa+e j5a+ej5a) 

(7.3) 

The total mmf produced in machine 1 by the third set of terms in equation (7.1) is 

given by: 

sin(w3t)cos(e)+sin(tr t-3a)cos(e-a)+sin(o3t+a)cos(e-2a)+ 

NF2N13 sin (o 3t - 2a)cos(e - 3a)+ sin (tat + 2a)cos(e + 3a)+ sin(o)3t - a)cos(E + 2a)+ _ 
sin(w3t +3a)cos(e + a) 

ei0 tej£(I+e j"+ej"+e j4o+ej4"+e jsa+ejsa) (7.4) 

-e-i(L'le-tf(l+e ja+eja+e- j4a+ej4a+ej5a+ej5al 
=42 N13-. 1 

=0 4J ej° e je(I +e ja+eja+e j2a+ej2a+ej3a+ej3a) 

- e-jleje(i+C ja +eja+e12a+ej2a+e-j3a+ej3al 
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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 

(3.13a) 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 (a-ß) 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 %f7 1, sin oý t r7-12 sinW2t 
J13 sin t 

COS(1t -NF -y/I3COS(03t 

X1 
NF712 sin uw2t J713 sin w3t 

J1 
, sin (D1t 

yl -y7 12COSti2t -[713COSLV3t -, 
511 

cosa1t 

x2 NF713 sin [vat NF71, sin uht NF77IZ sin wet 

y2 -413 cosco3t ý11 cosuwt -17 12 cosw2t 
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. Ld =Lq = LS). In such a PMSM 

torque is produced solely due to the existence of flux developed by the permanent 

111 



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 q-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, + L�, d 
Lq = L1 + L,,, 

q 
(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: 

Y4q = EsQvabcde Cq - 
Qsýbcde !q= DsCýsbcde 

`7.6) 

are for both PMSM and a Syn-Rel with a seven-phase winding given with: 

vds = Rsid,. - wyr9s +P Wds 

Vqs=Rsgs+Wifj +PVq 

vxl = Rsi,, 
s +P 4ixýs 

vys = Rsiy1s + PiVyi. s (7.7) 

vys = Rsix2s + PWWx2s 

vys = Rsiy2. 
c + PW y2s 

v, � = R,; i, 
� + PWo., 
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Flux linkage equations of a PMSM take the following form: 

Pds =(j4. s+ 
lmd)id, =I'sids+wm 

Y'gs =(4s +Lmq)igs = Lsiqs 

vf"Is = 4Jx1s 

V/yls = Llsiyls (7.8) 

Vfx2s = 11stx2s 

Vly2s = "lsly2s 

wos = 4sios 

since L, �d =L�, 9 =Lm , while for a Syn-Rel machine flux linkages are given with: 

lpds = (l'Is + L'md )ids = Ldids 

Wqs = (L + Lmq)igs = Lgiqs 

1xls ýxls 

Vryl. s ̀ I tslyls 
(7.9) 

Vfx2s = Llsix2s 

'y2s = L1sly2s 

V. = L&i. 
s 

Torque equation of a PMSM is: 

Te = PV ds1gs -Y1 gsids) (%. 10) 
Te = 

4mlgs+(Ld 
-Lq)dsigsI=PVmigs 

while for a Syn-Rel machine torque can be expressed as: 

Te = Pýdsigs -YI gsids) 

Te = P(Ld - Lq )dsigs 

It should be noted that the two inductances L,,, d , L,,, 9 are again related through the 

coefficient n/2 with the corresponding phase domain inductances. These two 

inductances can be given with: 

L,,, d = (n/2XM +M1 
Lmq =(n/2XM-M1 

(7.12) 

where M has the same meaning as for an induction motor while M1 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 in 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, Tee, (Nm) 6.9 

Rated per-phase torque, TCn (Nm) 2.033 

Rated per-phase current, I� (A) (rms) 6.2 

Peak per-phase current, I (A) (rms) 21 

Rated speed, w� (rad/s) 

n, (rpm) 

180 
(1720 rpm) 

Inertia J (kgm 2) 0.00176 

Winding per-phase resistance, RS (i2) 1.4 

Winding per-phase inductance, LS (mH) 
Stator leakage inductance L15 (mH) 

5.6 

0.56 
Magnet flux, T. (Vs/rad) (rms value) 

Rated frequency, f� (Hz) 
Pole pair number 

0.1093 
86 

3 

Using the per-phase values given in Table 7.2, one has for a seven-phase PMSM: 

Tee = 7*6.9 = 48.3 Nm, Ten = 7*2.033 = 14.231 Nm, /, � =*0.1093 = 0.2891 Wb . 
In 

order to slow down the acceleration of the machine an inertial load was assumed, 

increasing the total inertia to 0.0536 kgm2. 

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. 

S n-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 (k m) 0.23 

Maximum per-phase stator current (A) (rms) 20 A 
Maximum per- phase torque (Nm) 19 
Stator per-phase resistance (Ohms) 0.6 

Synchronous d-axis inductance Ld (mH) 82.95 
Synchronous q-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 Ids� = 7.91 

A and Iqs� = 11.91 A (rms). Hence, for a seven-phase Syn-Rel one has, using data of 

Table 7.3, the following values: 

Te, u= 7* 19 = 133 Nm, Ten = 7* 12.33 = 86.31 Nm, 

idsn =. * 7.91= 20.92 A and igsn =* 11.91= 31.51 A NF7 

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*ds) 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= 1I(Pyin) while for the Syn-Rel: k= 1/[P(Ld-Lq)Idsn]. 

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 7.2c), 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 idsn = 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 Te 
(Nm) 

Applied 
at (s) 

Removed 
at (s) 

IM 2T, = 23.34 t=0.3 t=0.49 
PMSM 1.5T, =21.35 t0.35 t=0.8 
Syn-Rel 0.5 Ten = 43.16 t=0.4 t=1.23 
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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 

40 Syn-Rel 

35 

35 
PMSM 

25 
1 

IM 
20 

15 

10 

I 

0 

0 0.2 0.4 0.6 0.8 1 12 1.4 
T- (s) 

(a) 

1000 - --- ,- 

1 600 

1400 
IM 

1200 

1000 

ä800 
600 

400 

200 

o `- 
0 0.2 04 0.5 0.9 

Time (a) 

(b) 
3.5 

3 . -RC Or lwc reference 

2.5 

E 
2 

4 

Gq 

Rota Inc space %a cta megafade 

0.5 

0 
0 0.2 0.4 

1 12 1.4 

6- 

4 im 
S 

2 
0y 
y0 

-2 

y Ö 

6 Syn-Rel 
P3 

ý 

-1 2 
0 0.2 

15 

10 

2 
R 0. 

5 

0 

ýy 
., 0 

N ýVýIýaNIý ll. 
. 15 _- 0 0.2 0.4 

100 

eo 

70 
e 

50 

40 

3u 

ä 
20 »0 

10 

ö 0y N 

-10 

-p 1.4 

0.6 0.9 1 1.2 1.4 
Tune (s) 

(d) 

Fig. 7.2: Seven-phase three-motor drive: Torque 
responses (a), speed response (b), rotor flux and 

rotor flux reference of induction machine (c) 
and stator phase "a" current reference (d). 

118 

OA 0.6 0.8 1 1.2 
Tone (s) 

0.6 0.8 1 1.2 1.4 
Tine (a) 

(C) 



7. Connection of different types of AC machines 

,i 

S 

ýog 

ä 
N 

g 

C 
m 
I. 
e 8 

'm 

b 20 
qý 

'o 

Wiese b 
i0 10 l' 

30 0 

70 -10 

80 -20 

90 - -' 30 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 

7-. (S) 
0 0.2 04 06 08 1 1.2 1A 

Time (s) 

1 
500 ýly 

I 
ptme IIl 

-500 
looot 

4 ý'I 

III 
Iýc, 0ý 

-1000 armed ýýýýý 
'ý+ 

ýy º qr 
, 2500 , 000 

0 0.2 0.4 0.6 1.2 , 
Time (s) 

(b) 

S 

b 

1e 

0 

o 

0 

Sg 

Ü 

Iy 

N 

0 02 0.4 0.6 0.6 1 1.2 1.4 
Time (s) 

(a) 

30 -T T- Su 
20 so 

10 70 

0 phase 'o' 60 

-10 50 

-20 40 

ao 30 

. d. -40 P. 
x 

ý0 0 

-7 1 
a0 

b 

i 
CL 

Z 
Z 

m 

0) 
y 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4 
Time (s) Time (s) 

(c) 
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 F 

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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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 at (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: 

VA =Vast +Vas2 

VB = Vbsl + Vcc2 

V(. _ Vcvl + Vcs2 

VD - Vdcl +V1 2 

VR -Vec1 +Vdc2 

'A - last = iaa2 

iB = 1h. cl = lcc2 

i( ' lcsl = ie. c2 
(8.2) 

Ill ='dsI = Ihs2 

ili ='c., l = 'd 
N2 

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: 

d Li) 
v_ = Ri + dt (8.3) 
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where the system is of the 15th order and 

INV 
I 

INV 

V=0i_! rl 
(8.4) 

0i 
r2 

vINV = 
[VA 

VB V(' VI) VliJT l (8.5) 

iINV = 
[lA 

18 l(' 1D Its Jl, 

irl = 
[earl 

lhri 1-cri ldr] ter1J 

Y 
(8.6) 

