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ABSTRACT 
 
 
 

Numerous industrial applications, such as textile industry, paper mills, robotics and 
railway traction, require more than one electric drive. Currently, the multi-machine drive 
system is available in two different configurations. The first one comprises n three-phase 
VSIs feeding n three-phase motors individually while the second one is a system with n 
parallel-connected three-phase motors fed from a single three-phase VSI. The former drive 
system requires n three-phase VSIs while the latter system requires the motors to run under 
identical speed and torque conditions and hence it lacks means for independent control of 
motors. Thus in the present configurations it is not possible to independently control more 
than one machine with the supply coming from only one inverter.  

This thesis considers means for independent control within multi-motor drive systems 
based on multi-phase machines and multi-phase VSIs. The objective is to accomplish 
independent control of all multi-phase machines in the group while using a single VSI. Such 
an independent control is enabled by using an appropriate series connection of stator windings 
of multi-phase motors and vector control principles. The fundamentals of the concept emerge 
from the fact that the multi-phase machines, regardless of the number of phases, require only 
two currents for flux and torque control. Hence there are extra currents, which can be utilised 
to control the second and subsequent multi-phase motors in a multi-motor drive system. An 
appropriate series connection of the stator windings converts the flux/torque producing 
currents of one machine into the non-flux/torque producing currents for the other machines, 
allowing independent control of each multi-phase motor using a vector control scheme. 

Two multi-phase two-motor series-connected drive configurations are considered in 
detail in this thesis. These are the five-phase drive, consisting of two five-phase machines and 
a five-phase VSI, and the six-phase drive, comprising a symmetrical six-phase machine, a 
three-phase machine and a six-phase VSI. Detailed mathematical modelling of both drive 
systems is performed. It is proved in this way mathematically that independent vector control 
is indeed possible due to the specific stator winding connection. Detailed modelling of both 
five-phase and six-phase VSIs is further reported and a number of space vector PWM 
schemes are developed. Numerous simulation studies are performed for both five-phase and 
six-phase two-motor drives using indirect vector control principles and current control in the 
stationary reference frame (hysteresis and ramp-comparison), thus proving by simulation the 
possibility of independent control under realistic supply conditions. 

Finally, a laboratory rig is described, which utilises a five-phase inverter. Five-phase 
two-motor drive systems, comprising two five-phase induction motors and a five-phase 
induction motor and a five-phase synchronous reluctance motor, respectively, are investigated 
experimentally. An analysis of the motor’s performance within the five-phase two-motor 
drive is presented and it is compared with performance of a single five-phase motor drive. 
The experimental results fully verify the existence of decoupled dynamic control of two 
machines in the series-connected five-phase drive.  



2. LITERATURE REVIEW 
 

 10

 
 

Chapter 2 
 

LITERATURE REVIEW 
________________________________________________________________ 
 
 
 
2.1 PRELIMINARY REMARKS 

 
Literature review of some of the relevant research in the areas of multi-phase 

machines and multi-motor drives has been detailed in Jones (2002) and Jones (2005). The 

various aspects covered have included advantages of multi-phase machines over their three-

phase counterparts, modelling and control of multi-phase machines, three-phase multi-motor 

drives, etc. This chapter reviews the latest progress made in the area of multi-phase machine 

drives, highlighting several other relevant aspects and addressing the features of the drives not 

covered in Jones (2002) and Jones (2005). Although the references are available for drive 

phase numbers equal to five, six, seven, nine and even fifteen, the literature review focuses on 

five-phase and six-phase drives. The reasons for concentrating on these two particular 

numbers of phases are twofold. Firstly, the project examines these two specific phase numbers 

only. Secondly, these are the two most frequently discussed phase numbers in literature.  

The chapter gives an overview of the following aspects relevant for the project: 

application areas of multi-phase machines, the techniques for reduction of the switch power 

rating and count in three-phase motor drives supplied from three-phase inverters, and the 

modelling and control of multi-phase and three-phase inverters. It additionally includes a 

review of the newest developments in five-phase and six-phase motor drives, with an 

emphasis on papers published from 2002 onwards and not covered by Jones (2002) and Jones 

(2005). 

 
2.2 SHIP PROPULSION, MORE ELECTRIC AIRCRAFT AND ELECTRIC 

VEHICLE APPLICATIONS OF MULTI-PHASE MACHINES 
 

Ship propulsion, more-electric aircraft, hybrid electric vehicles and battery-powered 

electric vehicles have rapidly emerged during the last couple of years as the main potential 

application areas for multi-phase motor drives. The reasons behind this are primarily twofold. 

In high power applications (such as ship propulsion) use of multi-phase drives enables 

reduction of the required power rating per inverter leg (phase). In safety-critical applications 
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(such as more-electric aircraft) use of multi-phase drives enables greater fault tolerance, 

which is of paramount importance. Finally, in electric vehicle and hybrid electric vehicle 

applications, utilisation of multi-phase drives for propulsion enables reduction of the required 

semiconductor switch current rating (although these drives are not characterised with high 

power, low voltage available in vehicles makes current high). 

One particular interesting potential application of multi-phase motor drives is for an 

integrated starter/alternator in hybrid electric vehicles and ordinary vehicles with combustion 

engines. This idea enables replacement of two electric machines with a single machine. Due 

to its numerous good features, an induction machine is a candidate for this role. A single 

induction machine was proposed as the integrated starter-generator set in Miller et al (2001a, 

2001b) and Miller and Stefanovic (2002). A special method of control, termed pole-phase-

modulation (PPM) speed control, was developed for use in passenger hybrid electric car. An 

integrated starter-generator must suffice the very differing needs of both the starter (high 

starting torque at low speed) and the generator (wide speed constant-power range with fast 

voltage control). For this purpose, a nine-phase inverter was utilised and a nine-phase twelve-

pole induction motor with toroidal winding was reconfigured into three-phase four-pole 

machine under vector control conditions by using PPM. By using a multi-phase machine in 

conjunction with this discrete speed control method it became possible to meet the 

requirements for an integrated starter-generator.  

A six-phase permanent magnet (PM) synchronous motor with a specially designed 

stator and an outside rotor was investigated by Rattei (2001) for use in parallel hybrid electric 

vehicle drive for propulsion purposes in conjunction with internal combustion engine. The 

proposed motor nominal power was 8 kW at 2000 rpm and the maximum speed was 6000 

rpm. The stator and rotor structures were designed with two poles and ten poles, respectively. 

The proposed structure offers several advantages over conventional surface mounted 

permanent magnet synchronous machine. Another example of an electric vehicle related 

proposal for utilisation of a six-phase machine is the work of Jiang et al (2003), where a novel 

PWM technique has been proposed. The method was aimed at six-phase induction motor 

drives, with the stator winding consisting of two sets of three-phase windings which were 

used to form dual-star six-phase winding with separate neutral points. The idea behind the 

concept was to extend the constant-power speed range. The proposed sinusoidal PWM 

reduces the phase current and dc link current harmonics and thus can increase the battery life 

which forms a considerable fraction of the operating cost of an electric vehicle.  



2. LITERATURE REVIEW 
 

 12

Simoes and Vieira (2002) have proposed a five-phase high-torque low-speed PM 

brushless machine, which can be used as an in-wheel motor arrangement for electric vehicles. 

Very much the same proposal is contained in Simoes et al (2001) as well. The machine is in 

this case of the so-called brushless dc motor design, meaning that the spatial distribution of 

the MMF in the air-gap is trapezoidal and the machine therefore requires square-wave 

currents for normal operation.  

As already noted, there is considerable ongoing research interest in the utilisation of 

multi-phase machine in safety-critical applications, such as more-electric aircraft fuel pump 

drives and flight control surface actuators. The conventional technology is to run the aircraft 

fuel pump from the engine gearbox. The fuel pumps are typically designed for maximum-

output fuel flow rate at low engine speed, which is the take-off condition. At high altitude the 

engine runs at very high speed but requires less fuel. Consequently, a fuel by-pass system is 

used to return the excess fuel into the tank. Thus a need is felt to have an independent variable 

speed electric drive for the fuel pump. One of the most important aspects of such drives is the 

fault tolerant property to meet the crucial high reliability requirement. A four-phase six-pole, 

16 kW, 15000 rpm PM machine was proposed by Mecrow et al (2003) to be used in more-

electric aircraft fuel pump drive. The four phases of the machine are supplied independently 

by four single-phase inverters. The four phases are essentially isolated physically, 

magnetically and thermally, leading to a fault tolerant high reliability motor structure. Only 

alternate stator teeth carry a winding in this type of PM machine. A comprehensive design of 

such modular multi-phase PM brushless machines for use in more-electric aircraft fuel pumps 

and flight control surface actuators was presented by Ede et al (2002). The design is based on 

higher value of reactance so as to limit the short circuit current. It was pointed out that the 

machines have to be overrated if they are to be used as fault tolerant structures. The overrating 

factors for four, five and six-phase machines are found to be 1.33, 1.25 and 1.2, respectively. 

Thus a six-phase machine is suggested to be the optimum choice. Green et al (2003) have 

highlighted the problem of using the position sensor in more-electric aircraft fuel pump fault 

tolerant drive. The drive utilises a 16 kW, 13000 rpm six-phase permanent magnet motor with 

six independent single-phase inverters supplying each of the six phases. The authors proposed 

an alternative sensor-less drive scheme. The proposed technique makes use of flux linkage-

current-angle model to estimate the rotor position.  

A comprehensive description of possible three-phase fault tolerant motor drive 

structures was given by Ertugrul et al (2002) for use in safety-critical applications such as 

aerospace, nuclear power plants, military and medical services. The proposed modular motor 
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drive (two-motor system with separate controllers and inverters for each machine) system 

configuration for three-phase permanent magnet ac motor increases the reliability through 

redundancy. Another proposed scheme is to feed the three windings of the three-phase motor 

from three single-phase inverters rather than a standard three-phase inverter.  

The use of multi-phase electric generator sets for providing power to electric drives in 

ship propulsion is being investigated as well. Calfo et al (2002) have presented the 

comparative study regarding the use of conventional turbo synchronous generator and 

specially designed synchronous generators for such an application. It was shown that by using 

multi-phase (fifteen-phase) generator system, there is no need for special phase shifting 

transformers, which reduces the weight of the overall generating system. Further, by using 

high frequency generators, high pole number construction can be used, which leads to the 

reduction in the volume of the generator and associated transformer (if required), and 

vibration (resulting in more robust solution, resistant to mechanical shock). In aircrafts and 

ships the dc power is normally supplied by ac/dc converters. This requires special filters to 

eliminate the current ripple. Weiming et al (2002) have proposed an integrated multi-phase 

generator (with three-phase and twelve-phase windings) design to provide simultaneous ac 

and dc power generation. The twelve-phase winding has embedded rectifier to generate dc 

power and three-phase winding provides ac power. Use of multi-phase generator reduces the 

rectified dc voltage ripple as the ripple frequency is proportional to the number of pulses in 

the rectifier output, which is twice the number of phases.  

 
2.3 THE NEWEST DEVELOPMENTS IN THE AREAS OF DUAL THREE-PHASE 

(QUASI SIX-PHASE) AND FIVE-PHASE SINGLE-MOTOR DRIVES 
 
2.3.1 Dual three-phase (quasi six-phase) motor drives 
 

Among different multi-phase drive solutions, so-called quasi six-phase machines 

(having dual three-phase windings with 30° spatial phase displacement) are probably 

considered most often in the literature. This is so since such a machine can be supplied from 

two three-phase inverters, thus eliminating the need for a design of a customised power 

electronic supply. 

The major drawback of a true six-phase machine (with 60 degrees spatial 

displacement between any two consecutive phases) is the production of large stator current 

harmonics, if the machine is fed by two six-step VSIs. These generate additional losses 

resulting in increase in the size and cost of the machine and the inverter. These negative 

effects reduce significantly if quasi six-phase machine is used instead of a true six-phase 
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machine [Klingshirn (1983)]. This, together with the easiness of obtaining a quasi six-phase 

machine from an existing three-phase machine, are the main reasons why quasi six-phase 

machines are predominantly dealt within literature.  

The process of dynamic modelling of a quasi-six phase induction machine 

decomposes the original six-dimensional phase space into three two-dimensional orthogonal 

subspaces (d-q, x-y and 0+-0-). The neutral points of the two three-phase windings are in vast 

majority of cases isolated. In such a case the 0+-0- sequence components are eliminated since 

they cannot appear in any of the two star-connected three-phase windings. The d-q current 

components are flux and torque producing currents, while x-y stator current components 

appear due to stator current harmonics and are non flux/torque producing current components. 

Modelling procedures for quasi six-phase induction and synchronous machines have been 

discussed in detail in Bojoi et al (2002a), Hadiouche et al (2000), Lyra and Lipo (2002) and 

Benkhoris et al (2002). The dynamic decoupled model of a double-star synchronous machine 

with general spatial displacement between two three-phase windings, including decoupling 

algorithm, was presented by Benkhoris et al (2002). Two decoupling algorithms (called 

‘complete diagonalisation’ and ‘partial diagonalisation’) were developed, based on the 

coupling due to mutual inductance between windings and due to rotational terms, 

respectively. The model contains two pairs of stator d-q axis currents (one pair for d-axis and 

another pair for q-axis) for use in a vector control scheme. The developed model was verified 

by simulation studies and by experimental investigation. A novel d-q-0 synchronous reference 

frame model of a quasi six-phase induction machine, which includes the third harmonic 

current injection effect, was presented by Lyra and Lipo (2002). Third harmonic current 

injection makes the stator current waveform and resulting air gap flux almost rectangular 

leading to an improvement in the flux density and an increase in the output torque of the 

machine. The model was validated by simulation and by experiments.  

A complete model of a dual-stator induction motor, which consists of a single rotor 

winding and two identical stator windings, was presented by Pienkowski (2002). Two stator 

windings have in this case no magnetic coupling between them but they are magnetically 

coupled with the rotor winding and are supplied from the same or independent three-phase 

supply of the same frequency. 

The major advantages of using a quasi six-phase machine, in contrast to a true six-

phase machine, are once again shown by Singh et al (2003). The model developed in an 

arbitrary reference frame takes into account the common mutual inductances between two 

three-phase winding sets. The detailed comparison of performance of quasi six-phase and true 
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six-phase induction machine has been presented. The simulation results are given for 

acceleration transients and steady state behaviour under six-step and PWM inverter supplies. 

The results show a significant reduction in torque and rotor current pulsation in quasi six-

phase configuration. The frequency of torque pulsation in quasi six-phase machine is found to 

be doubled compared to true six-phase machine case. The reason for the reduction in the 

torque pulsation is due to the complete elimination of 6k±1 (k = 1,3,5….) harmonics from the 

air-gap mmf. Further investigation under loaded conditions reveals that the torque pulsation is 

minimum in quasi six-phase machine. However, very little difference in the behaviour of the 

two configurations is found under PWM supply condition.  

Two solutions are in general available as a mean of improving a six-phase motor drive 

performance. These include modified machine design and application of an appropriate PWM 

technique. Attempts have been made to exploit both possible solutions, with more effort being 

put into the second one. Hadiouche et al (2002) have proposed a new winding configuration 

for dual three-phase (i.e. dual-stator, as the machine is often referred to) induction machine 

aiming to maximise the stator slot leakage inductance to limit the harmonic current. The basic 

principle of the winding design consists in the placement of the conductors of stator 1 (the 

first three-phase winding) and stator 2 (the second three-phase winding) in two alternating 

slots with 8/9 pole pitch. This winding arrangement increases the x-y leakage inductance and 

thus limits the stator harmonic current.  

A digital PWM technique called double zero-sequence injection modulation technique 

was proposed by Bojoi et al (2002a) to act on x-y components of voltage to limit the 

harmonic current in vector controlled quasi six-phase induction motor drive with isolated 

neutral points. Here one six-phase inverter is considered as combination of two identical 

three-phase inverters sharing a common dc link. Two sets of three-phase reference voltages 

are obtained from two reference voltage vectors, shifted in phase by 30° (electrical). This 

method was shown to produce satisfactory results with easy implementation on a low cost 

DSP platform. A double d-q synchronous reference frame current control, which uses four 

simple PI regulators instead of six, is proposed for inverter current control. The two sets of 

stator currents are independently controlled to compensate the inherent asymmetries in the 

two three-phase windings.  

A comprehensive comparison of performance of quasi six-phase induction machine 

drive for six types of digital PWM techniques (space vector, multi-level space vector, vector 

space decomposition, multi-level vector space decomposition, vector classification and double 

zero-sequence injection) based on simulation and experimental study was given by Bojoi et al 
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(2002b). The study reveals that the vector classification and double zero sequence injection 

PWM techniques offer good results by minimizing the stator harmonic currents and 

simultaneously reduce the implementation complexity in a low-cost fixed-point DSP 

controller. 

A number of papers, discussed further on, deal with some more specific issues related 

to six-phase motor drives. These include speed controller design, parameter estimation, dc 

link current calculation and operation under fault conditions. 

A fuzzy logic based speed controller for quasi six-phase induction machine drive was 

proposed by Kalantari et al (2002). The flexible nature of the fuzzy logic speed controller 

gives good results for high precision speed control in wide speed range. With simple 

modification in fuzzy rules the same controller can be used under fault conditions as well.  

On-line stator resistance estimation technique was proposed by Jacobina et al (2002) 

for quasi six-phase induction machine with connected neutral points. In the proposed 

technique non-torque producing homopolar voltage component (zero-sequence component) is 

injected along with the symmetrical six-phase voltages in the machine. This distorted voltage 

is used as the modulating signal for the six-phase pulse width modulator. Three line voltages 

and currents are measured and the non-torque producing voltage and current are calculated 

using the developed model. These non-torque producing current components are filtered by 

low pass filter and their derivatives are calculated. By processing the filtered data through the 

developed least square algorithm the values of resistances and leakage inductances are 

determined.  

An analytical technique of formulating the dc link RMS current in PWM VSI fed 

quasi six-phase induction motor drive with isolated neutral points has been presented by Bojoi 

et al (2002c). Two PWM techniques were considered, sinusoidal PWM and sinusoidal PWM 

with 16.6% third harmonic addition. Both techniques were found to give similar results.  

A double-star synchronous machine with an arbitrary spatial displacement between 

two three-phase windings with isolated neutral points, fed by two three-phase PWM inverters, 

was considered by Merabtene and Benkhoris (2002). A model was developed and it was 

further used to study the machine behaviour under open-circuit fault condition.  

 
2.3.2  Five-phase single-motor drives 
 

Direct torque control (DTC) is one of the powerful methods for high performance 

control of motor drives, which has become an industrially accepted standard for three-phase 

induction machines. The basic operating principle of DTC is based on instantaneous space 
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vector theory and relies on utilisation of the non-ideal inverter nature to achieve good 

dynamic control. Toliyat and Xu (2000) have recently extended the DTC concept to a five-

phase induction motor control and they presented a comparison between the three-phase and 

five-phase DTC drives. The implementation of the control system was done using 32 bit 

floating point TMS320C32 DSP. The three-phase inverter has only eight voltage space 

vectors that can be applied to a motor, while a five-phase inverter has 32 possible voltage 

space vectors. There is therefore a greater flexibility in controlling a five-phase drive system. 

The authors achieved high performance in terms of precise and fast flux and torque control 

and a smaller torque and flux ripple for five-phase induction machine as compared to three-

phase induction machine.  

Vector control and direct torque control of a five-phase induction motor with 

concentrated full-pitch winding was also developed and implemented again using 32 bit 

floating point DSP TMS320C32 in Xu et al (2002a). The proposed vector controller uses 

fundamental current in conjunction with 15% third harmonic stator current injection to 

provide quasi-rectangular current, which yields rectangular air gap flux in the concentrated-

winding induction motor. It was shown that this approach enhances torque output by 11.2% 

under dynamic condition and by 10% during steady state operation, compared to the case 

when only fundamental current is fed to the machine. The DTC provides high performance in 

terms of smaller current, flux and torque ripples due to large number of space vectors for 

controlling the machine. Further, zero switching vectors are not needed to implement space 

vector modulation for five-phase PWM inverter for DTC and thus the wear and tear of motor 

bearing can be avoided. Shi and Toliyat (2002) have developed the vector control scheme 

based on space vector PMW for a five-phase synchronous reluctance motor drive. The control 

system for the proposed drive was again implemented using 32 bit floating point DSP 

TMS320C32.  

A special current control scheme has been developed for a five-phase induction motor 

drive by Xu et al (2002b), which enables operation under open-circuit fault condition with 

loss of one or two phases. Concentrated winding induction motor was considered for the 

study and thus third harmonic current was used in conjunction with the fundamental 

component to obtain rectangular air–gap flux profile. The amplitudes of the fundamental and 

the third harmonic current need proper adjustment under fault condition. The speed and load 

have to be lowered under loss of two phases in order to prevent the stator current from 

exceeding the rated value. The whole system was implemented to validate the theoretical 

findings. 
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A detailed performance analysis of concentrated winding multi-phase induction 

motors encompassing multiple of three and non-multiple of three numbers of phases was 

carried out by Toliyat and Qahtany (2002) using finite element analysis (FEA) method. The 

study reveals the fact that the torque pulsation decreases with an increase in the number of 

phases due to smaller step changes in MMF, except in seven-phase case where ripple was 

high due to cogging phenomena. The efficiency was seen to improve with increasing number 

of phases because of the reduction in ripple in rotor current. Further the five-phase machine 

was seen to provide the highest torque to current ratio due to an increase in the amplitude of 

fundamental MMF. The FEA results also showed a decrease in the stator back iron flux and 

an increase in stator tooth flux if third harmonic current is injected along with the fundamental 

in the five-phase induction motor. This suggests a new geometry (pancake shape) for a five-

phase machine stator supplied by the third harmonic along with the fundamental. A 

comparison of performance was also given for different multi-phase machines with respect to 

the conventional three-phase distributed winding induction motor. 

A general modelling approach encompassing dynamic and control issues for a five-

phase permanent magnet brushless dc machine was presented by Franceschetti and Simoes 

(2001). The simulation was done for a five-phase, twelve-pole machine with rated torque of 

30 Nm, with concentrated stator winding. The same machine type, which requires square-

wave current for its normal operation, has been considered in Simoes et al (2001) as well, 

where experimental implementation was based on Motorola 56824 DSP. The switching 

frequency of the inverter was set to 10 kHz. Five-phase trapezoidal back-emf permanent 

magnet synchronous machine was elaborated by McCleer et al (1991) as well. The motor was 

supplied from a five-phase VSI in 144º conduction mode with square wave currents. The five-

phase machine was shown to have higher torque capacity compared to similar sized three-

phase machine and lower peak VA requirement of the switching devices. 

The modelling and analysis of a five-phase permanent magnet synchronous machine 

supplied from a five-phase PWM inverter under normal and fault conditions (one phase open-

circuited) was examined by Robert-Dehault et al (2002). The linear permanent magnet 

machine model was developed in phase variable form for fault condition and also its d-q form 

was given for normal operating conditions. The machine leakage reactance was considered as 

5% with PWM inverter commutating at 2 kHz. The proposed control strategy allows the 

machine to produce the same torque under fault condition as under normal condition, with 

very small torque ripple (6% torque ripple was observed because of the current controller 

type). Pereira and Canalli (2002) have presented the design, modelling and performance 



2. LITERATURE REVIEW 
 

 19

analysis of a five-phase permanent magnet synchronous machine operating as a generator 

feeding a resistive load through five-phase bridge rectifier. The parameters of the machine 

were determined using FEA. The performance in terms of load voltage versus current, output 

power, rectified voltage waveform, phase to neutral and phase to phase voltages and phase 

currents of the machine was assessed and examined using simulation and actual 

measurements. 

 
2.4 METHODS FOR REDUCTION OF THE INVERTER SWITCH RATING AND 

INVERTER SWITCH COUNT  
 

The primary focus in large power drive applications is on the reduction of the power 

switch rating, due to the limited voltage/current ratings of the available power semiconductor 

switches. This is, as already noted, one of the main driving forces behind the recent increase 

in the interest in multi-phase drives. The additional benefit of the reduction in the switch 

power rating is the possibility of the converter operation at a higher switching frequency. 

In large power drive applications six-step inverters are sometimes used, with series 

and/or parallel connection of devices, depending on the voltage and current ratings. With such 

an arrangement some amount of motor derating is essential and there is the difficulty of 

dynamic voltage and/or current sharing during switching. A possible solution is the use of two 

(or more) parallel connected six-step inverters through a centre-tapped reactor at the output.  

This effectively increases the number of steps at the output from six to twelve, if two inverters 

are paralleled (or eighteen if three inverters are paralleled). The use of higher number of steps 

eliminates the lower order harmonics (the fifth and seventh if two inverters are paralleled), but 

at the cost of a large number of devices with complex power and control circuit. It is for this 

reason that, whenever possible, pulse width modulated inverter is used in industrial 

applications. This inverter control method is characterised with control flexibility and an 

acceptable harmonic spectrum. In general, higher the PWM inverter switching frequency is, 

better the harmonic content will be, since the output voltage harmonics appear in the linear 

PWM mode around multiples of the switching frequency. However, high switching frequency 

leads to high switching losses and its application is nowadays restricted to low and medium 

power drives. High power drives, when operated in the PWM mode, have a rather low 

switching frequency of the order of a couple of hundreds of Hertz.  

An interesting potential solution to the problem of the switch rating reduction in three-

phase induction motor drives is to bring to the machine’s terminal box all six terminals of the 

stator three-phase winding. Instead of forming a neutral point and supplying the winding from 
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one three-phase inverter, the winding is now supplied from two three-phase inverters. The 

first one is connected to the input terminals of the winding, while the second three-phase 

inverter is connected to the output terminals of the same winding. An open-ended stator 

winding is formed in this way. This concept actually enables creation of an overall voltage at 

the winding, which corresponds to a multilevel inverter output, although both three-phase 

inverters are actually two-level. In particular, Shivakumar et al (2001, 2002) have shown that 

the three-level voltage waveform can be obtained by feeding both ends of the open-end three-

phase induction motor by two two-level inverters. The open-ended three-phase induction 

motor is supplied from two inverters, whose input dc voltage is one half of the normal dc link 

voltage which would have been required had only one two-level inverter been used. Using 

such scheme sixty four voltage vectors (compared to twenty seven vectors for a conventional 

three-level inverter) are produced, whose vertices form twenty four equilateral triangles. This  

large number of space vectors are utilised by a space vector PWM algorithm to generate high 

resolution output voltage. The triplen harmonic currents, which are generated because of the 

open-end winding configuration of the motor, are suppressed by using two separate isolated 

transformers to feed the two inverters. This technique reduces the individual inverter 

switching frequency to half the motor phase voltage switching frequency and lowers the 

switch rating to half that of the conventional two-level inverter. The switch rating halves as 

well. The concept was further extended by Somasekhar et al (2002a) by using two two-level 

inverters with asymmetrical dc link voltage (2/3 VDC and 1/3 VDC, where VDC is the dc link 

voltage of a conventional two-level inverter) in conjunction with space vector PWM. By 

using asymmetrical dc link voltages for two inverters a total of thirty seven voltage space 

vectors are generated.  The proposed scheme enables operation of the two-inverter set as two-

level (the lowest speeds), three-level (medium speeds) and four-level (high speeds) inverter, 

by properly choosing the space vectors from the available set forming a total of fifty four 

equilateral triangle sectors. The main benefit of the proposed configuration is that the lower 

voltage inverter is switched more often than the high voltage inverter, thus making it an ideal 

choice for high power drives. A reduction in switching losses and a lower switch rating are 

achieved, however at the expense of a complex control strategy and the requirement for two 

isolated transformers. A special space vector based PWM scheme is proposed by Somasekhar 

et al (2002b) for an open-end three-phase induction motor drive fed by two two-level 

inverters, with the idea of eliminating the fluctuating neutral phenomena by allowing only 

ripple current to flow through the dc link capacitor. The proposed PWM switching strategy 

also suppresses the zero sequence component of the current by using auxiliary switch-assisted 
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neutral generation without the need for isolated transformers for supplying the two inverters. 

Mohapatra et al (2002) have used different dc link voltage ratio (1:0.366) for controlling the 

open-end three-phase induction motor drive. The proposed triangular PWM scheme is used to 

eliminate lower order harmonics (6n±1, n=1,3,5….) from motor phase voltages. Two different 

modulating signals (square and square with symmetrical notches) are used for controlling the 

two two-level inverters. The next higher order harmonics (11th, 13th, 23rd, etc) can be 

suppressed by increasing the frequency modulation ratio. The inverter switching frequency is 

controlled within 500 Hz by properly selecting the frequency modulation ratio.  

The same technique is applied in a six-phase induction motor drive (two sets of three-

phase groups with 30 degrees spatial displacement, termed here quasi six-phase and originally 

called by Gopakumar et al (1993) split-phase) by Mohapatra et al (2002a). Each three-phase 

winding is fed from both sides by two two-level inverters, having isolated asymmetrical 

(1:0.366) dc link supply. The inverter switching frequency is controlled within 600 Hz by 

properly selecting the frequency modulation ratio.  

Another inverter configuration was proposed by Baiju et al (2003) to generate space 

vector equivalent to a five-level inverter (sixty one space vector locations with ninety six 

triangular sectors) for an open-end winding three-phase induction motor drive in order to 

reduce the switching losses and the switch rating. The five-level inverter equivalent was 

obtained by using two three-level inverters, where the three-level inverter equivalents are 

realised by cascading two two-level inverters. A modified sinusoidal PWM with addition of 

discrete dc bias depending upon the speed range of the motor was proposed. This technique 

reduces the switching frequency at low speeds by operating the inverter as a two-level and the 

number of levels increases with an increase in the speed. There is no need for neutral 

clamping diodes and the fluctuating neutral is absent in the proposed scheme. 

The schemes reviewed so far in this section were aimed at  reduction of the switch 

power rating, at the expense of an increase in the number of switches required. Such schemes 

are predominantly being developed for high power applications. Another possibility, which is 

very attractive in low and medium power applications, is the reduction of the switch count, 

which can be achieved at the expense of an increase in the switch rating. One such solution is 

a multi-motor three-phase drive system fed by a single three-phase inverter. The use of multi-

motor drives is common in many industries (textile, paper mills, traction and steel mills etc). 

For a two-motor drive, the approach halves the number of required switches, compared to the 

system with two individual inverters. However, if two motors are paralleled to the same 

inverter output, voltage and frequency applied to the two motors are always identical and 
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independent control of the two motors is not possible. The idea is therefore applicable only in 

multi-motor drives that have identical motors and the motors are required to operate with an 

identical speed under the same loading conditions. Vector control method can then be 

employed to control such a two-motor system, where two paralleled motors are treated as a 

single motor. Any unbalance in loading of the motors will lead to the instability of the whole 

drive system. This technique was discussed by Kawai et al (2002) and was applied to two 

three-phase induction motors with same ratings (2.2 kW, 180 V). Kuono et al (2001a, 2001b) 

and Matsuse et al (2002) have proposed sensor-less vector control method based on average 

and differential current to control two parallel connected three-phase induction motors fed by 

a single inverter. They have attempted to extend the control method to two motors of different 

ratings (3.7 kW, 160 V & 2.2 kW, 180 V) which nevertheless have to operate under identical 

conditions.  

Several schemes have been developed with the idea of reducing the number of 

switches in  three-phase induction motor drives. Reduction of the switch count leads to a 

reduction in the count of auxiliary electronic components, volume and weight of the inverter. 

One such scheme was proposed by Francois and Bouscayrol (1999). They reduced the power 

switch count by using a five-phase VSI to feed two three-phase induction motors. The power 

circuit topology is such to feed the four phases of the motors (two phases of each) by four legs 

of the inverter, while the fifth leg is common to both motors. The inverter control technique 

based on Pulse Position and Width Modulation (PPWM) was developed to independently 

control the two three-phase induction motors. The number of power switches has been 

reduced from twelve (for two three phase inverters) to ten, but the dc link voltage is doubled 

in order to maintain the same performance of the drive.  

 
2.5 CONTROL OF THREE-PHASE AND MULTI-PHASE VOLTAGE SOURCE 

INVERTERS 
 
2.5.1 Control of three-phase voltage source inverters 
 

Control of three-phase VSIs is nowadays, except in the highest power range, always 

based on PWM schemes. PWM is the basic energy processing technique, used to obtain the 

converter output power of required properties. Semiconductors are switched at a high 

frequency, ranging from a few kilohertz (motor control) to several megahertz (resonant 

converters for power supply) [Kazmierkowski et al (2002)]. A broad classification of PWM 

techniques groups the methods into two classes: open-loop PWM and closed-loop PWM.  
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Among the best known open-loop PWM techniques is the carrier-based sinusoidal 

PWM, which is also called ramp-comparison or sine-triangle or sub-oscillation method. In 

this technique triangular carrier signals are compared with sinusoidal modulating waves to 

generate the switching signals for power switches [Bose (1996)]. With the advent of high 

speed and cheap digital signal processors, space vector pulse width modulation (SVPWM) 

has become a standard for power inverters as it gives superior performance compared to the 

ramp-comparison technique. The reference voltage space vector is generated on average by 

imposing two neighbouring active vectors and a zero space vector in the three-phase VSI. The 

basic theory and implementation of SVPWM are discussed at length by Neascu (2001). The 

major advantages of SVPWM include wide linear modulation range for output line-to-line 

voltages and easiness of digital implementation.  The digital implementation can be done 

using memory look-up table for sinusoidal function within a 60º interval. The alternative 

solution is based on interpolation of a minimized look-up table, which can be implemented by 

a fuzzy logic controller as well. A detailed comparison of carrier-based PWM methods, 

including those with additional zero sequence signal injection, with SVPWM was presented 

by Zhou and Wang (2002). The comparison looked at the relationship between modulation 

signals and space vectors, modulation signals and space vector sectors, switching pattern of 

space vectors and the type of the carrier, distribution of zero vectors and different zero-

sequence signals. It was observed that the methods are closely related and can be derived 

from each other.  

Multi-level (especially three-level) inverters are nowadays normally employed in high 

power applications. There have been many three-level modulation techniques reported in 

literature. Similar to two-level inverters, the popular choices are again carrier-based PWM 

and SVPWM. In carrier-based PWM, each phase reference voltage is compared to two 

identically shaped (but with different offset content) triangular waveforms in order to generate 

the switching pattern. In the case of SVPWM a higher number of space vectors (sixty four) 

are available for precise and flexible control of the three-level inverters. A comparative 

analysis of ramp-comparison PWM and SVPWM for three-level inverters was reported by 

Wang (2002). The three-level SVPWM equivalent can be realised by ramp-comparison PWM 

using a proper third harmonic injection, while three-level sine-triangle PWM can be realised 

through SVPWM by selecting proper dwell times (times spent in a given switching state).  

The second group of methods encompasses closed-loop PWM techniques. In this case 

the inverter PWM pattern is determined by closed-loop current control of inverter output 

currents. The basic reason of introducing current control is the elimination of stator dynamics 
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[Novotony and Lipo (2000)]. The main task of a current controlled PWM inverter is to force 

the load current to follow the desired reference current. By comparing the actual and reference 

phase currents, the current controller generates the switching signals for power devices in 

order to reduce the current error. The current controller therefore performs two functions, 

current error compensation and PWM. Various current control techniques have been 

developed over the years. The examples include hysteresis, ramp-comparison and predictive 

current control. Application of these methods to three-phase drives were examined by 

Andriux and Lajoie-Mazenc (1985), Brod and Novotony (1985), and Gio et al (1988). Among 

these techniques, hysteresis current control is the simplest to implement, it gives fast dynamic 

response, is insensitive to load parameter variations and it offers inherent current limitation. 