1r2 = llar2 tbr2 lcr2 1dr2 'cr2 

The resistance and inductance matrices of (3.2) can be written as: 

R. 9 + Rs2 

R=R 
rl 

(8.7) 

R 
r2 

L, l +L. ti. 2' Lsrl Lsr2' 

L=r. 
vl 

L 
'i 

0 (8.8) 

L 
rv2 

9 Lr2 

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.. i = diag(R.,, R., º Rs1 R., 1 R., 1) 
R., 2 ° diag(R... 2 Rs2 R., 2 R., 2 Rc2 ) 

&= diag(Rl Rrj Rrt Rr, RnI ) 
Rr2 = diag(Rr2 Rr2 Rr2 Rr2 Rr2 ) 

L1,. 1 + M, M, cos a M, cos 2a M, cos 2a Mti Cosa 
M, Cosa L1, i + M, M, Cosa Mi cos 2a M, costa 

M, cos 2a All Cosa L, 1 +M1 M, Cosa M, cos 2a 
Mi cos2a Mi cos2a M, cosa L1,. 1 +MI M, Cosa 
M, Cosa M, cos 2a M cos 2a M, Cosa Lise +M 

(8.9) 

(8.10) 

123 
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L1.2 +M1 M2 cos2a M2 cosa M2 cosa M2 cos 2a 

M2 cos2a Lts. 2 + M2 M2 cos2a M2 cosa M2 cosa 

Lß. 2'= M2 Cosa M2 cos 2a Li., 2 +M2 M2 costa M2 Cosa (8.11) 

M2 cosa M2 cosa M2 cos2a L1s2 +M2 M2 cos2a 

M2cos2a M2cosa M2cosa M2cos2a L1s2 +M2 

Liri +M1 M, cos a M cos 2a M, cos 2a m1 cos a 

Ml cosa Lire +MI Ml Cosa Ml cos2a Ml cos2a 

Lrl = M1 cos2a M1 cosa Lori +M1 M, cosa M, cos2a (8.12) 

M! cos2a M1 cos2a Mj cosa L1rl +M, M, cosa 

M, cosa M, cos2a Mlcos2a MIcosa Lire +Mi 

Li 
r2 +M2 MZ cosa MZ cos 2a Mz cos 2a M2 cosa 

M2 Cosa L1r2 +M2 M2 Cosa M2 cos 2a MZ cos 2a 

Lr2 = M2 cos2a M2 cosa L1r2 + M2 M2 Cosa M2 cos2a (8.13) 

M2 cos 2a M2 cos 2a M2 cosa L1r2 + M2 M2 cosa 

M2 COS et M2 cos2a M2 cos2a M2 cosa Lir. 2 +M2 

cos 01 cos(B1 + a) cos(01 +2a) cos(01 - 2a) cos(01 - a) 

cos(8, - a) cos 8, cos(01 + a) cos(01 + 2a) cos(01 - 2a) 

LA = Mý cos(01 -2a) cos(91 -a) cos01 cos(0 +a) cos(01 +2a) (8.14) 
cos(01 + 2a) cos(01 - 2a) cos(61 - a) cos o cos(0, + a) 
cos(9l +a) cos(01 +2a) cos(0 -2a) cos(01 -a) cos O, 

L= rsV L'sr1 

cos 02 cos(02 +a) cos(02 +2a) cos(02 -2a) cos(02 -a) 

cos(02 - 
2a) cos(02 - a) cos 02 cos(02 + a) cos(02 + 2a) 

La'= M2 cos(02 +a) cos(02 + 2a) cos(02 - 2a) cos(02 -a) cos 02 
ýg 15) 

cos(02 -a) cos B2 cos(02 +a) cos(02 +2a) cos(02 -2a) 
cos(02 + 2a) cos(02 - 2a) cos(02 - a) cos 02 cos(02 + a) 

L '= Ls r2' -rs2 sr2 

Expansion of (8.3) yields: 

! NV INV Ll INV 
vR +Rs2 +Ls2 L srl L sr2 i 
_ _s 

V-0=R,,, irl + Lrsl L-1 
d 

dt 
irl + 

0 R, 
r2 

-r2 Lrs2 9 
-r2 

1r2 

0dL, 
r) 

d 
_sr2, INV dt at 

1 
d 

1'rcl 21 
rl (8.16) 

dt 
d 

Lrc2' 
lr2 

dt -' 

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): 

1('Aiarl +'B'brl +1Clcrl +l/)Idrl +ll lerl 
)sin Bl + 

\l/ilarl +lAlbrl +'B1crl +1('ldrl +1/)1erl)sin(81 + a) + 

Tel 
--PI 

M1 ('Diarl +lElbrl +1Alcrl +1Bldrl +1CZerl)sln(Ol + 2a) + 

('Curl +1D1hrl +llilcrl +1Aldrl +1ß1erl )sin(Bl 
- 

2a) + 

(1Biar1 +1Clbrl +11)1crl +llildrl +'Aterl )sin(Ol 
- a) 

(1A1ar2 
+1/)Ibr2 +181cr2 +iA'dr2 +1('ler2)sin 82 + 

(1(1ar2 +1A1br2 +1Dtcr2 +tBtdr2 +11iler2)S1I1(02 + a) + 

(8.18) Te2 =-P2 M2 
\lplar2 +! ('1br2 +1AG2 +t1)1dr2 +181er2 ) sin(02 + 2a) + 

( 
art 

+11: ibr2 +1C 
cr2 

+1Atdr2 +11)(er2)S'n(02 - 2a) + 

\iD1ar2 +1HIbr2 +lElcr2 +'('1dr2 +lAler2)sin(02 - a) 

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 I 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 Iqbal 

(2003) and Levi et al (2003c). Inverter voltage equations are: 

INV 
Va 

dINV 
+ Lml = R. 

el raNV + (L1 + Lml) ý 
did,., 

+R c2'aNV + L1s2 
INV dt 

t . dt 

vý V 
INV 

= R11Q V +(Lll +L., )d +L"'1 l +R, 2iý +Letz 
d INV dip 

dt dt dt (8.19) 
v7' 

di1NV 
= Rs1rxNV + LIs1 x+ Rs21xNV + 

di1NV (L1 
2+ Lm2) +L 

di 
m2 

dr2 
dt di dt 

/NV 
vx 

/NV 
INV 

dlY 
INV 

= Rslly + Llc1 + Rc2ry + 

INV d%Y 
(L1cz 

+ Lm2) +L 
digr2 

m2 dt dt dt 

Rotor voltage equations of machine 1: 

IN 
O= Rl! 

dl + Lml 
dlaV+(Lirl 

+ Lml) 
d`drl 

+ (ll 
(Lmliß V+ 

(Llrl + Lml igrl 
dt dt 

(8.20) 
0= Rrllerl + Lm1 

d` 
fl 
! NV 

+(L,,, +1'ml / 

dlgrl 

_wil 
(jmlIaNV 

+(L/rl +1'ml /`drl 
) 

dt dt 
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Rotor voltage equations of machine 2: 

IIJV 
I 0= Rr2ýdr2 + Lml 

dIx 
+ 

(L1r2 
+ m2) 

dar, 
+ w22 \Lm21yNV +( \LIr2 + Lm2)igr2 

) 

(8.21) 
! NV 

0= Rr2igr2 + Lm2 
dty 

+ 
(Llr2 + Lm2) 

d1yr2 

- X22 
(Lmi 

xNV 
+ (L/r2 + Lm2)jdr2 

) 

dt dt 

Torque equations: 

INV INV T, l = PLmI 
l1drl1ß 

is lgrl 

lNV ! NV Tc2 = PLm2 
[ldr21y 

_ /x /yr2 

(8.22) 

In addition to these equations that describe the two machines in series with phase 

transposition, one needs correlation between inverter phase and a-ß voltages and 

currents, 

INV INV INV 
va VA Iq ld 

INV INV -INV v ß VN ß q 
INV =C V -INV _ 

Cl 
-INV (8.23) 

v x C( x 
INV INV INV 

vy vi) II) tY 

INV 
VO 

INV 
1, IINV p 

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: 

1NV 
la =I asl = Ixs2 

! NV ýß - 
i8, 

vl = -lys2 

INV ix = ix. cl = 1as2 

! NV 
ly tysl - 1ßs2 = 

! NV 
10 __ - 10sl -'Os2 

(8.24) 

The equation (8.24) implies that the a-axis and ß-axis inverter current components 

are equal to the a-axis and ß-axis stator current components of machine l 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 I and to a-axis and ß-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: 

lNV 
Va - yasl + Vxs2 

! NV 
yQ Vys2 

yINV x= 
Vxsl + Vast 

INV 
yy =yycl +VB. 