The major disadvantage of the hysteresis current control is that it gives a varying switching 

frequency over one cycle of the inverter output. Several other techniques are available, 

including already mentioned ramp-comparison current control, which give constant switching 

frequency of inverter. These include adaptive hysteresis controller proposed by Bose (1990), 

in which the hysteresis band is modulated with load and supply parameters, and dual-band 

hysteresis current control. In dual-band hysteresis current control also known as space-vector 

based hysteresis current control, the switching states and thus the inverter output voltage 

vectors are chosen such as to minimize the derivative of the current error vector. A fully 

digital implementation of this scheme, using field programmable gate array (FPGA), was 

done by Brabandere et al (2002) in three-phase induction motor drive. The ramp-comparison 

current control is however still the most popular choice because of its simplicity and inherent 

advantages. Almost all the motor DSP controllers available today have hardware peripherals 

for implementation of digital modulation based on the ramp-comparison technique. 

The main objective in a high performance drive is to control the torque and flux of the 

machine, which are governed by the fundamental current. A fast current control scheme must 

be incorporated to achieve the set goal. All the current control methods, utilised in vector 

controlled drives, essentially belong to one of the two categories: current control in stationary 

reference frame or current control in rotational reference frame. A comparative study of the 

methods belonging to these two categories was presented by Sokola et al (1992) in 

conjunction with a permanent magnet synchronous motor drive. Current control by means of 

hysteresis controllers and ramp-comparison controllers (in the stationary reference frame) and 

current control in the rotational reference frame (in conjunction with voltage generation by 

ramp-comparison method and by space vector modulator) was examined. The current control 
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in the rotational reference frame was found to be superior to the current control in the 

stationary reference frame. 

 A space vector approach has been proposed by Bolognani and Zigliotto (2002) for 

analysis and design of stationary and rotating reference frame current controllers which 

allows deeper understanding of the behaviour of the controllers. An adaptive high-bandwidth 

current control algorithm was introduced by Telford et al (2003) for an indirect rotor flux 

oriented induction motor drive. A comparison between the conventional rotating reference 

frame PI controller, a conventional dead-beat controller and the proposed adaptive high-

bandwidth controller has been conducted by simulation and experimentation. The proposed 

controller gives similar dynamic performance as the dead-beat controller, with no overshoot. 

However, it is immune to machine parameter variations, errors in flux estimates and dc bus 

voltage level fluctuations. Further, it was found to be superior to synchronous rotating 

reference frame PI controller since it was capable of producing faster dynamic response. 

However, its steady state error was higher.  

 
2.5.2  Control of multi-phase voltage source inverters 
 

The use of multi-phase inverter was first reported by Ward and Härer (1969) in a 

variable speed five-phase induction motor drive application. It utilised a forced commutated 

thyristor based inverter in ten-step operating mode. The torque ripple was decreased to one 

third compared to the equivalent three-phase case and was at an increased frequency. 

However, the machine current contained strong third harmonic component, which generated 

additional losses. To avoid these losses and to obtain fast current control, several PWM 

techniques for multi-phase VSIs have been developed, such as those reported in Pavitharan et 

al (1988), Toliyat (1998) and Toliyat et al (2000).  

A complete mathematical model of a five-phase VSI, based on space vector 

representation, was developed by Toliyat et al (1993). The inverter operation in ten-step mode 

and PWM mode was discussed. The hysteresis type PWM current regulation was used for the 

drive under rotor flux oriented indirect vector control conditions. A SVPWM was proposed 

by Gataric (2000) for a five-phase VSI control in conjunction with induction motor drives. 

The same strategy was employed by Shi and Toliyat (2002) and Toliyat et al (2000) in a five-

phase synchronous reluctance motor drive. Gopakumar et al (1993) employed SVPWM 

technique in split-phase induction motor drive fed by six-phase VSI.  

Takami and Matsumoto (1993) have proposed optimum pulse pattern PWM for large 

capacity nine-phase VSI feeding a nine-phase induction motor (with three sets of three-phase 
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windings on the stator with isolated neutral points and a single three-phase winding on the 

rotor). The current control loop was eliminated from the inverter control system. A new 

configuration, which includes nine low-rating (20% of the motor capacity) single-phase 

reactors, was introduced. The reactor turns ratio was selected equal to 1:2sin(π/18):1 so as to 

eliminate the lower order harmonics (5th, 7th, 11th and 13th) from the inverter/motor phase 

voltages and currents and also to balance the fundamental currents in the event of 

unbalancing. To eliminate even harmonics from the current/voltage waveform the optimal 

pulse pattern was developed based on Lagrangian multiplier method. The proposed optimal 

pulse pattern PWM technique was compared with the ramp-comparison PWM and it was 

shown to reduce the harmonic amplitudes to a significantly lower value.  The proposed 

configuration also reduces the electromagnetic noise of the motor to a great extent.  

Kelly et al (2001) have examined general n-phase (leg) inverter control techniques 

taking nine-phase inverter as a specific example. An n-phase inverter has (n-1)/2 possible load 

equivalent circuits and each operates in n-step mode to produce a unique step voltage 

waveform with different fundamental and harmonic contents. The nine-phase inverter was 

examined for four different load equivalent configurations in eighteen-step mode and 4-5 

configuration was found to be the optimum choice because of the highest switching efficiency 

(only one switch changes state between conduction intervals), maximum phase current 

delivery and maximum fundamental content. Four different SVPWM techniques have been 

developed for the general n-phase inverter. The first technique is a natural extension of the 

conventional three-phase SVPWM and it resulted in lower dc bus utilisation. The second 

technique asks for injection of √n order harmonic, resulting in higher dc bus utilisation 

(maximum attainable fundamental component increases). However, √n separate neutrals have 

to be used. The third proposed technique utilises smaller number of space vectors (74 instead 

of 512) but the switching efficiency was found to be poor in this case (in the case of nine-

phase inverter, eighteen switches change state between conduction intervals). To improve the 

switching efficiency the fourth technique was proposed, which does not use zero space 

vectors (in the case of a nine-phase inverter, only six switches change state between 

conduction intervals). The first proposed technique (SVPWM) in the above referenced work 

was compared analytically and by experimentation to the ramp-comparison PWM by Kelly et 

al (2003) in conjunction with a nine-phase inverter fed nine-phase induction motor drive. The 

SVPWM was shown to enhance the fundamental by 1.55% compared to the sine-triangle 

PWM and thus enables better utilisation of the dc bus. 
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From various publications related to current control of inverter fed multi-phase 

machines it is evident that the same current control strategies as for a three-phase machine are 

in principal applicable regardless of the number of phases. Hysteresis current control scheme 

for a five-phase induction motor drive was reported by Toliyat (1998). In the vector control of 

a five-phase synchronous reluctance motor, hysteresis current controllers were used by Shi et 

al (2001). A global current control method for a five phase H-bridge VSI (i.e. an inverter 

system consisting of five single-phase inverters) was presented by Martin et al (2002). It was 

based on space vector control method and was aimed at control of a five-phase permanent 

magnet synchronous machine (PMSM). The independent current control of each phase leads 

to high current ripple as the dynamics of one phase depend on the states of the other inverter 

legs and because of the magnetic coupling between the phases. The basic principle consists in 

the representation of a machine by fictitious machines consisting of two groups, named the 

main machine and the secondary machines. For an odd number of phases equal to n, the 

equivalent number of fictitious machines are (n+1)/2 without mutual magnetic coupling. Out 

of this number there are (n-1)/2 two-phase machines and one single-phase machine. The 

torque-producing machine is only the first two-phase machine and the remaining machines 

just add to the losses. The current dynamics of non-torque producing machines are limited by 

only small leakage inductance, which leads to high current ripple. Thus the duration of 

excitation to these non-torque producing fictitious machines are reduced by means of global 

current control strategy. The current controller produces the voltage reference vector, which is 

reconstituted over each sampling period by an optimal combination of the voltage vectors. It 

should be noted that the concept of space vector decomposition was applied in this paper, 

similar to Gataric (2000). This thesis will use both the concept of matrix transformations 

[White and Woodson (1959)] and space vector decomposition. 

Ramp-comparison current controller was used by Bojoi (2002a) for a six-phase PWM 

inverter. Several types of current control schemes were proposed by Figueroa et al (2002) for 

controlling a seven-phase VSI for a brushless dc motor drive. These include the sinusoidal 

reference current control, synchronous reference frame current control, sampled sinusoidal 

current control, dc bus current control, square voltage and sampled sinusoidal voltage control. 

The comparative performance analysis was conducted using simulation and experimentation 

and it was observed that the last strategy provides an optimum result. It yielded high 

efficiency, low torque ripple, good torque-speed characteristic and simple control with low 

cost Hall position sensors. 
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2.6  SUMMARY 
 
 A comprehensive literature review, related to the relevant aspects of the research in 

this project, is presented in this chapter. The potential application areas for multi-phase motor 

drives, such as more-electric aircraft, ship propulsion and electric and hybrid vehicles are 

surveyed at first. It is concluded that multi-phase machine drives in such applications offer 

many advantages when compared to their three-phase counterparts, primarily due to the 

increased reliability, flexible control features and potential for reduction of the switch power 

rating. The latest developments in the area of multi-phase motor drives are examined next, 

with an emphasis on five-phase and six-phase (true and quasi) drives.  

In high power three-phase drive applications the power switches have to be connected 

in series and/or parallel resulting in static and dynamic voltage sharing problem. Any multi-

phase drive is a way of reducing the switch rating, when compared to the three-phase drive of 

the same power. The relevant literature for reduction of the inverter per-phase (i.e. switch) 

rating using an open-end three-phase motor drive is reviewed further in this chapter. The same 

applies to the six-phase (split-winding) open-end induction motor drive. Another aspect, 

important in low and medium power range, is the reduction of the switch count. This can be 

achieved by paralleling three-phase motors and supplying them from a single three-phase 

inverter. Such schemes are available in the literature and are reviewed in the chapter. Several 

limitations of this approach are addressed as well.  

The papers related to the modelling and control of three-phase and multi-phase 

inverters, encompassing both the open-loop and closed-loop PWM schemes, are finally 

studied and a review is presented. Some newly developed inverter control methods, such as 

for example adaptive high-bandwidth current control algorithm, are also examined. The 

choice of an appropriate PWM technique for a multi-phase inverter is an important issue, as 

the use of multi-phase machines introduces severe distortion of stator current, leading to large 

winding losses and increased stress on inverter. It is concluded that, in principle, the already 

available current control methods for three-phase inverters are applicable to multi-phase 

inverters as well. 
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Chapter 3 
 

MODELLING AND CONTROL OF A FIVE-PHASE INDUCTION 
MOTOR DRIVE 

________________________________________________________________ 
 
 
 
3.1 INTRODUCTION 
 

This chapter details at first the modelling and control of a five-phase VSI. The 

modelling of five-phase VSI is done for ten-step (section 3.2) and PWM operation (section 

3.3) modes based on space vector theory, and Fourier analysis is given for ten-step mode as 

well. The five-phase machine model is developed next in phase domain and then it is 

transformed into a system of decoupled equations in orthogonal reference frames (section 

3.4). The d-q axis reference frame currents contribute towards torque and flux production, 

whereas the remaining x-y components plus the zero-sequence components do not. This 

allows a simple extension of the rotor flux oriented control (RFOC) principle to a five-phase 

machine, as elaborated in section 3.5.  

The inverter current control techniques, used in vector control, are further reviewed in 

section 3.6. Current control in stationary reference frame is elaborated using hysteresis 

method and ramp-comparison method. Tuning of the speed controller and the current 

controller is performed for the given drive parameters and the procedure is described in detail. 

A simulation study is finally performed for speed mode of operation, for a number of 

transients, and the results are presented in section 3.7. In this section, a steady state analysis is 

carried out using Fast Fourier Transform (FFT) of voltage and current waveforms for 

hysteresis current control method and the resulting plots and values are given. 

The analysis of the five-phase voltage source inverter operation, reported in sections 

3.2–3.3, is in full agreement with findings reported in Shi and Toliyat (2002), Xu et al 

(2002a), Toliyat et al (2000), Toliyat (1998), Toliyat et al (1993), and Ward and Härer (1969). 

Five-phase induction motor modelling and vector control principles, reviewed in sections 3.4–

3.5, are elaborated in more detail in Jones (2002) and Jones (2005). Some original research 

results, obtained during the work on this project, are contained in section 3.7 and have been 

published in Iqbal et al (2003). 
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3.2 TEN-STEP OPERATION OF A FIVE-PHASE VOLTAGE SOURCE 
INVERTER  

 
3.2.1 Power circuit and switch control signals 
 
 Power circuit topology of a five-phase VSI, which was used probably for the first time 

by Ward and Härer (1969), is shown in Fig. 3.1. Each switch in the circuit consists of two 

power semiconductor devices, connected in anti-parallel. One of these is a fully controllable 

semiconductor, such as a bipolar transistor or IGBT, while the second one is a diode. The 

input of the inverter is a dc voltage, which is regarded further on as being constant. The 

inverter outputs are denoted in Fig. 3.1 with lower case symbols (a,b,c,d,e), while the points 

of connection of the outputs to inverter legs have symbols in capital letters (A,B,C,D,E). The 

basic operating principles of the five-phase VSI are developed in what follows assuming the 

ideal commutation and zero forward voltage drop. 

 Each switch is assumed to conduct for 180°, leading to the operation in the ten-step 

mode. Phase delay between firing of two switches in any subsequent two phases is equal to 

360°/5 = 72°. The driving control gate/base signals for the ten switches of the inverter in Fig. 

3.1 are illustrated in Fig. 3.2. One complete cycle of operation of the inverter can be divided 

into ten distinct modes indicated in Fig. 3.2 and summarised in Table 3.1. It follows from Fig. 

3.2 and Table 3.1 that at any instant in time there are five switches that are ‘on’ and five 

switches that are ‘off’. In the ten-step mode of operation there are two conducting switches 

from the upper five and three from the lower five, or vice versa. 

 
3.2.2 Space vector representation of a five-phase voltage source inverter 
 

In order to introduce space vector representation of the five-phase inverter output 

voltages, an ideal sinusoidal five-phase supply source is considered first. Let the phase 

voltages of a five-phase pure balanced sinusoidal supply be given with 

 
 

 VDC 

  S1                    S3                     S5                    S7                  S9 

  S6                    S8                    S10                   S2                  S4 

   A                     B                       C                        D                   E

           a                        b                       c                       d                  e

 

N 

 
Fig. 3.1. Five-phase voltage source inverter power circuit. 
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Table 3.1. Modes of operation of the five-phase voltage source inverter (ten-step operation). 
Mode Switches ON                                Terminal polarity 

9 1,7,8,9,10                                       A+B-C-D+E- 
10       8,9,10,1,2                                 A+B-C-D-E+ 
1          9,10,1,2,3                              A+B+C-D-E+ 
2              10,1,2,3,4                          A+B+C-D-E- 
3                   1,2,3,4,5                       A+B+C+D-E- 
4                      2,3,4,5,6                    A-B+C+D-E- 
5                         3,4,5,6,7                 A-B+C+D+E- 
6                            4,5,6,7,8              A-B-C+D+E- 
7                               5,6,7,8,9           A-B-C+D+E+ 
8                                  6,7,8,9,10      A-B-C-D+E+ 
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Fig. 3.2. Driving switch signals of a five-phase voltage source inverter in the ten-step mode. 
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Space vector of phase voltages is defined, using power invariant transformation, as: 

)(52 *2*2
edbba vavavavavv ++++=        (3.2) 

where a = exp(j2π/5), a2 = exp(j4π/5), a* = exp(-j2π/5), a*2 = exp(-j4π/5) and * stands for a 

complex conjugate. The space vector is a complex quantity, which represents the five-phase 

balanced supply with a single complex variable. Substitution of (3.1) into (3.2) yields for an 

ideal sinusoidal source the space vector  

( )5 expv V j tω=         (3.3) 

However, the voltages are not sinusoidal any more with the inverter supply. They are in 

general of quasi-square waveform. Leg voltages (i.e. voltages between points A,B,C,D,E and 

the negative rail of the dc bus N in Fig. 3.1) are considered first. Table 3.2 summarises the 

values of leg voltages in the ten 36 degrees intervals and includes the numbers of the switches 

that are conducting. 
 

Table 3.2. Leg voltages of the five-phase VSI. 
Switching 

state 
(mode) 

Switches 
ON 

Space 
vector 

Leg 
voltage 

Av  

Leg 
voltage 

Bv  

Leg 
voltage 

Cv  

Leg 
voltage 

Dv  

Leg 
voltage 

Ev  
1 9,10,1,2,3 v1 VDC VDC 0 0 VDC 
2 10,1,2,3,4 v2 VDC VDC 0 0 0 
3 1,2,3,4,5 v3 VDC VDC VDC 0 0 
4 2,3,4,5,6 v4 0 VDC VDC 0 0 
5 3,4,5,6,7 v5 0 VDC VDC VDC 0 
6 4,5,6,7,8 v6 0 0 VDC VDC 0 
7 5,6,7,8,9 v7 0 0 VDC VDC VDC 
8 6,7,8,9,10 v8 0 0 0 VDC VDC 
9 7,8,9,10,1 v9 VDC 0 0 VDC VDC 

10 8,9,10,1,2 v10 VDC 0 0 0 VDC 
 
 For calculation of leg voltage space vectors, individual leg voltage values from Table 

3.2 are inserted in the equation (3.2) which defines the voltage space vector. The results are 

tabulated in Table 3.3 and an illustration of leg voltage space vectors is shown in Fig. 3.3. 

 Line-to-line voltages are elaborated next. The adjacent line-to-line voltages at the 

output of the five-phase inverter are defined in Fig. 3.4, for a fictitious load. Table 3.4 

summarises the values of the adjacent line-to-line voltages in the ten 36 degrees intervals. 

Since each line-to-line voltage is a difference of corresponding two leg voltages, the values of 

line-to-line voltages in Table 3.4 are obtained using leg voltage values in Table 3.2. 

 The adjacent line-to-line voltage space vectors are calculated by substituting the 

values from Table 3.4 into the defining expression (3.2) and the results are tabulated in Table 
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3.5. The adjacent line-to-line voltage space vectors are illustrated in Fig. 3.5. Corresponding 

time-domain waveforms are displayed in Fig. 3.6. 
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Fig. 3.3. Leg voltage space vectors in the complex plane. 
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Fig. 3.4. Adjacent line-to-line voltages of a five-phase star-connected load. 

 
Table 3.3. Leg voltage space vectors of the five-phase VSI. 

Leg voltage space vectors 

1v  )0exp()5/cos(252 jVDC π  

2v  )5/exp()5/cos(252 ππ jVDC  

3v  )5/2exp()5/cos(252 ππ jVDC  

4v  )5/3exp()5/cos(252 ππ jVDC  

5v  )5/4exp()5/cos(252 ππ jVDC  

6v  )exp()5/cos(252 ππ jVDC  

7v  )5/6exp()5/cos(252 ππ jVDC  

8v  )5/7exp()5/cos(252 ππ jVDC  

9v  )5/8exp()5/cos(252 ππ jVDC  

10v  )5/9exp()5/cos(252 ππ jVDC  
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Table 3.4.  Adjacent line-to-line voltages of the five-phase VSI. 
Switching 

state 
Switches 

ON 
Space 
Vector 

vab vbc vcd vde vea 

1 9,10,1,2,3 v1l 0 VDC 0 -VDC 0 
2 10,1,2,3,4 v2l 0 VDC 0 0 -VDC 
3 1,2,3,4,5 v3l 0 0 VDC 0 -VDC 
4 2,3,4,5,6 v4l -VDC 0 VDC 0 0 
5 3,4,5,6,7 v5l -VDC 0 0 VDC 0 
6 4,5,6,7,8 v6l 0 -VDC 0 VDC 0 
7 5,6,7,8,9 v7l 0 -VDC 0 0 VDC 
8 6,7,8,9,10 v8l 0 0 -VDC 0 VDC 
9 7,8,9,10,1 v9l VDC 0 -VDC 0 0 
10 8,9,10,1,2 v10l VDC 0 0 -VDC 0 

 
Table 3.5. Adjacent line-to-line voltage space vectors. 

Adjacent line voltage space vectors 
v1l 382.1 * )10/3exp()5/cos(252 ππ jVDC  
v2l 382.1 * )2/exp()5/cos(252 ππ jVDC  
v3l 382.1 * )10/7exp()5/cos(252 ππ jVDC  
v4l 382.1 * )10/9exp()5/cos(252 ππ jVDC  
v5l 382.1 * )10/11exp()5/cos(252 ππ jVDC  
v6l 382.1 * )10/13exp()5/cos(252 ππ jVDC  
v7l 382.1 * )10/15exp()5/cos(252 ππ jVDC  
v8l 382.1 * )10/17exp()5/cos(252 ππ jVDC  
v9l 382.1 * )10/19exp()5/cos(252 ππ jVDC  
v10l 382.1 * )10/21exp()5/cos(252 ππ jVDC  
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Fig. 3.5. Adjacent line-to-line voltage space vectors of the five-phase VSI. 
 
 Apart from the adjacent line-to-line voltages, there are two sets of non-adjacent line-

to-line voltages. Due to symmetry, these two sets lead to the same values of the line-to-line 



3. MODELLING AND CONTROL OF A FIVE-PHASE INDUCTION MOTOR DRIVE 

 35 

voltage space vectors, with a different phase order. Only the set ebdacebdac vvvvv ,,,,  is 

analysed for this reason. Table 3.6 lists the states and the values for these line-to-line voltages. 
 

Table 3.6.  Non-adjacent line-to-line voltages of the five-phase VSI. 
Switching 

state 
Switches 

ON 
Space 
Vector 

vac vbd vce vda veb 

1 9,10,1,2,3 v1ll VDC VDC -VDC -VDC 0 
2 10,1,2,3,4 v2ll VDC VDC 0 -VDC -VDC 
3 1,2,3,4,5 v3ll 0 VDC VDC -VDC -VDC 
4 2,3,4,5,6 v4ll -VDC VDC VDC 0 -VDC 
5 3,4,5,6,7 v5ll -VDC 0 VDC VDC -VDC 
6 4,5,6,7,8 v6ll -VDC -VDC VDC VDC 0 
7 5,6,7,8,9 v7ll -VDC -VDC 0 VDC VDC 
8 6,7,8,9,10 v8ll 0 -VDC -VDC VDC VDC 
9 7,8,9,10,1 v9ll VDC -VDC -VDC 0 VDC 
10 8,9,10,1,2 v10ll VDC 0 -VDC -VDC VDC 

 
 Time-domain waveforms of non-adjacent line-to-line voltages are illustrated in Fig. 

3.7. Space vectors of non-adjacent line-to-line voltages are determined once more using the 

defining expression (3.2) and are summarised in Table 3.7. In principle, representation of non-

adjacent line-to-line voltage space vectors is the same as for the adjacent (shown in Fig. 3.5) 

and only the magnitude and the ordering are different. Non-adjacent space vectors are 

therefore not illustrated separately. 

 Phase-to-neutral voltages of the star connected load are most easily found by defining 

a voltage difference between the star point n of the load and the negative rail of the dc bus N. 

The following correlation then holds true: 

nNeE

nNdD

nNcC

nNbB

nNaA

vvv
vvv
vvv
vvv
vvv

+=
+=
+=
+=
+=

          (3.4) 

Since the phase voltages in a star connected load sum to zero, summation of the equations 

(3.4) yields 

( )( )EDCBAnN vvvvvv ++++= 51         (3.5) 

Substitution of (3.5) into (3.4) yields phase-to-neutral voltages of the load in the following 

form: 
( ) ( )( )EDCBAa vvvvvv +++−= 5154  
( ) ( )( )EDCABb vvvvvv +++−= 5154  
( ) ( )( )EDBACc vvvvvv +++−= 5154         (3.6) 
( ) ( )( )ECBADd vvvvvv +++−= 5154  
( ) ( )( )DCBAEe vvvvvv +++−= 5154  
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Table 3.7. Non-adjacent line-to-line voltage space vectors. 
Non-adjacent line-to-line voltage space vectors 

v1ll 3.07768* )10/exp(52 πjVDC  
v2ll 3.07768* )10/3exp(52 πjVDC  
v3ll 3.07768* )2/exp(52 πjVDC  
v4ll 3.07768* )10/7exp(52 πjVDC  
v5ll 3.07768* )10/9exp(52 πjVDC  
v6ll 3.07768* )10/11exp(52 πjVDC  
v7ll 3.07768* )10/13exp(52 πjVDC  
v8ll 3.07768* )2/3exp(52 πjVDC  
v9ll 3.07768* )10/17exp(52 πjVDC  
v10ll 3.07768* )10/19exp(52 πjVDC  

 
 
Hence the values of the phase voltages in the ten distinct intervals of 36 degrees duration can 

be determined using the values of the leg voltages in Table 3.2. Table 3.8 gives the phase 

voltages for different switching states, obtained using expression (3.6) and Table 3.2. 

 Time domain waveforms of phase-to-neutral voltages of the star connected load are 

shown in Fig. 3.8 for the five-phase inverter operation in the ten-step mode. Phase-to-neutral 

voltages are of non-zero value throughout the period and their value alternates between 

positive and negative 2/5VDC and 3/5VDC. The waveforms of the phase-to-neutral voltages 

show ten distinct steps, each of 36 degrees duration, and hence the name of this mode of 

operation, ten-step mode. 

 In order to determine the space vectors of phase-to-neutral voltages, the instantaneous 

values of phase voltages from the Table 3.8 are inserted into (3.2). The phase voltage space 

vectors for the ten-step mode of operation turn out to be same as those of the leg voltages. 

Hence the space vectors of phase voltages can be given as in Table 3.9. The space vector 

representation of phase voltages remains to be as shown in Fig. 3.3 for leg voltages. 

 The relationship between phase-to-neutral voltages of the inverter and the dc link 

voltage, given in (3.6) in terms of leg voltages, can be expressed using switching functions for 

the five individual inverter legs.  Each switching function takes the value of one when the 

upper switch is on and the value of zero when the lower switch is on (alternatively, if leg 

voltages are referred to the mid-point of the dc supply, the switching functions take the values 

of 0.5 and −0.5). Hence (Sa stands for the switching function of phase a, Sb stands for the 

switching function of phase b and so on): 
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Table 3.8. Phase-to-neutral voltages of a star connected load supplied from a five-phase VSI. 
State Switches 

ON 
Space 
vector 

va vb vc vd ve 

1 9,10,1,2,3 v1phase 2/5 VDC 2/5VDC -3/5 VDC -3/5VDC 2/5 VDC 
2 10,1,2,3,4 v2phase 3/5 VDC 3/5VDC -2/5 VDC -2/5 VDC -2/5VDC 
3 1,2,3,4,5 v3phase 2/5 VDC 2/5 VDC 2/5 VDC -3/5 VDC -3/5VDC 
4 2,3,4,5,6 v4phase -2/5VDC 3/5 VDC 3/5VDC -2/5 VDC -2/5 VDC 
5 3,4,5,6,7 v5phase -3/5VDC 2/5 VDC 2/5 VDC 2/5VDC -3/5 VDC 
6 4,5,6,7,8 v6phase -2/5VDC -2/5VDC 3/5 VDC 3/5VDC -2/5 VDC 
7 5,6,7,8,9 v7phase -3/5VDC -3/5VDC 2/5 VDC 2/5 VDC 2/5VDC 
8 6,7,8,9,10 v8phase -2/5 VDC -2/5 VDC -2/5VDC 3/5 VDC 3/5VDC 
9 7,8,9,10,1 v9phase 2/5VDC -3/5 VDC -3/5VDC 2/5 VDC 2/5 VDC 
10 8,9,10,1,2 v10phase 3/5VDC -2/5 VDC -2/5 VDC -2/5VDC 3/5 VDC 
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Fig. 3.6.  Adjacent line-to-line voltages of the five-phase VSI. 
 

vac

vbd

vce

vda

veb

 0         π/5        2π/5            3π/5  4π/5         π           6π/5        7π/5      8π/5        9π/5         2π

ωt

          VDC

 
 

Fig. 3.7.  Non-adjacent line-to-line voltages of the five-phase VSI. 
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Fig. 3.8. Phase-to-neutral voltages of the five-phase VSI in the ten-step mode of operation. 
 

Table 3.9. Phase-to-neutral voltage space vectors of the five-phase VSI. 
Phase voltage space vectors 

phasev1  )0exp()5/cos(252 jVDC π  

phasev 2  )5/exp()5/cos(252 ππ jVDC  

phasev3  )5/2exp()5/cos(252 ππ jVDC  

phasev 4  )5/3exp()5/cos(252 ππ jVDC  

phasev5  )5/4exp()5/cos(252 ππ jVDC  

phasev6  )exp()5/cos(252 ππ jVDC  

phasev7  )5/6exp()5/cos(252 ππ jVDC  

phasev8  )5/7exp()5/cos(252 ππ jVDC  

phasev9  )5/8exp()5/cos(252 ππ jVDC  

phasev10  )5/9exp()5/cos(252 ππ jVDC  

 
va = (VDC /5) [4 Sa – Sb – Sc – Sd – Se] 
vb = (VDC /5) [4 Sb – Sa – Sc – Sd – Se] 
vc = (VDC /5) [4 Sc – Sb – Sa – Sd – Se]        (3.7) 
vd = (VDC /5) [4 Sd – Sb – Sc – Sa – Se] 
ve = (VDC /5) [4 Se – Sb – Sc – Sd – Sa] 
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3.2.3 Fourier analysis of the five-phase inverter output voltages 
 
 In order to relate the input dc link voltage of the inverter with the output phase-to-

neutral and line-to-line voltages, Fourier analysis of the voltage waveforms is undertaken in 

this section. Out of the two sets of the line-to-line voltages, discussed in the preceding sub-

section, only non-adjacent line-to-line voltages are analysed since they have higher 

fundamental harmonic values than the adjacent line-to-line voltages. 

 Using definition of the Fourier series for a periodic waveform 

( ) ( )∑
∞

=

++=
1

sincos
k

kko tkBtkAVtv ωω        (3.8a) 

where the coefficients of the Fourier series are given with 
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and observing that the waveforms possess quarter-wave symmetry and can be conveniently 

taken as odd functions, one can represent phase-to-neutral voltages and line-to-line voltages 

with the following expressions: 

( ) ( )

2 1 2 1
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∑ ∑

∫

= + = +

= = +
    (3.9) 

In the case of the phase-to-neutral voltage vb, shown in Fig. 3.8, one further has for the 

coefficients of the Fourier series 

( ) ( )2 1

1 4 1 22 cos 2 1 cos 2 1
5 2 1 5 5k DCB V k k

k
π π

π+

⎡ ⎤= + + − +⎢ ⎥+ ⎣ ⎦
    (3.10) 

The expression in brackets in the second equation of (3.10) equals zero for all the harmonics 

whose order is divisible by five. For all the other harmonics it equals 2.5. Hence one can write 

the Fourier series of the phase-to-neutral voltage as 

⎥⎦
⎤

⎢⎣
⎡ ++++++= ......13sin

13
111sin

11
19sin

9
17sin

7
13sin

3
1sin2)( ttttttVtv DC ωωωωωω

π
  (3.11) 

From (3.11) it follows that the fundamental component of the output phase-to-neutral voltage 

has an RMS value equal to 

DCDC VVV 45.02
1 ==

π
        (3.12) 
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 Fourier analysis of the non-adjacent line-to-line voltages is performed in the same 

manner. Fourier series remains to be given with (3.9). Taking the second voltage in Fig. 3.7 

and shifting the zero time instant by π/10 degrees leftwards, one has the following Fourier 

series coefficients: 

( ) ( )
10

12cos
12

14112sin41
2/

10/
12

π
π

θθ
π

π

π

+
+

=+= ∫+ k
k

VdkVB DCDCk     (3.13) 

Hence the Fourier series of the non-adjacent line-to-line voltage is 

( ) ⎥⎦
⎤

⎢⎣
⎡ −−−−+= ....11sin

11
95.09sin

9
95.07sin

7
59.03sin

3
59.0sin95.04 tttttVtv DC ωωωωω

π
  (3.14) 

and the fundamental harmonic RMS value of the non-adjacent line-to-line voltage is 

11 902.1856.0
10

cos22 VVVV DCDCL ===
π

π
      (3.15) 

It is important to note at this stage that the space vectors described by (3.2) provides mapping 

of inverter voltages into a two-dimensional space. However, since five-phase inverter 

essentially requires description in a five-dimensional space not all the harmonics contained in 

(3.11) and (3.14) will be encompassed by the space vector of (3.2). In particular, space 

vectors calculated using (3.2) will only represent harmonics of the order 10 1, 0,1,2,3.....,k k± =  

that is, the first, the ninth, the eleventh, and so on. Harmonics of the order 5 ,  1, 2,3.....k k =  

cannot appear due to the isolated neutral point. However, harmonics of the order 

5 2,  1,3,5.....k k± =  are present in (3.11) and (3.14) but are not encompassed by the space vector 

definition of (3.2). These harmonics in essence appear in the second two-dimensional space, 

which requires introduction of the second space vector for the five-phase system. This issue 

will be addressed in detail in Chapter 7, where space vector modulation schemes for a five-

phase VSI are elaborated. 

 
3.3  OPERATION OF THE FIVE-PHASE VOLTAGE SOURCE INVERTER IN 

PULSE WIDTH MODULATION MODE  
 
 If a five-phase VSI is operated in PWM mode, apart from the already described ten 

states there will be additional 22 switching states. This is so since there are five inverter legs 

and each of them can be in two states. The number of possible switching states is in general 

equal to 2n, where n is the number of inverter legs (i.e. output phases). This correlation is 

valid for any two-level VSI.  

 Table 3.10 summarises the additional switching states which are associated with PWM 

mode of operation and which are absent in the ten-step mode of operation. Switches that are 
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‘on’ and the corresponding terminal polarity are included in the Table 3.10. As can be seen 

from Table 3.10, the remaining twenty two switching states encompass three possible 

situations: all the states when four switches from upper (or lower) half and one from the lower 

(or upper) half of the inverter are on (states 11-20); two states when either all the five upper 

(or lower) switches are ‘on’ (states 31 and 32); and the remaining states with three switches 

from the upper (lower) half and two switches from the lower (upper) half in conduction mode 

(states 21-30). Table 3.11 summarises the values of leg voltages for the ten switching states 

denoted with numbers 11-20 and lists the switches that are in the conduction mode. 

 Space vectors of leg voltages are found for states 11-20 using the same procedure as 

outlined in conjunction with the ten-step mode. Leg voltage space vectors for states 11-20 are 

given in Table 3.12. Table 3.13 summarises the values of phase-to-neutral voltages in the ten 

switching states 11-20. Corresponding space vectors are displayed in Table 3.14. 