N2 

v' VOsl +VOs2 

(8.25) 

This implies that the d-axis and q-axis circuits of machine I are connected in series with 

x-axis and y-axis circuits of machine 2, respectively and vice versa. Hence: 

lNV dia didrl IN V+L 
l'acl = Rslla + ýI 

/sl + Lmlý 
dt mý dt 

/NV 
di 

ý'ßsl = Rsl//i + ýLlcl +1 
mlý dt 

/NV+ 
Lm 

digrl 

dt 

INV 
lNV dix 

vxsj = 
RsIix + LI,, 

dt 

/NV 

INV 
diy 

vy.. i = Riiy + LI.,, 
dt 

INV 
Vav2=R. c2iINV +(L1 2+ 

Lm2) 
dlx 

+ Lm2 jdr2 

dt dt 
di'NV di ! NV y qr2 

VQ, 2 = R. 
c2iy +(Lts2 +Lm2) 

dt +Lm2 dt 
di'N ' /NV a vxs2 = R, 2',, + L, 2 dt 

INV 

- vy52 = R. 
s2ipV 

+ Lrs2 
dý ` 

dt 

Individual machine phase voltages are then determined with: 

(8.26) 

Vacl ValI Vas2 Vast 

Vh., l earl Vhc2 va, 2 
V"y. l =C Vxsl vc", 2 = c`, Vxs2 (8.27) 
VdsI Vytl Vds2 Vya2 

. 
Vest VOs1 Vest VOs2 

8.3 Phase domain modelling of the voltage-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: 

VA = Val + Vat VB = Vhl + Vh2 VC = Vc. l + Vc. 2 (8.28) 
VI) = Vdl + Va2 V/: = Vel + Vh2 V1 = Vf 1+ Vß. 2 

lA = 'al + O. 5la2 iB = ihr + 0.51h2 

i(. = i, l +0.5ic2 iL) = ids +0.5ia2 (8.29) 

il, = icl +0.5ih2 iF =i f, +0.5i,, 2 

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 15th 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: 

IV INV Rsl + Rs2' INV 
d 

Lsl + L, 2' Lrl Lsrz' 1 INV 
0= RrI lrl + 

dt 
Lrsl Lrl 9 

1rl 
(8.30) 

Rr2 lr2 Lrs2 0 Lr2 1r2 

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: 

'- 
Rsz Rsz 

(8.31) R., z- R, z R., 2 

L 2' _ 
L. 

S2 L2 
(8.32) 

_. e2 
_'s2 

. 
L 

,_ sr2 L. 
+r2- - L. 

+r2 (8.33) 
L= 

rL 
LI LT rs2 

LLrs2 
QJ- Ls 

r2 sr2, 
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where inductance and resistance matrices for each machine are given in equations (3.5) 

to (3.8). Inverter voltages are: 

VA Vac1 + Vast 

V8 Vhsl + Vcs2 

INV V(' Vcsl + Ves2 

vi) Vclcl + Va. c2 

VE Vesl + Vcs2 

v/. Vf. 'sl +Ves2 

Correlation between machine currents and inverter currents is still: 

la. 
sl 1A tas2 lA + 1l) 

1bsl in 1. h. s2 
0 

Icsl 1C /NV lcs2 in + ili 
1 tl _ 

sI 1d 
= _ _ 

il) -l- s2 ldv2 
_ 0 

1esi 1Ii lest 1c + ll: 

ifsl I. 1fs2 0 

(8.34) 

(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): 

1(Alarl +1B brl +1('1crl +11)ldrl +l{slerl +1J' 1 frl)sin 
0, + 

OlJarl 
+'A1brl +1H1crl +'('"drl +ZDter1 +ll, l frl)sln(81 -5a)+ 

T PM 

('j 

ael 
+(F'brl +1Alcrl +(H'drl +(Clerl +11)lfrl)sin(Ol -4a)+ (8.36) 

- -1 1 el = (l)1arl +llilhrl +Il, lcrl +1Aldrl +iB1erl +l('lfrl)sin(B, -3a)+ 
(iCiarl 

+ll)1brl +1Etcrl +lFldrl +ZAlerl +1Htfrl)sin(01 -2a)+ 
(18iarl 

+I('1brl +l/)lcrl +'»drl +1Flerl +1A( f'rl)sln(01 -a) 

F\('A + Il) )lar2 + ('B + lli )'cr2 + (l(' + llý )er2 )sin 02 + 

Tc2 = -P2 M2 + ((i(. + il; )lar2 + ('A + ID )Icr2 +N+ il: )ler2)sin(02 
-4a)+ (8.37) 

+ ((SB + il; )iar2 + (iC + ll: )lcr2 + ('A + 1U )ler2)sin(02 
- 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 at (2004c). The inverter 

voltage equations in the stationary common reference frame are given in Iqbal and Levi 

(2004) as: 

! NV 

vä 
NV 

= RsIIaNV +(Llsl + Lml) 
dla 

+ Lml 
dId" 

dt dt 
iNV 

vINV = 
JNV + (Lrsl + Lml) 

d1ß 
+L 

diyrl 

di m' dt 

V/NV x =R ilNV +L ! sl six 

INV dlx 
2 

INV 
R_ 2iINV + (L 

IQ +Ld 
2dx 

Lm2 
ditir2 

s2y x ls2 m2 + ) 
dt dt dt 

INV 
Vy 

/NV Rcliy +Lni 
d1Y! N ' 

+ý 
ýý 

lNV \8.38 
INV 

d`ly d1 
R, zýiy + (L 1., z+Lmz) 

yr2 
+Lmz dt dt dt 

vlNV o+ =R irNV +L. ýt o+ týl 

INV dlo+ 
+ 42 

lNV 

+L. 
d 2io+ {R52iv 

! cz dt dt 

diINV 
ý0 INV 

__ 
öN' + Lcci 

dt 

The rotor equations are: 

! NV 
0= Rrl idrl + Lml 

dpa 
+ (Lirl + Lml) 

d`art 
+ O11 

(Lml 
iV+ (Llrl + Lml)cri 

) 

dt dt 
! NV 

(8.39) 

0= Rriigrl + Lml 
dldt 

+ (Llrl +' Lmt) 
ddt 11 LmllaNV + (L1,1 + Lml l'drl 

) 

lNV 
0= Rr2ýdr2 +` Lm2 

d`aý 
+(LIr2 +Lm2ýddt2 +w22(Lm22iy'NV +(Lir2 +Lm2)gr2) 

(8.40) dIINV dý 

ý 
/NV l, 0 

'Rr2lyr2+y`Lm2 
y +\LIr2+Lm21 yr2 

_w22(1m2`r2ix +(Llr2+Lm21clr2 
di di 

Torque equations are: 

INV INV . 
eý PL. I ldrltß -'a lgrt1 

Im INV Tel - 
42PLm2 

Idr21y -1x Igr2] 

Inverter voltages can be represented as: 

(8.41) 
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VIýNV Val +Va2 

VI 
NV Vbl +Vc2 

VINV Vcl + Vet 

Vy 
V Vdl +Va2 

VINV Vel +Vc2 

VýINV 
V fl + Vet 

Hence in this case 

INV 
Va Vaal 

INV 
Vii = Vfiel 

INV 
Vx - VA + 2Vac2 

INV 
Vy = Vyl + 2Vac2 

INV 
VO+ = VO+. sl + 2VOs2 

INV 
VO- - VO-sl 

Vasl 

VQ, I 

_ 
vxsl +J Vac2 

Vysl +y`'Vßs2 

vo+. sl 
+ 

Ivos2 

Vo-sl 

(8.42) 

(8.43) 

On the other hand, correlation between inverter current axis components and axis 

current components of individual machines is, taking into account (8.29): 

lNV 
la = lacl 

lNV 
lQ = 1ßc1 

lNV_" ý 
lx - lxel - lav2 /42 

(8.44) 

l 
! NV /2 
y=1y. ý"I = 1ýt. 2 y 

1NV 
_= _% ! 0+ - 10+. e1 - 

lOs2 v2 

l"0 
1NV 

_ = l0-st 

Hence, in terms of inverter axis current components, one has the following machines' 

axis current components: 

lava _ ! lNV 
a 
INV 

INV 
ýxsl - ix 

INV 
ysl - ly 

! NV 
l0+sl - 

i0+ 

10-sl = lo- 

(8.45) 
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INV 
1as. 2 = 2lx 

_ 
42i INV 

ýPQ -Y 

INV 
10s2 = 2i 

+ 

(8.46) 

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 PI controllers with decoupling voltages. Decoupling 

circuits are introduced to decouple the d-axis and q-axis components of stator voltage 

and current [Novotny and Lipo (1997)]. Decoupling voltages are, for constant rotor 
flux operation, given with: 

ed = -tyro's iqx 

(8.47a) 
. eq -0)rýLs ýLmýWr -wrLsjýts 

where the total leakage coefficient is given by: 

Q=l-ýL2IL, Lr) (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: 

vd,. = Vd +ed Vq., = Vq '+e9 (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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vac =5 
[V 

dc cos (bra - Vys sin 0,, 
1 

Vh., =5l et cos(Oj - a) - vqs sin(oj -a)] (8.49) 

------------------------- 

V. =5 
ývý,. 

cos(o,, -4a)-vqS sin(ib, ý -4a)1 

where a= 21t/5. 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. 

ids *= ldcn 

(a) 

(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. Current control in the synchronous reference frame 

8.4.1 Tuning of the Pl current controllers 

Current PI controllers were tuned using an empirical method. A detailed 

description of this method used can be found in Iqbal (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 q-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. 8.2e, 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 q-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. 
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8. Current control in the synchronous reference frame 

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): 