Table 3.10. Additional switching states of the five-phase VSI in PWM mode.  
Switching state  Switches ON Terminal Polarity 

11 1,2,4,8,10 A+B-C-D-E- 
12 1,2,3,5,9 A+B+C+D-E+ 
13 2,3,4,6,10 A-B+C-D-E- 
14 1,3,4,5,7 A+B+C+D+E- 
15 2,4,5,6,8 A-B-C+D-E- 
16 3,5,6,7,9 A-B+C+D+E+ 
17 4,6,7,8,10 A-B-C-D+E- 
18 1,5,7,8,9 A+B-C+D+E+ 
19 2,6,8,9,10 A-B-C-D-E+ 
20 1,3,7,9,10 A+B+C-D+E+ 
21 2,3,6,9,10 A-B+C-D-E+ 
22 1,3,4,7,10 A+B+C-D+E- 
23 1,2,4,5,8 A+B-C+D-E- 
24 2,3,5,6,9 A-B+C+D-E+ 
25 3,4,6,7,10 A-B+C-D+E- 
26 1,4,5,7,8 A+B-C+D+E- 
27 2,5,6,8,9 A-B-C+D-E+ 
28 3,6,7,9,10 A-B+C-D+E+ 
29 1,2,4,7,8 A+B-C-D+E- 
30 1,2,5,8,9 A+B-C+D-E+ 
31 1,3,5,7,9 A+B+C+D+E+ 
32 2,4,6,8,10 A-B-C-D-E- 

Table 3.11. Leg voltages for states 11-20. 
Switching 

state 
Switches 

ON 
Space 
vector 

Leg  
voltage 

Av  

Leg  
voltage 

Bv  

Leg 
voltage 

Cv   

Leg  
voltage 

Dv  

Leg  
voltage 

Ev  
11 1,2,4,8,10 v11 VDC 0 0 0 0 
12 1,2,3,5,9 v12 VDC VDC VDC 0 VDC 
13 2,3,4,6,10 v13 0 VDC 0 0 0 
14 1,3,4,5,7 v14 VDC VDC VDC VDC 0 
15 2,4,5,6,8 v15 0 0 VDC 0 0 
16 3,5,6,7,9 v16 0 VDC VDC VDC VDC 
17 4,6,7,8,10 v17 0 0 0 VDC 0 
18 1,5,7,8,9 v18 VDC 0 VDC VDC VDC 
19 2,6,8,9,10 v19 0 0 0 0 VDC 
20 1,3,7,9,10 v20 VDC VDC 0 VDC VDC 
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 Switching states 21-30 are considered next. Table 3.15 summarises the values of leg 

voltages in these ten switching states and lists switches that are ‘on’. Corresponding leg 

voltage space vectors are given in Table 3.16. Table 3.17 summarises the values of phase 

voltages for switching states 21-30 and lists switches that are ‘on’. The same procedure is 

adopted once more to calculate the space vectors of phase voltages for states 21-30 and the 

results are given in Table 3.18. 

 
Table 3.12. Leg voltage space vectors for states 11-20. 

Leg voltage space vectors 
11v  )0exp(252 jVDC  

12v  )5/exp(252 πjVDC  

13v  )5/2exp(252 πjVDC  

14v  )5/3exp(252 πjVDC  

15v  )5/4exp(252 πjVDC  

16v  )exp(252 πjVDC  

17v  )5/6exp(252 πjVDC  

18v  )5/7exp(252 πjVDC  

19v  )5/8exp(252 πjVDC  

20v  )5/9exp(252 πjVDC  
 

 
Table 3.13. Phase-to-neutral voltages for states 11-20.  

State Switches 
ON 

Space 
Vector 

va vb vc vd ve 

11 1,2,4,8,10 v11phase 4/5 VDC -1/5VDC -1/5 VDC -1/5VDC -1/5 VDC 
12 1,2,3,5,9 v12phase 1/5 VDC 1/5VDC 1/5 VDC -4/5 VDC 1/5VDC 
13 2,3,4,6,10 v13phase -1/5 VDC 4/5 VDC -1/5 VDC -1/5 VDC -1/5VDC 
14 1,3,4,5,7 v14phase 1/5VDC 1/5 VDC 1/5VDC 1/5 VDC -4/5 VDC 
15 2,4,5,6,8 v15phase -1/5VDC -1/5 VDC 4/5 VDC -1/5VDC -1/5 VDC 
16 3,5,6,7,9 v16phase -4/5VDC 1/5VDC 1/5 VDC 1/5VDC 1/5 VDC 
17 4,6,7,8,10 v17phase -1/5VDC -1/5VDC -1/5 VDC 4/5 VDC -1/5VDC 
18 1,5,7,8,9 v18phase 1/5 VDC -4/5 VDC 1/5VDC 1/5 VDC 1/5VDC 
19 2,6,8,9,10 v19phase -1/5VDC -1/5 VDC -1/5VDC -1/5 VDC 4/5 VDC 
20 1,3,7,9,10 v20phase 1/5VDC 1/5 VDC -4/5 VDC 1/5VDC 1/5 VDC 

 
 The remaining two switching states 31 and 32 yield zero values of both leg and phase 

voltage space vectors. The two states represent short-circuiting of the load terminals. 

 Thus it can be seen that the total of 32 space vectors, available in the PWM operation, 

fall into four distinct categories regarding the magnitude of the available output phase voltage. 

The phase voltage space vectors are summarised in Table 3.19 for all 32 switching states. 

Corresponding leg voltage space vectors are given in Table 3.20. 
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Table 3.14. Phase-to-neutral voltage space vectors for states 11-20. 
Phase voltage space vectors 

v11phase  )0exp(52 jVDC  
V12phase )5/exp(52 πjVDC  
V13phase )5/2exp(52 πjVDC  
V14phase )5/3exp(52 πjVDC  
V15phase )5/4exp(52 πjVDC  
V16phase )exp(52 πjVDC  
V17phase )5/6exp(52 πjVDC  
V18phase )5/7exp(52 πjVDC  
V19phase )5/8exp(52 πjVDC  
V20phase )5/9exp(52 πjVDC  

 
  

Table 3.15. Leg voltages for states 21-30. 
Switching 

state  
Switches ON Space 

vector 
Leg 

voltage 
Av  

Leg 
voltage 

Bv  

Leg 
voltage 

Cv   

Leg 
voltage 

Dv  

Leg 
voltage 

Ev  
21 2,3,6,9,10 v21 0 VDC 0 0 VDC 
22 1,3,4,7,10 v22 VDC VDC 0 VDC 0 
23 1,2,4,5,8 v23 VDC 0 VDC 0 0 
24 2,3,5,6,9 v24 0 VDC VDC 0 VDC 
25 3,4,6,7,10 v25 0 VDC 0 VDC 0 
26 1,4,5,7,8 v26 VDC 0 VDC VDC 0 
27 2,5,6,8,9 v27 0 0 VDC 0 VDC 
28 3,6,7,9,10 v28 0 VDC 0 VDC VDC 
29 1,2,4,7,8 v29 VDC 0 0 VDC 0 
30 1,2,5,8,9 v30 VDC 0 VDC 0 VDC 

 
Table 3.16. Leg voltage space vectors for states 21-30. 

Leg voltage space vectors 
21v  )0exp()5/2cos(452 πDCV  

22v  )5/exp()5/2cos(452 ππ jVDC  

23v  )5/2exp()5/2cos(452 ππ jVDC  

24v  )5/3exp()5/2cos(452 ππ jVDC  

25v  )5/4exp()5/2cos(452 ππ jVDC  

26v  )exp()5/2cos(452 ππ jVDC  

27v  )5/6exp()5/2cos(452 ππ jVDC  

28v  )5/7exp()5/2cos(452 ππ jVDC  

29v  )5/8exp()5/2cos(452 ππ jVDC  

30v  )5/9exp()5/2cos(452 ππ jVDC  
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Table 3.17. Phase-to-neutral voltages for states 21-30. 
Switching 

state 
Switches 

ON 
Space 
vector 

va vb vc vd ve 

21 2,3,6,9,10 v21phase -2/5 VDC 3/5VDC -2/5 VDC -2/5VDC 3/5 VDC 
22 1,3,4,7,10 v22phase 2/5 VDC 2/5VDC -3/5 VDC 2/5 VDC -3/5VDC 
23 1,2,4,5,8 v23phase 3/5 VDC -2/5 VDC 3/5 VDC -2/5 VDC -2/5VDC 
24 2,3,5,6,9 v24phase -3/5VDC 2/5 VDC 2/5VDC   -3/5 VDC 2/5 VDC 
25 3,4,6,7,10 v25phase -2/5VDC 3/5 VDC -2/5 VDC 3/5VDC -2/5 VDC 
26 1,4,5,7,8 v26phase 3/5VDC -2/5VDC 3/5 VDC 3/5VDC -2/5 VDC 
27 2,5,6,8,9 v27phase -2/5VDC -2/5VDC 3/5 VDC -2/5 VDC 3/5VDC 
28 3,6,7,9,10 v28phase -3/5 VDC 2/5 VDC -3/5VDC 2/5 VDC 2/5VDC 
29 1,2,4,7,8 v29phase 3/5VDC -2/5 VDC -2/5VDC 3/5 VDC -2/5 VDC 
30 1,2,5,8,9 v30phase 2/5VDC -3/5 VDC 2/5 VDC -3/5VDC 2/5 VDC 

 

Table 3.18. Phase-to-neutral voltage space vectors for states 21-30. 
Phase voltage space vectors 

phasev 21  )0exp()5/2cos(252 πDCV  

phasev 22  )5/exp()5/2cos(252 ππ jVDC  

phasev23  )5/2exp()5/2cos(252 ππ jVDC  

phasev24  )5/3exp()5/2cos(252 ππ jVDC  

phasev25  )5/4exp()5/2cos(252 ππ jVDC  

phasev26  )exp()5/2cos(252 ππ jVDC  

phasev27  )5/6exp()5/2cos(252 ππ jVDC  

phasev28  )5/7exp()5/2cos(252 ππ jVDC  

phasev29  )5/8exp()5/2cos(252 ππ jVDC  

phasev30  )5/9exp()5/2cos(252 ππ jVDC  
 

Table 3.19. Phase-to-neutral voltage space vectors for states 1-32. 
Space vectors Value of the space vectors 
v1phase to v10phase  )5/exp()5/cos(252 ππ jkVDC  for k   = 0,1,2 ….9 
v11phase to v20phase )5/exp(52 πjkVDC     for k   = 0,1,2 ….9 
v21phase to v30phase )5/exp()5/2cos(252 ππ jkVDC for  k  = 0,1,2 ….9 
v31phase to v32phase   0 

 

Table 3.20. Leg voltage space vectors for states 1-32. 
Space vectors Value of the space vectors 
v1 to v10  )5/exp()5/cos(252 ππ jkVDC  for k   = 0,1,2 ….9 
v11  to  v20  )5/exp(252 πjkVDC  for k =0,1,2,…..9 
v21  to v30 )5/exp()5/2cos(452 ππ jkVDC for  k  = 0,1,2 ….9 
v31  to v32   0 

 
 The phase voltage space vectors are shown in Fig. 3.9. All the three sets of non-zero 

phase voltage space vectors have the same angular positions and are located as the vertices on 
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the three decagons. The only difference among the three sets is the length of their sides. The 

ratio of phase voltage space vector magnitudes is  1:1.618:(1.618)2, from the smallest one to 

the largest one, respectively.  

 
3.4  MODELLING OF A FIVE-PHASE INDUCTION MOTOR 
 

A model of a five-phase induction motor is developed initially in phase variable form. 

In order to simplify the model by removing the time variation of inductance terms, a 

transformation is applied and so-called d-q-x-y-0 model of the machine is constructed. It is 

assumed that the spatial distribution of all the magneto-motive forces (fields) in the machine 

is sinusoidal, since only torque production due to the first harmonic of the filed is of relevance 

in this project. All the other standard assumptions of the general theory of electrical machines 

apply. The model derivation is summarised in the following sub-sections. A more detailed 

discussion of the modelling procedure is available in Jones (2002) and Jones (2005). 
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Fig. 3.9. Phase-to-neutral voltage space vectors. 
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3.4.1 Phase variable model 
 
 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 phases is 

therefore 72 degrees. The rotor winding is treated as an equivalent five-phase winding, of the 

same properties as the stator winding. It is assumed that the rotor winding has already been 

referred to stator winding, using winding transformation ratio. A five-phase induction 

machine can then be described with the following voltage equilibrium and flux linkage 

equations in matrix form (underlined symbols): 

 

  

r
abcdesr

s
abcdes

s
abcde

s
abcdes

abcdes
s
abcde

iLiL
dt

d
iRv

+=

+=

ψ

ψ
        (3.16) 

 

  

s
abcders

r
abcder

r
abcde

r
abcder

abcder
r
abcde

iLiL
dt

d
iRv

+=

+=

ψ

ψ
        (3.17) 

The following definition of phase voltages, currents and flux linkages applies to (3.16)-(3.17): 
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The matrices of stator and rotor inductances are given with ( 52πα = ): 
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Mutual inductances between stator and rotor windings are given with: 
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   (3.22) 

 

The angle θ denotes the instantaneous position of the magnetic axis of the rotor phase ‘a’ with 

respect to the stationary  stator phase ‘a’ magnetic axis (i.e. the instantaneous position of the 

rotor with respect to stator). Stator and rotor resistance matrices are 5x5 diagonal matrices, 
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Motor torque can be expressed in terms of phase variables as 
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Substitution of stator and rotor currents from (3.18)-(3.19) and (3.22) into (3.24b) yields the 

torque equation in developed form: 
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 (3.25) 
 
3.4.2  Model transformation 
 

In order to simplify the model, it is necessary to apply a co-ordinate transformation, 

that will remove the time varying inductances. The co-ordinate transformation is utilised in 

the power invariant form. The following transformation matrix is therefore applied to the 

stator five-phase winding: 
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Transformation of the rotor variables is performed using the same transformation expression, 

except that θs is replaced with β, where β = θs−θ . Here θs 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, while β is the instantaneous angular position of the d-axis of the common 

reference frame with respect to the phase ‘a’ magnetic axis of the rotor. Hence the 

transformation matrix for rotor is: 
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The angles of transformation for stator quantities and for rotor quantities are related to the 

arbitrary speed of the selected common reference frame through: 

( )∫
∫

−=−=

=
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dt

as
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ωωθθβ
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         (3.28) 

where ω  is the instantaneous electrical angular speed of rotation of the rotor. 
 

3.4.3  Machine model in an arbitrary common reference frame 
 

Correlation between original phase variables and new variables in the transformed 

domain is governed with the following transformation expressions: 
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Substitution of (3.16)-(3.17) into (3.29) and application of (3.26)-(3.27) yields the machine’s 

voltage equations in the common reference frame: 
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Transformation of flux linkage equations of (3.16)-(3.17) results in: 
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Introduction of the magnetising inductance MLm 5.2=  enables writing of (3.31) in the 

following form: 
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 Finally, transformation of the original torque equation (3.24b) yields 
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[ ]qrdsqsdrme

qrdsqsdre

iiiiPLT

iiiiMPT

−=

−=
2

5
         (3.33) 

Mechanical equation of rotor motion is invariant under the transformation and is 

dt
d

P
JTT Le

ω
=−           (3.34) 

 
3.5  ROTOR FLUX ORIENTED CONTROL OF A FIVE-PHASE INDUCTION 

MOTOR 
 
3.5.1 Indirect vector controller 
 

The basis of vector control is the selection of the speed of the common reference 

frame. In rotor flux oriented control scheme the speed of the reference frame is selected as 

equal to the speed of the rotor flux space vector. The rotor flux space vector is kept aligned at 

all times with the real axis (d-axis) of the common reference frame, while q-axis is 

perpendicular to it. As the rotor flux space vector is aligned with the real axis its imaginary 

component always remains equal to zero.  

Rotor flux oriented reference frame is defined with 
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d r
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φ
ωωω
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        (3.35) 

where angle φr denotes instantaneous rotor flux space vector position. Rotor flux space vector 

becomes a pure real variable in this special frame of reference, 
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rqrdrr
j ψψψψ =+=           (3.36a) 

i.e., it follows that 

0d                  0                     === dtqrqrrdr ψψψψ      (3.36b) 

Machine model obtained by transforming only d-q windings with the rotational 

transformation is considered further on. Assuming that the machine is current fed, one can 

omit the stator voltage equations from further consideration. From the model of the machine 

in an arbitrary reference frame (3.30), (3.32), (3.33), with stator equations omitted,  
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( )qrdsqsdrme iiiiPLT −=         (3.39) 

and observing that x-y-0 rotor current and flux components are identically equal to zero, one 

further obtains by substitution of (3.36) into (3.37)-(3.39) 
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where rrr RLT = . It can be seen from (3.40)-(3.42) that the flux and torque producing 

currents in five-phase machines are only d-q components, thus the vector control scheme for a 

current fed five-phase machine is identical to the scheme for a current fed three-phase 

machine. The only difference is that the co-ordinate transformation now generates five phase 

current references instead of three. The configuration of the indirect vector controller for 

operation in the base speed region is illustrated in Fig. 3.10 for the five-phase induction 

machine. Constants in Fig. 3.10 are determined with the following expressions (which are in 
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essence identical to those for a three-phase induction machine with indirect rotor flux oriented 

control): 
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Determination of these constants is discussed next, in the following subsection. The 

same applies to the design of the PI speed controller that will be needed in simulations related 

to the speed mode of operation of the drive. Induction motor data are given in the Appendix 

A. 
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Fig. 3.10. Indirect vector control of a five-phase induction machine in the base speed region. 

 
3.5.2   Design of the indirect vector controller 
 
 In order to design an indirect vector controller one needs to determine constants K1 

and K2 in Fig. 3.10 and speed PI controller parameters. 

 In steady state operation under rated operating conditions (index n stands for rated 

values) one has 
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The stator current RMS value will equal the rated value. Since power invariant transformation 

is used, this means that the magnitude of the stator current space vector will be √5 greater 

than the RMS value (which is 2.1 A). Hence 
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Taking into account that the rated RMS rotor flux is 0.5683 Wb and the rated per-phase 

torque is 1.667 Nm, one has 

Nm 33.8
3
55

 Wb2705.155683.0

=×=

=×=

en

rn

T

ψ
   (3.47) 

The rated torque is determined with (3.44) where the pole pair number equals two and the 

magnetising and the rotor inductance are 0.42 H and 0.46 H, respectively. By solving (3.46) 

and the torque equation of (3.44) one gets the rated stator d-q axis current components 

A 025.3=dsni      A 5904.3=qsni      (3.48) 

The two constants defined in (3.43) and required in the indirect vector control scheme of Fig. 

3.10 are finally 
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3.6  CURRENT CONTROL TECHNIQUES AND SPEED CONTROLLER DESIGN 
 
3.6.1 General considerations 
 

Current controlled PWM inverter is the most frequent choice in high performance ac 

drives as decoupled flux and torque control by instantaneous stator current space vector 

amplitude and position control is achieved relatively easily.  

All the current control techniques for VSIs 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 

current controllers operating in the rotational frame of reference.  If the current control of an 

induction machine is performed in rotational reference frame, decoupling of stator voltage 

equations substitutes local current feedback loops in stationary reference frame, which 

suppress influence of stator voltage equations. 

Current control in stationary reference frame is usually implemented in an analogue 

fashion.  Three types of current control techniques are met in the literature: 

1. Hysteresis control 

2. Ramp-comparison control 

3. Predictive or adaptive control 

Hysteresis controllers utilise a hysteresis band in comparing the actual current with the 

reference current. The ramp-comparison controllers compare the current error to a triangular 
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carrier waveform to generate the switching signals for the inverter. In predictive control 

schemes the inverter voltage is calculated to force the current to follow the reference current.  

The most pronounced shortcoming of the hysteresis current control is the variable 

inverter switching frequency over a period of output voltage. Current control by ramp-

comparison controllers overcomes this problem. Here current error serves as modulating 

signal, which is compared to the triangular carrier wave. Deviation of amplitude and phase of 

phase currents with respect to commanded values unfortunately takes place and some 

compensation has to be introduced. Another difficulty arises from a possibility that multiple 

crossing of the carrier may occur if the frequency of the current error becomes greater than 

the carrier frequency. This can be overcome by adding hysteresis to the controller. The 

advantage of the ramp-comparison current control with respect to hysteresis current control is 

the fixed and constant inverter switching frequency. The predictive control is characterised by 

a fixed switching frequency as well. However, time required for the calculations is significant. 

Moreover, an efficient prediction requires the load knowledge as well. 

Ramp-comparison current control in stationary reference frame requires that current PI 

controllers process alternating signals, that can be of a large frequency range.  Furthermore, 

controller characteristics in steady state depend on the operating frequency and the machine 

impedance. 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 in the machine 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 inverter 

switching frequency, tracking worsens and an error is met in both amplitude and phase of 

actual currents compared to reference currents.  This feature becomes very pronounced in the 

field-weakening region where the inverter operates very close to the voltage limit. The 

problem may be solved by moving current controllers from the stationary to the rotating 

reference frame. The outputs of the current controllers then become voltage references in 

rotational reference frame.  If the inverter switching frequency is high enough, decoupling 

circuit for stator dynamics is usually omitted. 

Current control in rotational reference frame is well suited to fully digital realisation.  

The main advantage of this method of current control is that current controllers (most 

frequently of PI type) process dc signals.  As the current control is performed in rotational 

reference frame, measured currents have to be transformed from stationary to rotational 

reference frame.  When current control in rotational reference frame is applied, different 
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PWM methods may be utilised for creation of the desired voltages at machine terminals.  For 

example, sinusoidal PWM may be selected or voltage space vector modulation may be 

chosen.  

 
3.6.2 Current control in stationary reference frame - hysteresis controllers 
 

The structure of an induction motor drive with current control in the stationary 

reference frame is depicted in Fig. 3.11. Five independent controllers in five phases a,b,c,d,e 

reference frame are used. The current controllers in Fig. 3.11 can be of either hysteresis type 

or ramp-comparison type . 

The idea of hysteresis current control is in essence very simple and well suited for 

analogue realisation. Actual currents are allowed to deviate from their reference values for a 

fixed value termed as hysteresis band (Fig. 3.12).  The discrepancy between actual and 

reference currents will vary in time and will be either positive or negative.  The values of the 

hysteresis band are the same for both positive and negative variation.  The state of the 

appropriate leg of the inverter bridge changes once when the difference between actual and 

reference current exceeds hysteresis band. For example, suppose that the upper switch in 

phase ‘a’ leg is closed, while the lower switch is open. This state will be preserved as long as 

the current error in phase ‘a’ is within hysteresis band. However, when the actual current in 

phase ‘a’ becomes greater than the reference value plus hysteresis band, the upper switch will 

be opened and the lower switch will be closed. Thus the actual current will be forced to 

reduce and fall once more within the hysteresis band. As the actual current change in time is 

function of the drive dynamics and operating state, the instants of inverter semiconductor 

switching cannot be predicted and will vary. Furthermore the switching frequency of the 

inverter varies and is not constant even over one cycle of the output frequency. The principle 

of hysteresis current control is illustrated in Fig. 3.13, where the inverter leg voltage is shown 

as well. One clearly observes in Fig. 3.13 how the switching frequency of the inverter varies 

from one cycle of operation to the other cycle. Periods of inverter switching are denoted as 

T1, T2, T3 and T4 and one easily observes that T1 is the largest out of the four, while T4 is 

the smallest. 

In the system shown in Fig. 3.11 only speed controller is present (its input is the speed 

error, not shown in Fig. 3.11), whose output becomes after appropriate scaling q-axis current 

command.  The d-axis reference current is obtained by dividing the reference rotor flux by 

magnetising inductance. 
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Hysteresis band for hysteresis current control is selected in all simulations (for both a 

single-motor drive in this chapter and multi-motor drives in subsequent chapter) as ±2.5% of 

the motor rated (peak) current value, i.e. as equal to ±0.07425 A (motor rated RMS current is 

2.1 A). Speed controller parameter setting is discussed in detail in section 3.6.4. 
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Fig. 3.11. Induction motor drive structure with current control in the stationary 

reference frame. 
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Fig. 3.12. Hysteresis current controller. 

 
3.6.3 Current control in stationary reference frame - ramp-comparison control 
 

The structure of the drive system with ramp-comparison controller is again the one 

shown in Fig. 3.11. Current error is formed in the stationary reference frame and is further 
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passed through PI current controllers.  The outputs of the current controllers are phase voltage 

references which are compared to the triangular carrier wave of the fixed frequency.  As the 

triangular carrier wave is of fixed frequency, while frequency of the current error varies, the 

ratio of these two frequencies is not an integer and so-called asynchronous PWM results. 

Asynchronous PWM in general leads to generation of unwanted sub-harmonics in the output 

voltage waveform. However, if the triangular carrier wave frequency is high enough this 

effect can be neglected as it will not have any serious impact on the drive behaviour. In 

general, five carrier waves are needed, one per phase. However, if the triangular carrier 

frequency is high enough, one carrier wave may be used for all the five phases. Generation of 

the inverter voltages using ramp-comparison control is illustrated in Fig. 3.14. 
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Fig. 3.13. Principle of hysteresis current control (currents and a leg voltage). 

 
The tuning of PI current controller is discussed next. The frequency of the triangular 

carrier wave for ramp-comparison control is fixed at all times to 5 kHz and its amplitude is 

±1. The outputs of the PI current controllers, which are implemented as discrete PI 

controllers, are limited to ±1 in order to ensure operation in the full PWM mode at all times. 

Tuning of the current controller parameters is performed first, with speed control loop kept 

open. Phase current references are generated through the co-ordinate transformation, from 

imposed d-q axis current references. Stator d-q axis current references are given as pulsed 

current waveforms, with a period of 0.01 s and the pulse duration of 0.005 s. The amplitude of 
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the pulse in d-q axis current references is set to 2.5 A. The integral gain is kept at a 

sufficiently low value and the proportional gain is gradually increased in order to achieve 

good tracking between the pulsed phase current reference and the actual current response. 

Once the current response becomes of acceptable nature, the proportional gain is fixed and the 

integral gain is gradually altered to obtain an acceptable overshoot in the current response. 

The procedure is illustrated in Fig. 3.15, where the reference pulsed phase ‘a’ current and the 

actual current response are shown for four different pairs of proportional and integral gains. 

The current response obtained with the proportional gain equal to 0.6 and the integral gain 

equal to 0.8 was deemed to be acceptable and is selected for further work. It should be noted 

that, due to the discrete form of the PI controller, what is called here integral gain is, strictly 

speaking, not the integral gain. The value of 0.8 mentioned above is in essence a product of 

the sampling time (19 μs) and the integral gain of the continuous PI controller equivalent. 
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Fig. 3.14. Ramp-comparison current control. 

 
The same tuning procedure was repeated for the two two-motor drive systems (five-

phase and six-phase). The impedance, seen by current controllers, changes due to the series 

connection of two machines. Figures 3.16 and 3.17 illustrate the phase ‘a’ current reference 

(which is the same as for one five-phase machine case) and the actual current response for the 

five-phase two-motor drive and the six-phase two-motor drive system, respectively. As can be 

seen from these two figures, the current response obtained with the proportional gain of 0.6 

and the integral gain of 0.8 is very similar as for the single-motor five-phase drive. These 
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current controller parameters are therefore used in all simulations related to ramp-comparison 

current control, reported in this and the subsequent chapter. 
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Fig. 3.15. Tuning of the current PI controller for a single-motor five-phase drive, using a 
pulsed current reference. The values of Kp and Ki  are, respectively: a. 0.1 and 0.001; b. 0.6 

and 0.001; c. 0.6 and 0.1; d. 0.6 and 0.8. 
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Fig. 3.16. Tuning of the current PI controller for a two-motor five-phase drive. The values of 
Kp and Ki are, respectively: a. 0.1 and 0.001; b. 0.6 and 0.001; c. 0.6 and 0.1; d. 0.6 and 0.8. 
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Fig. 3.17. Tuning of the current PI controller for a two-motor six-phase drive. The values of 
Kp and Ki are, respectively: a. 0.1 and 0.001; b. 0.6 and 0.001; c. 0.6 and 0.1; d. 0.6 and 0.8. 

 
3.6.4 Speed controller design 

 
PI speed controller is considered next. Two different speed controllers are designed, a 

continuous one and a discrete one. Both speed controllers are used in simulations further on. 

The type of the speed controller used in conjunction with any specific simulation will be 

indicated in the corresponding section with simulation results. The design of continuous speed 

controller is presented first. For this purpose, and having in mind that the inverter current 

control will be performed in the stationary reference frame using hysteresis or ramp-

comparison technique, the whole current control loop is approximated with unity gain and 

zero time delay. The structure of the speed control loop is then as shown in Fig. 3.18. 

The transfer function of the PI speed controller is 

s
KK

sT
KsG ip

i
PPI

1)11()( +=+=        (3.50) 

 
 

 

 PI  P/(Js) Σ 
ω* 

     − 
ω 

 ω 
ee TT =*

 
Fig. 3.18. Structure of the speed control loop. 
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The characteristic equation of the above speed control loop is solved for 0)()(1 =+ sHsGPI , 

where according to Fig. 3.18 ( )PsJsH /1)( = . The parameters are 2P ,kgm 03.0 2 ==J . Hence 

the characteristic equation is 

067.6667.662 =++ iP KsKs         (3.51) 
The coefficients in the above equation are equated with those in the following equation, which 

defines the desired closed loop dynamics in terms of the damping ratio ξ and natural 

frequency ω0: 

02 2
00

2 =++ ωξω ss          (3.52) 
Damping ratio is selected as 0.707. The natural frequency for the speed control loop is 

dependent on the bandwidth of the inner current control loop. Maximum practical value of the 

current control loop bandwidth in the case of ramp-comparison control with 5 kHz switching 

frequency is 1 kHz. For the purpose of the speed controller design, current loop bandwidth is 

taken as one tenth of the maximum value (i.e. as 100 Hz). Taking the speed control bandwidth 

as one tenth of this value (10 Hz) and approximating the natural frequency with the 

bandwidth, one has 0 2 10 62.8318ω π= = rad/s. Substitution of the damping ratio and natural 

frequency values into (3.52) and comparison with (3.51) yields the following values for the 

speed controller parameters: 

1.332                 59.214                    0.0225 sp i iK K T= = =     (3.53) 
In the design of a discrete PI speed controller the same procedure is adopted as the one 

used for the PI current controller tuning. A pulsed speed reference (of 200 rad/s amplitude) is 

applied as the input of the PI speed controller and the speed of the machine is observed. The 

reference speed pulsed waveform is applied at 0.2 s. The period of the reference speed pulse 

is equal to 0.6 s. and the pulse duration is 0.3 s. Tuning is again performed using the single-

machine five-phase drive system. The responses obtained with four different pairs of 

proportional and integral gain values are shown in Fig. 3.19. The speed response obtained 

with the proportional gain equal to 2 and the integral gain equal to 0.1184 is deemed as being 

satisfactory. The integral gain is rounded to 0.12 (the same remark as the one given in section 

3.6.3, regarding the meaning of the term integral gain in relation to a discrete PI controller, 

applies here as well). 

These discrete speed controller parameters ( 12.0  ,2 == ip KK ) are used further on in 

simulations of a single five-phase induction machine described in this chapter, in conjunction 

with both hysteresis current control and ramp-comparison current control. For the speed 

controller there is no need to perform additional tuning trials for the two-motor drive systems, 
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since addition of the second machine in series with the first one affects only the current 

control loop, while the speed control loop remains unaffected. 
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Fig. 3.19. Tuning of the speed PI controller for a single five-phase induction motor drive, 
using a pulsed speed reference. The values of the proportional and the integral gain are, 

respectively: a. 0.1 and 0.001; b. 2 and 0.001; c. 1 and 0.001; d. 2 and 0.1184. 
 

3.7 SIMULATION OF A SINGLE FIVE-PHASE INDUCTION MOTOR DRIVE 
 
3.7.1 Hysteresis current control 
 

A simulation program is written using MATLAB/SIMULINK software for an indirect 

rotor flux oriented five-phase induction motor drive. The motor is simulated using developed 

d-q model in the stationary reference frame. The machine is fed by a PWM voltage source 

inverter and hysteresis current control is exercised upon motor phase currents. The drive is 

operated in closed loop speed control mode with discrete anti-windup PI speed controller. The 

anti-windup feature restricts the saturation of the integral part of the controller while working 

in the limiting region. The torque is limited to twice the rated value (16.67 Nm). The drive is 

simulated for acceleration, disturbance rejection and speed reversal transients, at two different 

operating speeds, 1200 and 1500 rpm.  
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Forced excitation is initiated first. Rotor flux reference (i.e. stator d-axis current 

reference) is ramped from t = 0 to t = 0.01 s to twice the rated value. It is further reduced from 

twice the rated value to the rated value in a linear fashion from t = 0.05 to t = 0.06 s. and it is 

then kept constant for the rest of the simulation period. Once the rotor flux has reached steady 

state, a speed command of 1200 rpm (or 1500 rpm) is applied at t = 0.3 s in ramp wise manner 

from t = 0.3 to t = 0.35 s. The inverter dc link voltage is set to 415x√2 = 586.9 V. A step load 

torque, equal to the motor rated torque (8.33 Nm), is applied at t = 1 s and the machine is 

allowed to run for sufficient time so as to reach the steady state condition. A speed reversal is 

then initiated in the ramp-wise manner (ramp duration from t = 1.2 to t = 1.25 s). 

Simulation results for the 1200 rpm speed command are shown in Figs. 3.20-3.22. In 

particular, Fig. 3.20 illustrates rotor flux and rotor flux reference for the complete duration of 

the transient, as well as motor speed response, torque response and reference and actual 

current during the acceleration transient. Rotor flux settles to the reference value after initial 

transient and then it remains constant throughout the simulation period (2 seconds), indicating 

that full decoupling between rotor flux and torque control has been achieved. During 

acceleration motor torque and speed follow the commanded value. Acceleration takes place 

with the maximum allowed value of the motor torque. Actual motor phase current tracks the 

reference very well. Consequently, torque response closely follows torque reference. There is 

sufficient voltage reserve to enable the complete acceleration transient to take place in the 

torque limit. 

 Disturbance rejection properties of the drive are studied by applying rated load torque 

to the machine and the resulting responses are shown in Fig. 3.21. Application of the load 

torque causes an inevitable speed dip. Motor torque quickly follows the torque reference and 

enables rapid compensation of the speed dip. The motor torque settles at the value equal to the 

load torque in less than 100 ms and the motor current becomes rated at the end of the 

transient. Fig. 3.21 also depicts the stator phase voltage, which is typical for a PWM inverter 

fed motor drive.  

 Speed reversal transient study is also simulated and the resulting responses are shown 

in Fig. 3.22. Once more it is observed that the actual torque closely follows the reference, 

leading to the rapid speed reversal, with torque in the limit, in the shortest possible time 

interval (approximately 350 ms). The change of phase sequence in stator current because of 

the change in the rotational direction is clearly observed from the plot of the stator current. 
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Fig. 3.20. Excitation and acceleration 
transients (1200 rpm speed command) 

using hysteresis current control: a. actual 
and reference rotor flux, b. actual and 

reference torque, and speed, c. actual and 
reference stator phase ‘a’ currents. 
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Fig. 3.21. Disturbance rejection transient at 
1200 rpm using hysteresis current control: 
a. actual and reference torque, and speed,  

b. actual and reference stator phase ‘a’ 
currents, c. stator phase ‘a’ voltage. 
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Fig. 3.22. Reversing transient (1200 rpm) 
using hysteresis current control: a. actual 
and reference torque, and speed, b. actual 
and reference stator phase ‘a’ currents, c. 

stator phase ‘a’ voltage. 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
-10

0

10

20

Time (s)

T
or

qu
e 

(N
m

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
-1000

0

1500

2000

S
pe

ed
 (

rp
m

)

Actual torque Commanded torque 

Speed 

 
a. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.5

1

1.5

2

2.5

3

Time (s)

R
ot

or
 f

lu
x 

(W
b)

Reference rotor flux 

Actual rotor flux 

 
b. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
-6

-4

-2

0

2

4

6

Time (s)

S
ta

to
r 

ph
as

e 
'a

' c
ur

re
nt

 (
A

) Reference current 

Actual current 

 
c. 
 