VA = Vasl +vast VB -Vbsl +Vcs2 V(' ' Vcsl +Ves2 

V) = Vdsl +vh. 
s2 V= Vesl +Uds2 

(8.50) 

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), iA, i C, iE iB, i/), . Decoupling 

voltages, for constant rotor flux operation, are given with: 

edl --ßr1QlLsilgsl 
r 

eql =1 rl 
(L. 

s1 
/ Lml )1 

rl = wri Ls1 idsl 

ed2 = -()r262 Ls2iq. 
s2 (8.51 

tR 

eq2 - for2 (L 2/ Lm2 )V/r2 - 0r2 Ls21dc2 

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: 

Vasj = 

ýý5[Vdej 

COS *brj 
- V9yj sin 0, 

j 

vn., ý =5 
[viy 

cos(trj - a) - v" gsj Sin(Orj - a), 
(8.52) 

------------------------- 
2l 

v"y cos(Orý -4a)-vy. sý sin(0rj -4a)] 5 
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8. Current control in the synchronous reference frame 

where j=I or 2 and a= 2it/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-ph ase 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 IM I at t 

= 0.4 s. At t=0.5 sa speed 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 (IM 1). 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. 8.2e). 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. 8.2e 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. 8.2e 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 vds* 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 

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 radls not shown) 
Speed Vds*, peak (V) v,, *, 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) v s*, peak (V) 

Max. value Steady-state value Max. value Steady-state value 
IM 1 (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. lb 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-(3 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: 

vx., l = R., Ilx., l + L,, I dix., l dt 
(8.53a) 

vycl = R, Iiycl + L1, dly,, Idt 

r 
vx., 2 = R, 2ix., 2 + Lise dixs2 dt 

(8.53b) 
Vyc2 = Rs2'ys2 + Lls2 dtys2/dt 

where x-y current references are: 

_xy(M1) -Ldq(M2) exp(JY'r2ý 

1! x (M z) exp(Jorl 
(8.54) 

Y dq(M1) 

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: 

Lxy(MI) 
ýýý+2 

d1(M2) eXp(jOr2 (8.55) 

this accounts for the relationship given in (8.44). Phase voltage references are further 

calculated for the five-phase case using: 

2, 
Vy. gj =5 

[Vdgj 
COS ! )frj - Vysj Sin Orj + Vx 

VAsj 5 
[Vdsj 

COS(Oj a) VQjSin(fýja) f Vxsj cos Za f Vysj sin Za] 

Z V. 
) -5 

[Vdsj 
COS(Oj - 

ZQ) 
- Vysj Sin(fprj ZR) f Vxsj cos 4a f Vysj sin 4a, 

(8.56) 

Vd j= 

ý[Vý, 

j COS((6, j - 
3a) 

- vsin((prj - 
3a) + vxsj cos 4a 

- vy, 
Tj 

sin 4a] 

Vest 'S 
tVdyj 

COS(9j - 4a) - Vq. ýj sin(? rj - 
4a) + Vxsj Cos 2a 

-v,,, j sin 2a, 

where a= 27t/5 and i=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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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: 

" 2f r"l 
Vas, =6 `Vdsl COS #rl - Vqsl Sin 0rl + Vxsl j 

Vn,, 1 = 
wasl 

cos(0rt - a) - vgsl sin((prl - a) + vx, 1 cos 2a + v,,, sin 2a] 

Vcs .l= , 1=w cos( rl - 2a) - vqsl sin\/ýj - 2a) + v'xsl cos 4a + vysl sin 4a1 
(8.57) 

Y6 
dsl 

'l "ss 

,I COS 6a vySl sin 6al vdsl =6 
wý, 

l cos(9rl - 3a) - vgs1 sin(rp, l - 3a) + v, 

"2 vesl =6 
[v:, 

' cos(0" - 4a) - vyy. l sin(//rl - 4a) + v*,,,, cos 8a - vy, i sin 8a] 

2 

f" =6 
wýsl 

cos(orl - 5a) vgsl sin(¢rl - Sa) + v,, l cos I Oct - vy, l sin l Oaý V* 

where a= 2t/6. The inverter voltage reference generation for the six-phase case is, on 

the basis of (8.28), governed with: 

VA = Val + Vh2 VR = Vnl + Vb2 Vc = Vcl +Vc2 p [p 

"aaaff"r 

(8.58) 
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8. Current control in the synchronous reference frame 

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 iA 

lacl i, l 
-A is 

e in 
ldsI igsl ! ßs/ ! 

ls 

-6 

Vast 
idc! * Vds! * Va l4v 

Al vcs"/* 

-e Vdsl * 

ýyc! * Vqc/* Vßcl# 
Vesl* 

PI 6 vs/* 

rrr 
Vzsl = R, ixc1 +L1., I 

dis,,, /dt 

* 
VA =Vast +Vas2 

Vxs1 rr 

vY., = R, iyl + Li, l dire/dt VB = V& Y1 +Vbs2 
Vys/ 

rr 
VL. = Vcsl +Vcs2 

iý2#= VZlxs/# rr 
JOa 

1/12 
V/) = Vdvt +Vac2 

e 
1/42 VR = Vest +Vbs2 

ißs2* = ly., rr 
V1, =Vjs)+Vcs2 

1d, 2* 
PI 

Vdc2 Vas2 2 
vas2 

ZN; 

J42 V&2 

e 
igc2* 

PI 
vvcz vpcz* vccz* 

3 

lds2 

2 LA+ ! 1) 
l m"1 

lgs2 
_j 0,2 

e 1N+lh; 
Ißs1 

3 i(' + il: 

Fig. 8.5: Vector control of series-connected six-phase and three-phase induction machine: current control 
in the rotating frame and feed-forward reference x-y voltage calculation. 

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 I 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=0.5s, 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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established in both machines a speed command of 299 rad/s is applied to the six-phase 

motor (IM 1) 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. 8.7e 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- I 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: 

dlINV(1) 

K'NV(1) =(Rsl +R. ý2)id 
V(1) 

+(Lsl +LIs2) 
dq 

+Lml 
di(l) 

+Jwrl[(Lsl +Lls2)l d 
ý(1) +Lmllrl 

-` q dt dt Q 

/NV(2) INV(2) 
d- ININV(2) di (2) 

rt INV(2) (2) 
ý xy 

(Rsl + Rs2)l 
xy+ 

(L, 
1 + L2) 

dt+ 
Lm2 r+ JW r2 

L(Llsl + Ls2)! 
xy+ß. m2 1 

r2 

(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: 

diTNV(1) d (1) 
v(1) =(R., j +R, 2)! yv(1) +LI, 2 

dq + 
di 

l +J(Or1[L! s2. 
ýV(1) +Y/ 

-sl (8.60) 
ýt1NV(2) d (2) 

ýINV(2) =(R +Rs2 ! /NV(2) 
-4-L 

xY + 
ys2 

+ [O 1 l1NV(2) +Y/ (2)l 
xy sl 

)_xy 
lsl dl dt r2C ! sl-xy 

-s2 
1 

Since under the condition of rotor flux oriented control 

V 
1) 

=(LmlILrl»rl) i-61Lý1(d 
17(l) 

std 
- 

(Lm2 ILr2 )V 
r2) 

+ U2l's2l 
xyýý2ý 

hold true, one has from (8.60) and (8.61): 

(8.61) 

! NV(1) 

vdqv(l) =(R., l +R, %2)iýv(I) +(a Lsl +Lt, 2) 
di 

+ 
L'"1 dýrl 

+ Jwri[(L12 +c1L., 1). 
qv(') + 

Lml 
w: i 

dt L,,, dt Lrl 

di1NV(z> (2) 
iNV(2) _(R +R. iINV(2) +6L +L xy + 

L'"2 __r21NV(2) 
+ 

Lm2 (2) 
_xy 1 s2 

)_xy 
2 s2 Lsl) dt L dt 

J r2 
LC 

lcl 2 s2 
)_xy 

LW r2 
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= (o L., 1 + L1c2)/(R., 1 + Rsz) (8.63) 

the outputs of the PI current controllers can be written as: 
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vex=(Rr1+R. czd 
V(I)+TdiI V(1)/dt) 

iNV(>> IN" 
(8.64) 

vy = (R,, + Rs2 ý iy +T diy Idt) 

Inverter d-q voltage references are obtained as: 

V 
! NV (1)+ 

_v '+e 
d-dd (8.65) 

yINV(1)* =V9'+E N9 

Comparison of (8.64)-(8.65) with the first equation of (8.62) yields decoupling circuit 

voltages as: 

lNV(1) 
ed - -wrl 0-1 L. 

51 + Lrs2 e 
LL11 (1) INV(l) 

eq = O)rl W 
rl 

+ Lls21ti 
Lml 

(8.66a) 

Here of course d-q currents are identically equal to the d-q axis stator current references 

of machine 1. That is: 

edl = -CUrl ((Yl Lsl + Lls2 ;. 
cl 

ý. 
a. l . 

eyl = O)rl y/, 
*, 

+ Llc2ldcl 
ý'ml 

(8.66b) 

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 I and the three-phase machine be machine 2. Then: 

ed2 = ^'wr2 Q21's2 +0.5L, 1 Ngs2 

C L., 2 " (8.67) 
eq2 = ßr2 

L 'r2 + 0.5Lrsi ill 
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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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. 8.7e). 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 
IM I and 1M2 (b), stator d-q axis voltage references IMI (c) and stator d-q axis voltage references IM2 

(d). 

8.8 Summary 
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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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phase "a" voltage reference of IM 1 and IM2 (d), stator d-q axis voltage reference of IM I (e) and stator d- 
q axis voltage reference of 1M2. 

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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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 PI 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 

QUASI 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 VSls were used. 

However, with modem 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 t1 (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 filters, 

Klingshirn (1985). Another possibility is to remove all the 6n tI (n = 1,3,5 ... ) order 
harmonics from the phase voltage using an open end winding configuration as described 
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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, c, while symbols d, e, f stand 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: 

I cos 2, r /3 cos 4, r /3 cos 7r /6 cos 5, r /6 cos 9, r /6 
0 sin2, r/3 sin4, r/3 sin, r/6 sin5, r/6 sin9, r/6 

2 1 cos4, r/3 cos 81r /3 cos5, r/6 cosn/6 cos9116 C= - (9, la) 
6 0 sin 41/3 sin8, r/3 sin5, r/6 sin2c/6 sin92r/6 

11 1 0 0 0 
00 0 1 1 1 

where the phase ordering is a, b, c, d, e, f As explained in chapter 4, inspection of the 
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transformation matrix (9.1 a) 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): 

i; l = 2iß sin(w, t) 

4, _h/, sin(w, t-4a) 

i'l =ý11 sin(colt -8a) 

i, 1 =J !i sin(cwl t-a) 

i; 1 _ 
4i1 sin(wit -5a) 

i fj _ 
ý2-!, sin(m, t-9a) 

ia2 =J 12 sin(c)Zt) 

ih2 = 
4212 

sin(w2t - 4a) 

ce 
= 

4'2 sin(c02t -8a) 

id2 = 
412 sin(wzt -a) 

e2 
= 

412 sin(cv2t - 5a) 

;2= ß12 
sin( 2t-9a) 

Let the inverter current references be created according to Fig. 9.2, 

ýA = 1al + lag 

sw ill + Ih2 

4, 
= lel + id 2 

iß = int + ic2 

il) =ld1 + ie2 

. iý; =ifs+if2 

(9.2) 

(9.3) 

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: 

'a2 ='q 1h2 = 1'(" 

ic2 = iH id2 = ýh. 

ie2 ='1) f2 = iF 

(9.4) 

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, 0 and let the second pair have indices x, y, then: 

iINV +jiIV isl+jijj, l =41, 
(sin colt-jcosa), t) 

(9.5) 
INV INV Ml Ml ix +jiy =ixs + jiyý = 

J/2 (sin wet- jcoswZt) 

Similarly, application of (9.1) in conjunction with (9.4) produces: 
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iä 2+jiß2 =J12(sinw2t cosw2t)=iINV+ jiy V 

iM2 + jiM2 = 61, (sinw1t- jcosr'lt)=iäNV + jiI V 
(9.6) 

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 

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, ß 

components of machine I 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", 'T' windings of the other machine. Inverter reference 

current generation for the scheme of Fig. 9.3 is governed with: 

'A = 1a1 + let 

1C =1c. ß +ld2 

!! i =1e1 +1h2 

ra 
,s IR = lb) +1f2 

s 
l) = dl +1as 2 
rs 

1; = lfl + 1c2 

(9.7) 

The phase currents of machine 2 are now: 

rr 

a2 
= iU 1b2 = r1 

c. 2 = iF 1d2 = lc (9.8) 

c2 = i, 4 i f2 = iB 

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). 

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- 
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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 1 2 2 2 

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: 

II cos21/3 cos4ir/3 costs/6 cos51r/6 cos9, c/6 
0 sin2, r/3 sin41r/3 sink/6 sin5, r/6 sin9n/6 

2 
ý- 

1 cos 4; r /3 cos 8ý /3 cos 57r /6 cos n/6 cos 91c /6 
1b 9 

6 0 sin 4, r /3 sin 8, z /3 sin 5, r /6 sin ,r/6 sin 9, z /6 . 
1 1 1 1 1 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: 

ia, = 
4211 

sin(wl t) 

ihr =r2 11 sin 
(co, t-4a) 

i'l = NF2 11 sin(colt -8a) 

ids =41, sin(, t-a) 
ý11 

sin(a t- 5a) 

i fi = 
421 sin (co, t-9a) 

Let the torque\flux producing currents of the two-phase machine be: 

%a2 =4 212 sin (ß2t 
(9.10) 

ih2 = 412 sin(wzt - is / 2) = -, Vr2l2 cos wet 

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: 

iA = i: 1 + (1 / 3)iaz 

iH = ih' + (1 / 3)iaz 

iý" = i: + (1 / 3)iaz 

1) =i; l +(1/3)inz 
" 

i1*M1 + (I / 3)ie"z 

i,; = i* fI+ (1 / 3)ih2 

It follows from (9.9)-(9.11) that: 

(9.11) 
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TA + iH + iC = Ia2 (9.12) 

"s"a 
il) + il, * +' = 42 

Application of (9.1 b) in conjunction with (9.11) and taking into account (9.9)-(9.10) 

yields: 

.! NV 
=a 

46-11 
sin colt 

!NV =-41, COSU)1t 

" INV 
=O x 

iIV=0 (9.13) 

INV 
= i0+ I` "` 

t . a2 = 1I 
` 
-12 S1Il [DZt 

ioINV 
-= 

6ib2 
= -312 cos[w2t 

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 (9.1l)-(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`d harmonic current as described in Lyra et at (2001). If w2 = 3wi 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: 

VA =Val +Va2 VB = 'hl +V 2 

VC = Vel +Vh2 VU = VdI +Ve2 (9.14) 

V1, =Vel +Vä2 Vh; =Vf1 +V12 

'A - lal = 'a2 i8 = 1b1 = 'c2 

1C = 1c1 = 162 ID ='dl ='e2 (9.15) 
il, =lel =1d2 iF =1f1 ='f2 

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: 

v=Ri+d 
d(Lt) 

(9.16) 
dt 

where the system is of the 18th order and: 

INV INV 

V0 1rl 

0 lr2 

VINV _ 
EVA 

VB VC VI) VV Ji/, 

(L i INV 
o1A 1N lC 11) 1F 11.17 

(9.18) 

_rl = 
LiarI 

ihrl icrl ldrl lerl 1frI 

(9.19) 
Lr2 = Llar2 1hr2 lcr2 'dr2 1er2 l. fr21 

The resistance and inductance matrices of (9.16) can be written as: 

Rsj +Ri2 
R 

rl 
(9.20) 

Rr2 

-sl 
+ L, 

21 L 
srl 

L 
sr2' 

LL 
rsl 

L 
rl 

0 9.21 

L 
rs. 2' 0L 

r2 
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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: 

R., l = diag(R. 
sl 

R, l R. 
sl 

Rsl R. 
sl 

R. 
sl 

) 
(9.22a) 

dia RRlRl RI) 
rl b'( rl rl rl rl rl r 

Rs2 = diag(R. t2 R52 R. 2 Rsz Rs2 R, 2 ) 

R dia RR r2 R r2 R 
(9.22b) 

r2 = gý r2 r2 r2 r2 r2 r2 
) 

L1,, +M, M, cos 4a M, cos 8a M, cos a M, cos 5a M, cos 9a 
M, cos 8a LISA + M, M, cos 4a M, cos 9a M, cos a M, cos 5a 

`ý 
M, cos4a M, cos8a L1,1 +M, M, cos5a M, cos9a M, cosa (9.23) 

- M, cos l la M, cos 3a M, cos 7a L1. 
c1 +M, M, cos 4a M, cos 8a 

M1 cos 7a M1 cos l la M1 cos 3a M1 cos 8a L1,1 + M, M, cos 4a 
M, cos 3a M cos7a M1 coslla Mi cos4a M1 cos8a L,,, +M, 

Lire + M, M, cos 4a M, cos 8a Mlcos a Mlcos 5a Mý cos 9a 

M, cos8a LI� +M, M1 cos4a Micos9a Mlcosa Mlcos5a 

L 
'ý 

M, cos 4a M, cos 8a Lire +M, M1 cos 5a Micos 9a Mlcos a (9.24) 
- M1 cos l la Mlcos 3a Mlcos 7a Ljri + MI Mlcos 4a M1 cos 8a 

M1 cos 7a M1 cos l la M1 cos 3a Micos 8a Lira +M1 M1 cos 4a 

M, cos 3a M1 cos 7a M1 cos l la Mlcos 4a Mlcos 8a Lire + M, 

L1.2 +M2 M2 cos8a M2 cos4a M2 cos5a M2 cosa M2 cos9a 
M2 cos4a L1.92 +M2 M2 cos8a M2 cos9a M2 cos5a M2 cosa 

LIZ 
M2 cos8a M2 cos4a L1.2 +M2 M2 cosa M2 cos9a M2 cos5a (9.25) 
M2 cos 7a M2 cos 3a M2 cos l la L1c 2+ M2 M2 cos 8a M2 cos 4a 
M2 cosl la MZ cos7a Mz cos3a M2 cos4a L,. 