 

Fig. 3.23. Excitation and acceleration 
transients (1500 rpm speed command) 

using hysteresis current control: a. actual 
and reference torque, and speed, b. actual 

and reference rotor flux, c. actual and 
reference stator phase ‘a’ currents. 

 
 The same transients have been studied for 1500 rpm speed command and the resulting 

plots are shown in Fig. 3.23, 3.24 and 3.25. The important difference between the results of 
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Figs. 3.20-3.22 and results of Figs. 3.23-3.25 is that now the problem of insufficient voltage 

reserve in the PWM voltage source inverter can be clearly observed in all transients. The 

insufficient voltage reserve leads to the deterioration in the torque response, which is unable 

to track the reference torque at high speeds, due to the high value of the back-emf. The 

difference between the maximum available inverter output voltage and the back-emf is 

insufficient to push the required reference current through the stator windings. The decoupling 

of the torque and rotor flux control is lost, as is evident from the rotor flux trace in Figs. 3.23-

3.25. The problem can be alleviated by reducing the torque limit value within the controller. 

 

0.9 0.95 1 1.05 1.1 1.15 1.2
-10

0

10

20

Time (s)

T
or

qu
e 

(N
m

)

0.9 0.95 1 1.05 1.1 1.15 1.2
1400

1600

1800

S
pe

ed
 (

rp
m

)

Actual torque 

Commanded torque 

Speed 

 
a. 

0.9 0.95 1 1.05 1.1 1.15 1.2
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Time (s)

R
ot

or
 f

lu
x 

(W
b)

Reference rotor flux 
Actual rotor flux 

 
b. 

0.9 0.95 1 1.05 1.1 1.15 1.2
-6

-4

-2

0

2

4

6

Time (s)

S
ta

to
r 

ph
as

e 
'a

' c
ur

re
nt

 (
A

) Reference current 

Actual current 

 
c. 

0.9 0.95 1 1.05 1.1 1.15 1.2
-500

-400

-300

-200

-100

0

100

200

300

400

500

Time (s)

S
ta

to
r 

ph
as

e 
'a

' v
ol

ta
ge

 (
V

)

 
d. 

Fig. 3.24. Disturbance rejection transient (1500 rpm) using hysteresis current control: a. actual 
and reference torque, and speed, b. actual and reference rotor flux, c. actual and reference 

stator phase ‘a’ currents, d. stator phase ‘a’ voltage. 
 
3.7.2 Ramp-comparison current control 

 
Exactly the same set of transients is examined again, this time using  ramp-comparison 

current control. The resulting plots are given in Figs. 3.26-3.28 for 1200 rpm setting of the 

speed command, and in Figs. 3.29-3.31 for the speed command of 1500 rpm. The switching 

frequency of the inverter is fixed to 5 kHz and the discrete PI current controller used is the 

one designed in section 3.6.3. The drive is again operated in the closed loop speed 
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Fig. 3.25. Reversing transient (1500 rpm) using hysteresis current control: a. actual and 
reference torque, and speed, b. actual and reference rotor flux, c. actual and reference stator 

phase ‘a’ currents, d. stator phase ‘a’ voltage. 
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Fig. 3.26. Excitation and acceleration 
transients (1200 rpm) using ramp-

comparison current control: a. actual and 
reference torque, and speed, b. actual and 

reference rotor flux, c. actual and reference 
stator phase ‘a’ currents. 
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Fig. 3.27. Disturbance rejection transient 
(1200 rpm) using ramp-comparison current 
control: a. actual and reference torque, and 
speed, b. actual and reference stator phase 

‘a’ currents, c. stator phase ‘a’ voltage.
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Fig. 3.28. Reversing transient (1200 rpm) 
using ramp-comparison current control: a. 
actual and reference torque, and speed, b. 

actual and reference stator phase ‘a’ 
currents, c. stator phase ‘a’ voltage. 
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Fig. 3.29. Excitation and acceleration 
transients (1500 rpm) using ramp-

comparison current control: a. actual and 
reference torque, and speed, b. actual and 

reference rotor flux, c. actual and reference  
stator phase ‘a’ currents. 
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Fig. 3.30. Disturbance rejection transient (1500 rpm) using ramp-comparison current control: 
a. actual and reference torque, and speed, b. actual and reference rotor flux, c. actual and 

reference stator phase ‘a’ currents, d. stator phase ’a’ voltage. 
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Fig. 3.31. Reversing transient (1500 rpm) using ramp-comparison current control: a. actual 
and reference torque, and speed, b. actual and reference rotor flux, c. actual and reference 

stator phase ‘a’ currents, d. stator phase ‘a’ voltage. 
 

control mode and the same discrete speed PI controller is used as the one for the hysteresis   

current control.  

The results obtained using the ramp-comparison current control show that the 

dynamics of the drive are essentially the same as those obtained with the hysteresis current 

control method. The actual torque follows the reference torque very well, provided there is 

sufficient voltage reserve (at 1200 rpm), and rotor flux and torque control are fully decoupled.  

The deterioration in the torque response is again observed in Figs. 3.29-3.31 as a result of the 

insufficient voltage reserve at high operating speed (1500 rpm). 

 
3.7.3 Harmonic analysis 
 
 This section presents results of the harmonic analysis of stator voltage and current of 

the indirect rotor field oriented controlled induction machine with hysteresis current control 

method. Harmonic properties of both hysteresis and ramp-comparison current control are well 

known and the fact that a five-phase inverter is used here instead of a three-phase inverter 

changes nothing in this respect. However,  results of the  harmonic  analysis, presented in  this  
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section, will be of importance in subsequent chapter, where two-motor drive system will be 

analysed.  

 The reason for presenting results for hysteresis current control only is that the low 

frequency part of the spectra are essentially identical, regardless of the employed current 

control method. As the high frequency section of the spectra are of no interest (and these are 

those that differ depending on the selected current control method), it suffices to analyse only 

one current control method. In all the figures that follow a time-domain steady state waveform 

is shown, together with the associated spectrum. All the spectra are given in terms of voltage 

(current) RMS values. The spectrum is determined for phase ‘a’ voltage, α and x components 

of the phase voltages, phase ‘a’ current, and α and x components of phase currents under 

steady state no-load conditions at three different speeds (symbol α stands for stator d-axis 

components when stationary reference frame is utilised). Figs. 3.32-3.33 show results for 

operation at 25 Hz (750 rpm) obtained using Fast Fourier transform (FFT).  

As is evident from Figs. 3.32-3.33, phase voltage and current spectra show the 

fundamental component at 25 Hz, which is, as expected, of the same value in both phase and 

α-component quantities. On the other hand, voltage x-component contains essentially only 

high frequency harmonics, leading to virtually non-existent x-component current harmonics 

(note that this scale is in mA). Phase (and α-component) voltage spectrum is continuous, 

containing voltage harmonics at high frequencies of relatively small values, so that the phase 

(and α-component) current spectrum is with negligible higher harmonic content. Hysteresis 

current control gives continuous spectra due to a variable switching frequency. The average 

switching frequency is estimated as being around 10.5 kHz and the current ripple is 0.15 A.  

 As already noted, of importance for further work is only the low frequency part of the 

spectra. It is for this reason that all the subsequent figures show results of the spectral analysis 

up to 500 Hz only. 

Steady state time domain waveforms and associated spectra for 40 Hz (1200 rpm) 

operation are shown in Figs. 3.34-3.35, while Figs. 3.36-3.37 show the same results for 50 Hz 

(1500 rpm) operation. 

 The values of fundamental voltage and current harmonics, obtained from Figs. 3.32-

3.37, are tabulated in Table 3.21. Since x-axis voltage components at any of the three 

fundamental frequencies are negligibly small (and their non-zero values can be assigned to the 

limited accuracy of the simulations and the FFT analysis), they are not included. 
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Fig. 3.32. Time-domain waveforms and spectra for 25 Hz operation: phase ‘a’ voltage, α-axis 
voltage component and x-axis voltage component. 
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Fig. 3.33. Time-domain waveforms and spectra for 25 Hz operation: phase ‘a’ current, α-axis 

current component and x-axis current component. 
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Fig. 3.34. Time-domain waveforms and spectra for 40 Hz operation: phase ‘a’ voltage, α-axis 

voltage component and x-axis voltage component. 
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Fig. 3.35. Time-domain waveforms and spectra for 40 Hz operation: phase ‘a’ current, α-axis 

current component and x-axis current component. 
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Fig. 3.36. Time-domain waveforms and spectra for 50 Hz operation: phase ‘a’ voltage, α-axis 

voltage component and x-axis voltage component. 
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Fig. 3.37. Time-domain waveforms and spectra for 50 Hz operation: phase ‘a’ current, α-axis 

current component and x-axis current component. 
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As the machine operates in steady state, expected fundamental components of the 

voltage and current can be calculated on the basis of the per-phase phasor equivalent circuit of 

a five-phase induction machine, shown in Fig. 3.38 for no-load operating conditions. The 

expected fundamental component of the motor current at all frequencies is the same and 

equals the stator d-axis current reference (with appropriate transformation-related scaling), set 

by the vector controller (stator q-axis current reference is zero due to no-load operation and 

neglected mechanical and iron losses). The value of the no-load current set by the vector 

controller is I0 = Idsn = 1.3528 A (RMS). 

The total no-load equivalent impedance offered by the induction machine is from Fig. 

3.38 equal to 

 
Table 3.21. Fundamental components of voltages and currents (from Figs. 3.32-3.37). 

Frequency (Hz) Va
(1)  (V) Vα

(1)
 (V) Vx

(1)
 (V) Ia

(1)  (A) Iα(1)
 (A) Ix

(1)
 (mA) 

25 97.7 98 0.4 1.352 1.352 0.8  

40 157.4 157.4 0.3 1.35 1.352 0.5 
50 196.2 195.8 1.25 1.352 1.344 0.15 

 

2 mj fLπ

2 lsj fLπsR

 

Fig. 3.38. Per-phase phasor equivalent circuit of a five-phase induction machine under no-
load conditions. 

( )2 2o s ls mZ R j fL fLπ π= + +         (3.54) 
where Lls is the leakage inductance and Lm is the magnetising inductance. Since the no-load 

impedance changes with the change in the operating frequency of the machine, the 

fundamental component of the voltage changes as well. 

The fundamental voltage harmonic can be calculated as 00
)1( ZIVa =  where current I0 is 

found as the ratio of the rotor reference flux RMS value (0.5683 Wb) to the magnetizing 

inductance (0.42 H). The calculated values of fundamental phase voltages for different 

operating speeds are given in Table 3.22. 

Table 3.22. Calculated fundamental components of voltages and currents. 

Frequency 25 Hz 40 Hz 50 Hz 
Fundamental voltage 98.6 V 156.8 V 196 V 
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By comparing the results in Tables 3.21 and 3.22 one observes that the results obtained by 

FFT are in very good agreement with theoretical predictions. The difference in the 

fundamental current component is negligibly small, while the error in fundamental voltage 

components does not exceed one volt for any of the values. 

 
3.8 SUMMARY 
 
 This chapter was devoted to modelling of the components of a single five-phase vector 

controlled induction motor drive. Principles of operation of a five-phase VSI in ten-step and 

PWM mode were discussed, together with the d-q modelling of a five-phase induction 

machine and principles of rotor flux oriented control. Current control in stationary reference 

frame was further reviewed and current and speed controllers were designed for the given 

machine and inverter data. 

 Performance of a vector controlled single five-phase induction machine drive, 

obtainable with hysteresis current control and ramp-comparison control methods, was further 

evaluated and illustrated for a number of operating conditions on the basis of simulation 

results. Full decoupling of rotor flux control and torque control was realised by both current 

control techniques under the condition of a sufficient voltage reserve. Dynamics, achievable 

with a five-phase vector controlled induction machine, are shown to be essentially identical to 

those obtainable with a three-phase induction machine. Steady state analysis of stator voltages 

and currents was finally performed, using harmonic spectrum analysis. 
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Chapter 5 
 

MODELLING AND CONTROL OF A SIX-PHASE INDUCTION 
MOTOR DRIVE 

________________________________________________________________ 
 
 
 
5.1 INTRODUCTION 
 

This chapter discusses at first modelling and control of a six-phase voltage source 

inverter. The modelling is done for 180° conduction mode leading to square wave output 

(section 5.2) and PWM operation mode (section 5.3) based on space vector theory. Due to 60° 

phase displacement between subsequent phases a six-phase system consisting of two three-

phase systems in phase opposition results. The six-phase machine model is developed next in 

phase variable domain and it is further transformed into a system of decoupled equations in 

orthogonal common reference frame (section 5.4). It is shown that d-q axis current 

components contribute towards torque and flux production, whereas the remaining x-y axis 

components and the zero-sequence components do not. This again allows a simple extension 

of the rotor flux oriented control (RFOC) principle to a six-phase machine, section 5.5. Six-

phase induction motor modelling and vector control principles, reviewed in sections 5.4–5.5, 

are elaborated in more detail in Jones (2002) and Jones (2005).  

The vector control principle is further applied to control single six-phase and three-

phase motor drives using PWM voltage source inverter. Current control in stationary 

reference frame is utilised again (hysteresis method and ramp-comparison method). A 

simulation study is performed for speed mode of operation, for a number of transients, and the 

results are presented in section 5.6. A steady state analysis is carried out as well using Fast 

Fourier Transform (FFT) of voltage and current waveforms for hysteresis current control 

method and the resulting plots and values are given. 

 
5.2 OPERATION OF A SIX-PHASE VOLTAGE SOURCE INVERTER IN 180° 

CONDUCTION MODE 
 
5.2.1 Power circuit and switch control signals 
 

Power circuit topology of a six-phase VSI is shown in Fig. 5.1. The inverter input dc 

voltage is regarded further on as being constant. Each switch is assumed to conduct for 180°. 
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Phase delay between firing of two switches in any subsequent two phases is equal to 360°/6 = 

60°. One complete cycle of operation of the inverter can be divided into six distinct intervals 

indicated in the time domain waveforms of leg voltages shown in Fig. 5.2 and summarised in 

Table 5.1. The second interval of Fig. 5.2 is listed as the first one in Table 5.1. It follows from 

Fig. 5.2 and Table 5.1 that at any instant in time there are six switches that are ‘on’ and six 

switches that are ‘off’. In this mode of operation there are three conducting switches from the 

upper six and three from the lower six, or vice versa. This mode of operation leads to, as 

shown shortly, a square wave phase-to-neutral output voltage waveform, the reason being the 

spatial displacement between the six-phases of 60°. 

Table 5.1. Leg voltages of the six-phase VSI. 
Switching 

state 
(mode) 

Switches ON Space 
vector 

Leg 
voltage 

Av  

Leg 
voltage 

Bv  

Leg 
voltage 

Cv  

Leg 
voltage 

Dv  

Leg 
voltage 

Ev  

Leg 
voltage 

Fv  
1 1,3,6,8,10,11 v1 VDC VDC 0 0 0 VDC 
2 1,3,5,8,10,12 v2 VDC VDC VDC 0 0 0 
3 2,3,5,7,10,12 v3 0 VDC VDC VDC 0 0 
4 2,4,5,7,9,12 v4 0 0 VDC VDC VDC 0 
5 2,4,6,7,9,11 v5 0 0 0 VDC VDC VDC 
6 1,4,6,8,9,11 v6 VDC 0 0 0 VDC VDC 

 

VDC

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

S12

A B C D E F

a b c d e f

N

 
Fig. 5.1. Six-phase voltage source inverter power circuit. 

 
5.2.2 Space vector representation of a six-phase voltage source inverter 
 

If an ideal sinusoidal six-phase supply is considered, similar to (3.1) for the five-phase 

system, space vector, defined as ( ( )exp / 3a jπ= ) 
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2 3 4 52 ( )
6 a b c d e fv v av a v a v a v a v= + + + + +        (5.1) 

 

/ 3π 2 / 3π π 4 / 3π 5 / 3π 2π

vA

vB

vC

vD

vE

vF

VDC

1
MODE

2 3 4 5 6
 

 
Fig. 5.2. Leg voltages of a six-phase voltage source inverter in 180° conduction mode. 

 
is determined with (V is RMS value) 

( )6 expv V j tω=         (5.2) 

However, the voltages are not sinusoidal with the inverter supply and are given in Table 5.1 

for leg voltages. To determine the phase-to-neutral voltages of a star connected load again a 

voltage difference between the star point n of the load and the negative rail of the dc bus N is 

defined similar to section 3.2. Then the following correlation, similar to (3.4) holds true: 



5. MODELLING AND CONTROL OF A SIX-PHASE INDUCTION MOTOR DRIVE 
 

 116

A a nN

B b nN

C c nN

D d nN

E e nN

F f nN

v v v
v v v
v v v
v v v
v v v
v v v

= +
= +
= +
= +
= +
= +

          (5.3) 

Since phase voltages must sum to zero, nNv  is found to be: 

( )( )1/ 6nN A B C D E Fv v v v v v v= + + + + +         (5.4) 

Phase-to-neutral voltages are obtained in a form similar to (3.6): 

( ) ( )( )5 / 6 1/ 6a A B C D E Fv v v v v v v= − + + + +  

( ) ( ) ( )5 / 6 1/ 6b B A C D E Fv v v v v v v= − + + + +  

( ) ( ) ( )5 / 6 1/ 6c C A B D E Fv v v v v v v= − + + + +       (5.5) 
( ) ( )( )5 / 6 1/ 6d D A B C E Fv v v v v v v= − + + + +  

( ) ( )( )5 / 6 1/ 6e E A B C D Fv v v v v v v= − + + + +  

( ) ( )( )5 / 6 1/ 6f F A B C D Ev v v v v v v= − + + + +  

 
Hence the values of the phase-to-neutral voltages in the six distinct intervals of 60 degrees 

duration can be determined using the values of the leg voltages in Table 5.1. Table 5.2 

summarises the phase-to-neutral voltages for different switching states, obtained using (5.5) 

and Table 5.1. 