�2 +M2 M2 cos 8a 
M2 cos3a M2 cosl la M2 cos7a M2 cos8a M2 cos4a L1S2 +M2 

L,,. 2 +M2 M2 cos4a M2 cos 8a M2 Cosa M2 cos5a M2 cos9a 
M2 cos8a L1N. 2 +M2 M2 cos4a M2 cos9a M2 cosa M2 cos 5a 

Lr2 
M2 cos4a M2 cos8a Lß92 +M2 M2 cos5a M2 cos9a M2 cosa (9.26) MZ cosl la M2 cos3a M2 cos7a L1.. 2 +M2 M2 cos 4a M2 COS 8a 
M2 cos 7a M2 cosl la M2 cos 3a M2 cos8a L1 2 +M2 M2 cos 4a 
M2 cos3a M2 cos7a M2 cosl la M2cos4a M2cos8a L,. 2 +M2 
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cos 01 cos(Bl + 4a) cos(B1 + 8a) cos ©i + a) cos(B1 + 5a) cos(B1 + 9a) 

cos(01 +8a) cos01 cos(01 +4a) cos(01 +9a) cos(B1 +a) cos(01 +5a) 

cos(01 +4a) cos(B1 +8a) cos01 cos(B1 +5a) cos(01 +9a) cos(B1 +a) 
Lsri MI 

cos(01 +l la) cos(01 +3a) cos(01 +7a) cos B1 cos(91 +4a) cos(01 +8a) 

cos(01 + 7a) cos(01 +1 la) cos(01 + 3a) cos(01 + 8a) cos 0l cos(01 + 4a) 

cos(91 +3a) cos(01 +7a) cos(B1 +l la) cos(9, +4a) cos(Bl +8a) cos 0l 

Lrsl = L'srl 

(9.27) 

cos B2 

cos(02 +4a) 

cos(02 +8a) 
L'`'r2 Mz 

cos(02 +7a) 

cos(02 +l la) 

cos(02 + 3a) 

Lrs2 = Lsr2 

cos(02 + 4a) cos(02 + 8a) 

cos(02 + 8a) cos O2 

cos BZ 

cos(02 +I la) 

cos(02 +3a) 

cos(02 +7a) 

cos(02 +4a) 

cos(02 +3a) 

cos(02 +7a) 

cos(02 +i la) 

cos(02 +a) cos(02 +5a) cos(02 +9a) 

cos(02 +5a) cos(02 +9a) cos(02 +a) 

cos(02 + 9a) cos(02 +a) cos(02 + 5a) 

cos(02 + 8a) cos 02 cos(02 + 4a) 

cos 02 cos(02 + 4a) cos(02 + 8a) 

cos(02 + 4a) cos(02 + 8a) cos 02 

(9.28) 

Expansion of (9.16) yields: 

v/NV R +R i'NV Lsl +L 'LL' iINv 
-. cl s2 s2 srl sr2 d 

+ 0=R rl i rl +L rsl L rl 0-i rl dt 
0 Rr2 Lr2 Lrs2' 0 L2 lr2 

dd 
L d Lsr1 

dt _sr2 . INV 

dL 

rcl 
Ql 

rl 
(9.29) 

dt- 
d 

Lrs2 00 
jr2 

dt - 

Torque equations of the two machines in terms of inverter currents of (9.3) are: 

`lAlar +lß1br +tC'cr +lllldr +lliler +ll%1 f, 
)sin 

01 + 

(l("lar 
+1A1hr +lBlcr +ll; ldr +'Uler +ll, l jr)sin(0, +4a)+ 

(lßlar 
+l(. ihr +1Alcr +ilsldr +ll; ler +l/)l. 1r)sln(Ol + 8a) + 

Tee =-PýMý (-llilar 
-! l; lhr -lIlcr +lA1dr +1H1er +l("1 fr)sin(Oi +a)+ 

tI) ar -1Lilbr -lFlcr +1(, idr +lAler +lBi fr)sin(01 +5a)+ 
(-ll; 

lar -lDlhr -! liier +lB1dr +'(, ler +1Alj 
)sin(B1 

+9a) 

(9.30) 
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((Afar 
+1('lbr +iBicr +i/iidr +il)ler +'l-". fr 

)sin 02 + 

(Biar 
+/Albr +ICicr +/f: idr +1Eler +il)i fr)Srn(02 +4a)+ 

(Klar 
+iBibr +LAlcr +iDidr +iFier +ip i fr)Sln(02 +öa)+ (9.31) 

Tee =-P2Mz 
iDiar iFlhr lE'cr +lAidr +l('ler +iBifr)sin(02 +a)+ 

ililar -1Dibr 1 lc. r 
+iBidr +IAier +1("i fr)Sin(02 + 5a) + 

1F1ar -1Elbr 'Dicr +l('idr +ifler +'Aifr)sin(02 + 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: 

VA =Val +Va2 VB =Vbl +Va2 

Vc =Vcl +Va2 VIA =Vdl +Vh2 

VI, = vet +Vh2 VP =V fl +Vh2 

lA = lal iM = 161 

1(' = lcl 1! ) = Idl 

ll; = lel il; =1 fl 

ia2 =iA+iH+ i(. 

ih2 =1J)+i1+iF 

(9.32) 

(9.33a) 

(9.33b) 

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 14th order because the 

drive incorporates a quasi six-phase machine and a two-phase machine, therefore: 

irl = 
[Iarl 

ihrl lcrl tdrl 1erl l frl 

_T lr2 = 1ar2 'hr2 
I 

(9.34) 

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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R,. 2 =diag(Rs2 R. r2 RS2 R. s2 
Rs2 Rs2) (9.35 

Rr2 =diag(Rr2 Rr2) 

L1 2+ M2 Lls2 + M2 L1i2 + M2 M2 cos 3a M2 cos 3a M2 cos 3a 

L1,. 2 +M2 L, 2 +M2 L,. 2 +M2 M2 cos3a M2 cos3a M2 cos3a 

_ 
Lls2 +M2 Lls2 +M2 L1 2 +M2 M2 cos3a M2 cos 3a M2 cos3a (9.36) L'Z 
M cos3a 2 M cos3a 2 M cos3a 2 L. c2+ M2 ! LL 

v2 + M2 L! s.. 2 +M 2 

M2 cos3a M2 cos3a M2 cos3a L1., 2 +M2 Lli. 2 +M2 L1,. 2 +M2 
M2 cos3a M2 cos3a M2 cos3a Lice +M2 L,. 2 +M2 L1,2 +M2 

GM 
fcos(BZ) 

-sin(02) 1 
(9.37) L2 zIS. (82) COS(02 

) 

cos(02) cos(02) cos(02) -sin(02) -sin(02) - sin(B2 fT 
L''r2 M2 Lsin(02) sin(02) sin(92) cos(02) cos(02) cos(02) 

j 

(9.38) 

L 
rs2 - sr2 

The torque developed by the two-phase machine in terms of inverter currents is: 

TPM "'A 
+lB +i(' har2 +(ID +lli +ll-) /'r2)S n(02l (n n) 

e2 2 2j((A 
H C)lr2-lD B F)lar21 \ 2J} 

\771 
l\`l +l +l 1l +l +l 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: 

ta(1) = 2I6 [kiel COS Y rl - tgsi sin o,., ] 

ib(l) = 2/6[lds. l COS(Y'rl -4a)-1* 1 sin(ori - 4a)] 

,z -9aý] (1) - 
2/6[1dc2 COS(Or2 -9a)-i; sz sin(0 

(9.40) 

la(2) = 2/6[, * 
s 

COS Or2 - lysl sin cr2] 

1b(2) = 2i [. 2 cos(0rz - 4a) - 
lq 

2 sin(0r2 - 4a)] 

f(2) = 2/6[1d 2 COS(Or2 -9a)-lgs. 2 SII1(Or2 -9a)] 

For the quasi six-phase/two-phase configuration individual phase current references are 

given with: 

la(6-phace) = 2-/Qýýs1 cos orl - lysl sin 0,, 1 

1b(6-phase) = 2/6LId51 cos(orl - 4a) - ii,., sin(orl - 4a)] 

------------------------- 

1f(6 phase) = 2I6[ia, 
1 cos(orl -9a)-i 1 sin(cbrl -9a)] (9.41) 

la(2- phase) _ 
IldV2 COS Ort 

- lys2 Si" Or2l 

! h(2-phase) ' Elds2 COS(f r2 - 
3a) -1gs2 sin(Qr2 - 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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Va(1) = 2/6 [Vd. 
vl COS Orl - Vgsl Sin Or1I 

vh(1) = 2/6[vdtl COS(orl - 4a) - v9., 1 sin(Orl - 4a)] 

------------------------- 
Vf(1) = 2/6[vl2 cos(0r2 -9a)-v9. v2 sin(or2 -9a)] 

(9.42) 

Va(2) = 2/61V12 COS 5r2 - Vqs1 Sin Idr2] 

Vn(2) = 2/6[v!. 2 COS(Or2 - 4a) - Vgs2 sin(or2 - 4a)l 

------------------------- 

VJ(2) = 2/6[vj 2 COS(br2 -9a)-vq. s2 sin(Or2 -9a)] 

and for the quasi six-phase/two-phase drive using: 

Va(s) = 2/6[vds1 cos 0,., - Vysl sin ýrl I 

v 6(j) = 2I [Lvdsl coS(ori - 4a) - vy, l sin(ol - 4a)] 

------------------------- 
V f(1) = 2ý6ýVdti. 

1 COS(Ori -9a)-vgsl sin(Yrl -9a)] (9.43) 

Va(1) _ 
[Vds2 COS 1$r2 - Vqs2 sin Or2l 

vn(1) = [va, 2 cos(0r2 - 3a) - V9s2 sin(Or2 - 3a)l 

The overall inverter phase voltage references for the two quasi six-phase machine 

configuration of Fig. 9.2 are obtained as: 

t"tr 
vA = val + Va2 VB = Vhl +vc2 

vc = Vl+V12 VI) =vdl+Vet 
(9.44) 

vE; =Vel+va2 v1: =vfl+vf2 

Similarly, for the quasi six-phase/two-phase scheme: 

VA -Val +Va2 VB -bbl +Va2 

V= ve, +Va2 VI) =V1 +vh2 (9.45) 

VE =vet +Vb2 VF =V11 +vn2 

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: 

edl = -0r1 
(611,1 + ß'1s2 )Tysl 

ed2 =- >r2(62 Ls2 + L1s1)lys2 

(9.46) 
ey} =ýrl(\ý'slILmlN'rl +ý'1s2tl+'1) eq2 =Wr2(\L. e2/1m2Wr2+j, 1ldc2) 

Similarly, for the quasi six-phase/two-phase scheme: 

edl = -rvr1 cl L., 1 iyci ed2 = -alr2 
(072 L, 2 + 1/3 Lr., 1)i 2 (9.47) 

i, eyl = co,., ýLsl Lmtýw; 1 eq2 =ßr2 
((Ls2 ILm2 )V 

r2 + 1/3 L1`j 2) 

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 IMI 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 (c), phase "a" current references (d), source 

phase "a" and "d" currents (e) 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. 9.5e 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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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. Quasi six phase configurations 

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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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 "a" currents references of the quasi six-phase machine due to the flow of x-y 

171 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Time is) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Time (s) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Time (s) 



9. Quasi six phase configurations 

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) 1Oms 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, = I2 

=I, (Dj=cot=(os): 

iA =0 
iH = 

11, sin(Wlt-4a)-VJ2 sin(cw2t-8a) 

i( =42I, sin((vlt-8a)-V2IZ sin(ra2t-4a) 

ýJ 
(9.48) 

il) =41, sin(wt-a)-I2 sin((w2t-5a) 

il. =-li sin(o1t-5a)--12 sin(w2t-a) 

i1. =0 
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9. Quasi six phase configurations 

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,, = NiA cos(e) 
Fn = Ni. cos(s-4a) 
FF = Ni(_. cos(s - 8a) 

Fd =NiDcos(s-a) 
Fe = Ni,,. cos(s - 5a) 

Ff = Ni,,, cos(s-9a) 

(9.49) 

Consider current references (single-underlined terms in equation (9.48)) created by the 

vector controller of machine 1. They produce in machine I mmfs of (9.50): 

Fh = 0.5ý12Nli(sin(co t+e-8a)+sin(wýt-8 f)) 
FF. =0.5-, 

r2NI1(sin(wlt+c-16a)+sin(wit-c)) 
(9.50) 

Fd =0.5. Nr2N]I(sin(wlt+e-2a)+sin(aolt-e)) 
Fe =0.5. Nll(sin(wlt+c-10a)+sin(co, t-e)) 

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

machine 1 is: 

24M, sin(ot - (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, = -0.5V-2Nl2(sin(CO2t+c-12a)+sin(w2t-c-4a)) 
F, =-0.5INl2(sin(w2t+8-12a)+sin(w2t-c+4a» 

(9.52) 
Fd = -0.5ý-2-NI2(sin(W2t+s-6a)+sin(w2t -c-4a)) 
F, =-0.5nNI2(sin(w2t+c-6a)+sin(w2t-c+4a)) 

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

machine 2 is: 

N4/2 sin(a2t-e) (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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3INI sin(cos. t - c) (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 quasi 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 l ONm (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) I. 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 written as (I, = Iz = I) (01 = (02 = (0s): 
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ºA = 
4h sin(w t)+ J 12 sin(w2t - 6a) 

iH 
= 

-I, sin(a t- 4a) + ýI2 sin(ot -1 Oa) 
421, sin(w t- 8a)+'IZ sin(a t- 2a) 

i, _ N12-1, sin(w t- a)+ V'2I2 sin(co2t - a) 

ip = 
s/, sin("t - 5a)+VI2 sin(a t- 5a) 

i_-, F21jsin(qt-9a)+, 
%f2-lz sin( t-9a) 

c U 
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This can be written as: 

lA U 

=0 

0 (9.56) 
=2*%f2 Isin (w,. t-a) 

=2*ýlsin(w, t-5a) 

iý =2*, Isin(co, t-9a) 

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 12 = 3Ij. 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, = 1,12 = 3I1,0) 1= cot = (0s): 

iA =0 
iH 

=41 sin(wt-4a)-42 I sin(olýt) 

ic _ NF21 sin(w t- 8a) - 
421 

sin(a2t) 

i =, 41 sin(qt - a)- 421 sin(a t- 3a) 

i, _ -, 
r21 sin(Wt - 5a) - 

[2I sin(w t- 3a) 

il; _'1 sin(a t-9a)-4I sin(c 2t-3a) 

(9.57) 
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Fb = 0.5hNI (sin(w1 t+c- 8a)+ sin (a t- s» 

F ,h =0.5V NI (sin (w1 t+s -16a) + sin (ol t-s )) 

Fd =0.5 2N1(sin(wit+E-2a)+sin(w, t-e» (9.58) 

Fe =0.5. NI(sin(wlt+s-10a)+sin(w1t-s)) 

Ff =0.5JNI(sin(w, t+s-18a)+sin(wlt-s)) 

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

machine 1 is: 

2.5ßNI sin(Wt - e)- 0.5N1 sin(w t+ c) (9.59) 

Consider current references (double-underlined terms in equation 9.57) created by the 

vector controller of machine 2. These currents cause in machine 1: 

Fh = -0.5JNI(sin(w2t+e-4a)+sin(wzt-e+4a)) 
F, =-0.5VNI(sin(w2t+e-8a)+sin(w2t-e+8a)) 
Fd =-0.5 NI(sin(w2t+e-4a)+sin(w2t-e+2a)) (9.60) 

Fe =-0.5JNI(sin(w2t+e-8a)+sin(wzt-e+2a)) 
Ff =-0.5INI(sin(w2t+e-12a)+sin(wzt-e+6a)) 

Therefore the total mmf produced in machine I by the current components belonging to 

machine 2 is: 

0.5/N1 sin (r)2t-s)+0.5N1 sin((2t+s) (9.61 

Equations (9.59) and (9.61) sum to give the total mmf generated in machine I as: 

3%F2 N1 sin(» t- c) (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: 

iaz = 3vr21 sin(w,. t) 
(9.63) 

fat = 3,121 sin(w. st - 3a) 

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", 'T' 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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CHAPTER 14 

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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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 (2004c), 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. 

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 q-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 LPT 1 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 LPT 1 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 LPT 1 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 LPT 1 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 LPT 1 board 

has a total of four A/D inputs, which are used for data acquisition. Every 220µs 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, q-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), q-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 
+ 

Voltage 

Y=-=j= command 

+ "A 

+ lC 

+ %E 

is iE 

AID converters 

Analogue inverter 
phases A, C, E, 

currant references 
from interface FPGA 

board. 

21 

g 
" 1"1 

DBR 

11 B 
Phases of the six- ---------J 

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. It 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 q-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 500 rpm and 600 rpm respectively. Typical behaviour of 

a vector controlled induction machine is observed, with rapid stator q-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 6n±1 (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 500 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 q- 

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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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 

q-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 
(2004c). 

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 0 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 0 rpm. The second deceleration test involves 

the three-phase motor held at 600 rpm and the six-phase motor decelerated from -800 
rpm to 0 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 q-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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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 0 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 q-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 q-axis current 

reference. Similar conclusions can be drawn from the unloading transient (Fig. 10.1Ob). 

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 0 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 q-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 q-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. 

191 



10. Experimental investigation 

I "s 

m 

x 

,, 
q-axis CURSf1I falbere 1C8 

2 

0 dyg 

2 

speed 
\y d 

0.1 0.2 0.3 0.4 0.5 0.6 01 0.8 
Time (s) 

g1 

retereoce t 

1a 

peed 6c EET N 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Time (a) 

g 

I Ü 

S 

I 

0 

N 

a 

F- 

a 
m 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Time (s) 

(a) 

I M 
O 

x 
N 

81810! q-ä%16 cunen1 reis e 

7`\ 
2 

. p-a 

a 

0 0.1 02 2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Tana (e) 

S 

gZ 

vý 

-2 

u 

t 
U 

Ö 

N 

g 

I Ü 

6 
I 

Ö 

4 

52 

m 25 

U) 
N 

Fig. 10.7: Transient performance of the six-phase two-motor drive: six-phase motor acceleration 
transients, 0 rpm to 500 rpm (a) and 0 rpm to 800 rpm (b). 

I 

I 
F- 

t 
t 3 
U 

O 

C 
O 

S 
0 i5 

6 

U 
I 

F- 

192 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Time (s) 

0 0.1 0.2 0.3 0.4 0,5 0.6 0.7 0.8 
Time (s) 

0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Time (s) 

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 
Time (s) 

(b) 



10. Experimental investigation 

I 
ä 

I N 

ä 

K Vl 

ýs 

y 

8 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 U. S U. i ". o 
Time (s) Time (s) 

gSt 
gaxls c0 

0 

1100I sy 

1200 

I ow 

u 
std 

0 0.1 0.2 0.3 0.1 0.5 0.8 0.7 0.8 
Um (s) 

S 

I ü 

I Y 

4 

2 n, wsU. d 

0 

-z 4 

i 
Mweme" 2 

0 

ß 

i 

D 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
7Yne (s) 

I 

a 

I 

gaxle Current Wereme 

aw 
'm 

I 

x 
(Ü 
0 

U 

6 

0.1 0.2 0.3 0.4 0.5 U. b U.! 
Time (s) 

4 

2 

0 

m«aumd 

i 
t 

2 

0 

'ý-\ sky 2 

i 

I u 
Ü 

i. 

t Bylwe motor <Z2S 

0Io1 
8-Oase motor / 

2 

"W 
.P 

3ßhssemda\ 
4$1 

3ßhsae motor 'A 

4 

y3' IE 22 

o2 

-2 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Mme (s) Time (s) 

(a) (b) 

Fig. 10.8: Transient performance of the six-phase two-motor drive: six-phase motor deceleration 
transients, -500 rpm to 0 rpm (a) and -800 rpm to 0 rpm (b). 

193 

0 0.1 0.2 0.3 0.4 0.5 0.5 0.7 0. ý 
Time (s) 

a 



10. Experimental investigation 

q-axis current 
Teerente 

I 

0 
Co Co 

ooF 
-ý- 

I a 

I H 

ä 
I" 

I 

v 
n_ 

N 

Tina (s) 

2 gains cutrrg rNasnc. 
EEs 

0 

.2 
2DO 

-200 
is 
7 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Time (s) 

S 

u 

i 

t 
E 
ü 

y-axis curet rNarame 
°1 

o 

s 1( 

g0 

speed -1 

is is 
0 00.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

lime (a) 

S 

I u 
Ü 

s 

I i 
t 

I I 

I 

4 

v 
ü 

Z 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Tim. (s) 

s 
? 6yhase motor". 

". 
?2 " 

20 

2 
.2 

u" 
.4 60me motor 

r 
i-4 i3? 

3-phase motor 
2EE 

3yhsse motor EEe 

42 0 
"1 

N 

1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 

7Me (5) bbl 

(a) (b) 

Fig. 10.9: Transient performance of the six-phase two-motor drive: six-phase motor speed reversal: -300 
rpm to 300 rpm (a) and -500 rpm to 500 rpm (b). 

194 

0 0.1 0.2 0.3 0.4 0.5 U. b 0.1 U. e 
Time (s) 

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 
Ikn. (s) 



10. Experimental investigation 

a 

x 
N 

, 00 

sp"d 

ýýý+ýillMmwl+ 
2 

200 

0 
%ý"q-axis 

ouffxg mtvo ce 

A 01 02 03 04 06 06 07 0.8 

I sy 

3 
I 

TYm (s) 

gaxis curmn rsNrencs 

sDsed / 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0. 
Time (s) 

S 

I u 
ýu 

1 

fiM 

rS. (. nc. 

l1 12 

e B 

D 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Time (s) 

3-phue mola 

i 
i 
u. 
ü 

a 

s 
II II IHI 

a 

k N 

sp-d sp"d 

sao 
400 2 

300 
q- zIs umeM reger e 1.5 

0.5 

0 

F1 " 
I 
i 
U 
" 

S 
I 

ü 

I rebrome 

3 0.1 0.2 0.3 0.4 0.5 U. b 0.1 0. 
Tkne (s) 

¢axis curtent 

speed 

0.1 0.2 0.3 0.4 U. o u. o v. i w. 
Tkm (s) 

mw. u. a ý 
z 

2 

lUU ° 
., J 

ä 

I 

a 

I 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Tkm (s) 

u 

" 

I 
E 

ö 

61)tme motor 60M. or 

3-lpkhu9 m. otor 

=\,,, 

3 4, 
2 
1 
0 

-1 
-2 
-3 

U 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Time (s) Tkna (s) 

(a) (b) 

Fig. 10.10: Transient performance of the six-phase two-motor drive: step loading at 300 rpm (a) and step 
unloading at 500 rpm (b) of the six-phase motor. 

195 



10. Experimental investigation 

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. 10.1la, 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 q-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 0 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 q-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. Experimental investigation 

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 0 rpm from 500 rpm. Experimental results are shown 
in Figs. 10.16a, 10.16b, 10.17a and 10.17b, respectively. These include stator q-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 q-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 q-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 q-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 AM503 amplifier. This system can accurately record currents of 

up to 20A with frequencies form 0Hz 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 
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Fig. 10.20: Rotor flux oriented control of a six-phase IM: steady-state phase current and its spectrum at 
300 rpm (15 Hz) (a), 500 rpm (25 Hz) (b) and 800 rpm (40 Hz) (c). 

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 50Hz 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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CHAPTER11 

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 x-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 is 

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 nl2 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 2&n. 
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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. The main directions are 
believed to be: 

" 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. 

" 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. 

" 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). 

" 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. 

" 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. 

" 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. 

" 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 

APPENDIX 

Three-phase machine data 

Table A. 1: Three-phase permanent magnet synchronous motor data 

T FAE N7 V4 030 
Nominal speed 3000 m 
Number of ole pairs 3 
Rated fre uenc 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 km 
Stator winding r-hase resistance at 20 degrees C 1.93 Ohms 
Electrical time constant (L/R) 6.35 ms 
Windin r-phase inductance (data sheet) 12.25 mH 
Windin r-phase inductance (test sheet, average value) 10.97 mH 
Nominal current, rated speed, rated load 1.9444 A 
Tor ue 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 

T FAS Y 090-V-030 
Nominal speed 3000 rpm 
Number of le pairs 2 
Nominal frequency 100 Hz 
Nominal for ue, continuous duty at rated speed 3.18 Nm 
Nominal ower, continuous at rated speed I kW 
Maximum torque at rated speed with DS2000 drive (8/22) 20 Nm 
Inertia 0.275 km 
Nominal current, locked rotor 5.5 A 
Nominal torque, continuous cycle with locked rotor 6 Nm 
Windin (stator) phase-to-phase resistance at 20 de rees 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 

Six-phase induction motor data 

Table B. 1: Original three-phase motor data 

Type Sever 1ZK100-8 
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 I ZK 100-6 
Power 1.1 kW 

Frequency 50 Hz 
Rated speed 900 rpm 

Voltage 110 V (phase to neutral) 
Number of pole pairs 6 

Rated current 3.5 A 
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 29-34,30-35 31-36,32-1 33-2,33-3 35-4,36-5 

Start (1) and end (2) of each phase wi ding 
A1=1 
A2=31 

B1=27 
B2=9 

C1=5 
C2=35 

D1=31 
D2=13 

E1=9 
E2=3 

F1=35 
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, d, e, f 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. Hence kw = kbk p, 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) kh 
nsin(y/2) 

it -p kp =cos 2 

(BI) 

Here n is the number of slots per phase belt (two in the case of this winding), y 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 Idsn = 1.35 A and Iysn = 1.6 A. Hence in the case of an n-phase 

machine: 
M =0.42/(n/2) 

I= (0.5683) 

Tin =5(n/3) 
'dsn = ""Idsn 

igsn =' nIgsn 

(C.! ) 

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 
number 

Rated Commanded Rated d-axis 
torque- torque- Te* current idvn 

Ten (Nm) (Nm) (A) 

Rated q-axis 

current iqs� 

(A) 

Peak phase current 
(4T rms) (A) 

Rotor flux 

ref. 
IK* I (Wb) 

r 

2 ph 3.33 3.33 1.91 2.26 2.97 0.8036 
3 ph 5 10 2.34 2.78 4.93 0.9853 
3 ph 5 5 2.34 2.78 2.97 0.9853 
3 ph 5 4 2.34 2.78 2.64 0.9853 
5 ph 8.33 16.67 3.03 3.59 4.93 1.2707. 
5 ph 8.33 8.33 3.03 3.59 2.97 1.2707. 
6 ph 10 20 3.31 3.93 4.93 1.392 
6 ph 10 15 3.31 3.93 3.91 1.392 
6 ph 10 10 3.31 3.93 2.97 1.392 
7 ph 11.67 23.34 3.58 4.25 4.93 1.503 
9 ph 15 15 4.06 4.82 2.97 1.7049 
9 ph 15 10 4.06 4.82 2.44 1.7049 
9 ph 15 5 4.06 4.82 2.06 1.7049 
1h 16.67 16.67 4.28 5.08 2.97 1.797 
10 h 16.67 11.11 4.28 5.08 2.44 1.797 
15 ph 25 25 5.24 6.22 2.97 2.201 
15 h 25 18.75 5.24 6.22 2.56 2.201 
15 h 25 12.5 5.24 6.22 2.22 2.201 
15 h 25 6.25 5.24 6.22 1.99 2.201 
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