Table 5.2. Phase voltages of a star connected load supplied from a six-phase VSI. 
Switching 

state 
(mode) 

Switches ON Space 
vector 

Phase 
voltage 

av  

Phase 
voltage 

bv  

Phase 
voltage 

cv  

Phase 
voltage 

dv  

Phase 
voltage 

ev  

Phase 
voltage 

fv  

1 1,3,6,8,10,11 v1phase VDC/2 VDC/2 -VDC/2 -VDC/2 -VDC/2 VDC/2 
2 1,3,5,8,10,12 v2phase VDC/2 VDC/2 VDC/2 -VDC/2 -VDC/2 -VDC/2 
3 2,3,5,7,10,12 v3phase -VDC/2 VDC/2 VDC/2 VDC/2 -VDC/2 -VDC/2 
4 2,4,5,7,9,12 v4phase -VDC/2 -VDC/2 VDC/2 VDC/2 VDC/2 -VDC/2 
5 2,4,6,7,9,11 v5phase -VDC/2 -VDC/2 -VDC/2 VDC/2 VDC/2 VDC/2 
6 1,4,6,8,9,11 v6phase VDC/2 -VDC/2 -VDC/2 -VDC/2 VDC/2 VDC/2 
Time domain waveforms of phase-to-neutral voltages are shown in Fig. 5.3. Phase-to-

neutral voltages are of non-zero value throughout the period and their value alternates 

between positive and negative VDC/2 and -VDC/2. Moreover it is seen that the phase-to-neutral 

voltages are identically equal to the leg voltages referred to mid-point of the DC supply. 

Voltage nNv of (5.4) is equal to zero for the whole cycle of the inverter operation and thus the 

triplen harmonics will appear in the phase-to-neutral voltages. 

 In order to determine the space vectors of phase-to-neutral voltages, the instantaneous 

values from Table 5.2 are inserted into (5.1). The phase-to-neutral voltage space vectors are 

given in Table 5.3 and illustrated in Fig. 5.4. The phase-to-neutral voltage space vectors in the 
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α β−  plane are given as (a similar remark regarding other components in the six-dimensional 

space applies here as in section 3.2.3 for the five-phase VSI. Analysis of the inverter output 

voltages using six-dimensional space and its subdivision into three orthogonal two-

dimensional sub-space will be done in Chapter 8): 

( )2 2exp 1
6 3DCkphasev V j k π⎛ ⎞= −⎜ ⎟

⎝ ⎠
  1,2,......,6k =       (5.6) 

There are six non-zero voltage vectors, as in a three-phase system. This is so since there are 

three pairs of phases in direct opposition to each other. There are 8 switching states which 

include six non-zero and two zero states, when all the upper or lower switches are ‘on’. The 

relationship between phase-to-neutral voltages of the inverter and the dc link voltage, given in 

expression (5.5) in terms of leg voltages, can be   expressed  using  switching functions for the  

/ 3π 2 / 3π π 4 / 3π 5 / 3π 2π

1
MODE

2 3 4 5 6

va

vb

vc

vd

ve

vf

VDC/2

 

Fig. 5.3. Phase-to-neutral voltages of star connected load fed using the six-phase VSI. 
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six inverter legs, as has been done for the five-phase inverter (3.7). Each switching function 

takes the value of one when the upper switch is ‘on’ and the value of zero when the lower 

switch is ‘on’ (alternatively, if leg voltages are referred to the midpoint of the dc supply, the 

switching functions take the values of 0.5 and −0.5). Hence (Sa stands for the switching 

function of phase a, Sb stands for the switching function of phase b and so on): 
va = (VDC /6) [5 Sa – Sb – Sc – Sd – Se –Sf ] 
vb = (VDC /6) [5 Sb – Sa – Sc – Sd – Se – Sf] 
vc = (VDC /6) [5 Sc – Sb – Sa – Sd – Se – Sf]       (5.7) 
vd = (VDC /6) [5 Sd – Sb – Sc – Sa – Se – Sf] 
ve = (VDC /6) [5 Se – Sb – Sc – Sd – Sa – Sf] 
vf = (VDC /6) [5 Sf – Sa – Sb – Sc – Sd – Se] 
 

Table 5.3. Phase-to-neutral voltage space vectors of the six-phase VSI. 
Phase voltage space vectors 

1phasev  2 6 2exp( 0)DCV j  

2 phasev  2 / 6 2exp( / 3)DCV jπ  

3 phasev  2 / 6 2exp( 2 / 3)DCV j π  

4 phasev  2 / 6 2exp( )DCV jπ  

5 phasev  2 / 6 2exp( 4 / 3)DCV j π  

6 phasev  2 / 6 2exp( 5 / 3)DCV j π  

 

2 phasev3 phasev

4 phasev

5 phasev
6 phasev

Real

Img.

/ 3π
1phasev

 
 

Fig. 5.4. Phase-to-neutral voltage space vectors in the complex plane. 
 

The line-to-line voltages are considered next. There are five systems of line-to-line 

voltages. The first system includes adjacent line-to-line voltages, , 1i iv +  (i = A, B,……F). The 
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second system of line-to-line voltages is composed of , 2i iv +  (i = A, B,……F) while the third 

system encompasses , 3i iv +  (i = A, B,……F) voltages. The fourth and the fifth systems are 

essentially the same as the first and the second, with opposite phases. Table 5.4 summarises 

the values of the adjacent line-to-line voltages in the six 60 degrees intervals. The values of 

line-to-line voltages in Table 5.4 are obtained using leg voltage values in Table 5.1. 

 The adjacent line-to-line voltage space vectors are calculated by substituting the 

values from Table 5.4 into the defining expression (5.1) and the results are given in Table 5.5. 

The adjacent line-to-line voltage space vectors are illustrated in Fig. 5.5. Corresponding time-

domain waveforms are displayed in Fig. 5.6. 

 
Table 5.4. Adjacent line-to-line voltages (first system) of the six-phase VSI. 

Switching 
state 

Switches ON Space 
vector 

vab vbc vcd vde vef vfa 

1 1,3,6,8,10,11 v1l 0 VDC 0 0 -VDC 0 
2 1,3,5,8,10,12 v2l 0 0 VDC 0 0 -VDC 
3 2,3,5,7,10,12 v3l -VDC 0 0 VDC 0 0 
4 2,4,5,7,9,12 v4l 0 -VDC 0 0 VDC 0 
5 2,4,6,7,9,11 v5l 0 0 -VDC 0 0 VDC 
6 1,4,6,8,9,11 v6l VDC 0 0 -VDC 0 0 

 
Table 5.5 Adjacent line-to-line voltage (first system) space vectors. 

Adjacent line-to-line voltage space vectors 

1
I
lv  2 6 2exp( / 3)DCV jπ  

2
I
lv  2 / 6 2exp( 2 / 3)DCV j π  

3
I
lv  2 / 6 2exp( )DCV jπ  

4
I
lv  2 / 6 2exp( 4 / 3)DCV j π  

5
I
lv  2 / 6 2exp( 5 / 3)DCV j π  

6
I
lv  2 / 6 2exp( 2 )DCV j π  

The general form of space vectors of adjacent line-to-line voltages is given with: 

2 2exp
6 3

I
DCklv V jk π⎛ ⎞= ⎜ ⎟

⎝ ⎠
 1, 2,.....,6k =        (5.8) 

The non-adjacent systems of line-to-line voltages are examined next. The second 

system consists of , , , , ,ac bd ce df ea fbv v v v v v  set while the third system consists of 

, , , , ,ad be cf da eb fcv v v v v v . The fourth and the fifth systems are in phase opposition to the first and 

the second systems and are omitted from discussion. Table 5.6 lists the states and the values 

for the second system of line-to-line voltages and Fig. 5.7 illustrates time-domain waveforms. 

The space vectors are found in the same fashion as in the previous case and are tabulated in 

Table 5.7 and shown in Fig. 5.8.  
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Fig. 5.5. Adjacent line-to-line voltage (first system) space vectors of the six-phase VSI. 
 

Table 5.6. Non-adjacent line-to-line voltages (second system) of the six-phase VSI. 
Switching 

state 
Switches ON Space 

vector 
vac vbd vce vdf vea vfb 

1 1,3,6,8,10,11 
1
II
lv  VDC VDC 0 -VDC -VDC 0 

2 1,3,5,8,10,12 
2
II
lv  0 VDC VDC 0 -VDC -VDC 

3 2,3,5,7,10,12 
3
II
lv  -VDC 0 VDC VDC 0 -VDC 

4 2,4,5,7,9,12 
4
II
lv  -VDC -VDC 0 VDC VDC 0 

5 2,4,6,7,9,11 
5
II
lv  0 -VDC -VDC 0 VDC VDC 

6 1,4,6,8,9,11 
6
II
lv  VDC 0 -VDC -VDC 0 VDC 

 
Table 5.7. Non-adjacent line-to-line voltage (second system) space vectors. 

Non-adjacent line-to-line voltage (second system) space vectors 

1
II
lv  2 / 6 2 3 exp( / 6)DCV jπ  

2
II
lv  2 / 6 2 3 exp( 3 / 6)DCV j π  

3
II
lv  2 / 6 2 3 exp( 5 / 6)DCV j π  

4
II
lv  2 / 6 2 3 exp( 7 / 6)DCV j π  

5
II
lv  2 / 6 2 3 exp( 9 / 6)DCV j π  

6
II
lv  2 / 6 2 3 exp( 11 / 6)DCV j π  
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Fig. 5.6. Adjacent line-to-line voltages (first system) of the six-phase VSI. 
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Fig. 5.7. Non adjacent line-to-line voltage (second system) space vectors of the six-phase VSI. 
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 The general form of the space vectors for the second system of line-to-line voltages is 
given as: 

( )2 2 3 exp 2 1
6 6

II
DCklv V j k π⎛ ⎞= −⎜ ⎟

⎝ ⎠
  1, 2,.....,6k =       (5.9) 

The third or opposing line-to-line voltage system is represented next. The states and 

values of the line-to-line voltages are tabulated in Table 5.8 and Fig. 5.9 shows time-domain 

waveforms. The space vectors are given in Table 5.9 and Fig. 5.10.  

Table 5.8. Non-adjacent line-to-line voltage (third system) space vectors. 
Non-adjacent line-to-line voltage (third system) space vectors 

1
III
lv  2 / 6 4exp( 0)DCV j  

2
III
lv  2 / 6 4exp( / 3)DCV jπ  

3
III
lv  2 / 6 4exp( 2 / 3)DCV j π  

4
III
lv  2 / 6 4exp( )DCV jπ  

5
III
lv  2 / 6 4exp( 4 / 3)DCV j π  

6
III
lv  2 / 6 4exp( 5 / 3)DCV j π  

/ 3π 2 / 3π π 4 / 3π 5 / 3π 2π

1
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vbd
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vdf
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vfb

 
Fig. 5.8. Non-adjacent line-to-line voltages (second system) of the six-phase VSI. 
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Table 5.9. Non-adjacent line-to-line voltages (third system) of the six-phase VSI. 
Switching 

state 
Switches ON Space 

vector 
vad vbe vcf vda veb vfc 

1 1,3,6,8,10,11 
1
III
lv  VDC VDC -VDC -VDC -VDC VDC 

2 1,3,5,8,10,12 
2
III
lv  VDC  VDC VDC -VDC -VDC -VDC 

3 2,3,5,7,10,12 
3
III
lv  -VDC VDC VDC VDC -VDC -VDC 

4 2,4,5,7,9,12 
4
III
lv  -VDC -VDC VDC  VDC VDC -VDC 

5 2,4,6,7,9,11 
5
III
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Fig. 5.9. Non-adjacent line-to-line voltages (third system) of the six-phase VSI. 
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Fig. 5.10. Non-adjacent line-to-line voltage (third system) space vectors of the six-phase VSI. 
  

 
 The general form of representation of the third system of line-to-line voltages is: 

( )2 4exp 1
6 3

III
DCklv V j k π⎛ ⎞= −⎜ ⎟

⎝ ⎠
 1, 2,.....,6k =       (5.10) 

 
5.3  OPERATION OF THE SIX-PHASE VOLTAGE SOURCE INVERTER IN 

PULSE WIDTH MODULATION MODE  
 
 If a six-phase VSI is operated in PWM mode, apart from the already described eight 

states there will be additional fifty six switching states, since the number of possible 

switching states is in general equal to 2n, where n is the number of inverter legs (i.e. output 

phases).  

 Table 5.10 summarises the additional switching states which are associated with PWM 

mode of operation and which are absent in the 180° mode of operation. Switches that are ‘on’ 

and the corresponding terminal polarity are included in the Table 5.10. As can be seen from 

Table 5.10, the remaining fifty six switching states encompass three possible situations: 

fourteen states when three switches from upper (or lower) half and three from the lower (or 

upper) half of the inverter are on (states 9-22); twelve states when five from upper (or lower) 

half and one from lower (or upper) half of the inverter are on (states 23-34) and remaining 

thirty states when four from upper (lower) half and two switches from the lower (upper) half 

are in conduction mode (states 35-64). There are two and six additional zero states in the first 
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and the third group, respectively. Thus, in total, there are ten zero space vectors in contrast to 

two zero space vectors in three-phase and five-phase VSI. The three possible sets of space 

vectors are analysed separately.  

Consider first the situation where three switches from upper (lower) half and three 

switches from lower (upper) half are in conduction. Table 5.11 summarises the values of leg 

voltages for this situation leading to fourteen states denoted with numbers 9-22 and lists the 

switches that are in the conduction mode. The values of the phase-to-neutral voltages for 

states 9-22 are listed in Table 5.12. Space vectors of phase-to–neutral voltages are found for 

states 9-22 using the same procedure as outlined in conjunction with the 180° mode. Phase-to-

neutral voltage space vectors for these states are given in Table 5.13. It is seen from the Table 

5.13 that there are two zero space vectors (15 and 22) and twelve non-zero space vectors. 

These are all with 2 / 6 DCV amplitude and phase difference of 60° and they form twice the 

same set of six space vectors (i.e. 9-14 and 16-21). 

Consider next the situation where five switches from upper (lower) half and one 

switch from lower (upper) half are in conduction. Table 5.14 summarises the values of leg 

voltages for twelve states denoted with numbers 23-34 and lists the switches that are in the 

conduction mode. The values of the phase-to-neutral voltages for these states are listed in 

Table 5.15. Space vectors of phase-to–neutral voltages are found for states 23-34 using the 

same procedure as outlined in previous cases. Phase-to-neutral voltage space vectors for these 

states are given in Table 5.16. It is seen from the Table 5.16 that all twelve non-zero space 

vectors are with 2 / 6 DCV amplitude and phase difference of 60° and they form twice the same 

set of six space vectors (i.e. 23-28 and 29-34). 

Finally consider the situation where four switches from upper (lower) half and two 

switches from lower (upper) half are in conduction. Table 5.17 summarises the values of leg 

voltages for thirty states denoted with numbers 35-64 and lists the switches that are in the 

conduction mode. The values of the phase-to-neutral voltages for these states are tabulated in 

Table 5.18. Phase-to-neutral voltage space vectors for these states are given in Table 5.19. It 

is seen from Table 5.19 that the thirty space vectors form six sets. Four sets consists of six 

non-zero space vectors and two sets include three zero space vectors. Two sets of zero space 

vectors (41-43 and 56-58) are discussed further in the subsequent paragraph. Out of four sets 

of non-zero space vectors, two (35-40 and 50-55) have amplitude of 2 / 6 DCV  while remaining 

two sets (44-49 and 59-64) have amplitude of 2 / 6 3DCV . 
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Table 5.10. Additional switching states of the six-phase VSI in PWM mode.  
Switching state  Switches ON Terminal Polarity 

9 1,3,6,8,9,12 A+B+C-D-E+F- 

10 1,3,6,7,10,12 A+B+C-D+E-F- 
11 1,4,5,7,10,12 A+B-C+D+E-F- 
12 2,4,5,7,10,11 A-B-C+D+E-F+ 
13 2,4,5,8,9,11 A-B-C+D-E+F+ 
14 1,4,6,7,10,11 A+B-C-D+E-F+ 
15 1,4,5,8,9,12 A+B-C+D-E+F- 
16 1,4,5,8,10,11 A+B-C+D-E-F+ 
17 2,3,5,8,10,11 A-B+C+D-E-F+ 
18 2,3,5,8,9,12 A-B+C+D-E+F- 
19 2,3,6,7,9,12 A-B+C-D+E+F- 
20 1,4,6,7,9,12 A+B-C-D+E+F- 
21 2,3,6,8,9,11 A-B+C-D-E+F+ 
22 2,3,6,7,10,11 A-B+C-D+E-F+ 
23 1,3,5,8,9,11 A+B+C+D-E+F+ 
24 1,3,5,7,10,11 A+B+C+D+E-F+ 
25 1,3,5,7,9,12 A+B+C+D+E+F- 
26 2,3,5,7,9,11 A-B+C+D+E+F+ 
27 1,4,5,7,9,11 A+B-C+D+E+F+ 
28 1,3,6,7,9,11 A+B+C-D+E+F+ 
29 1,4,6,8,10,12 A+B-C-D-E-F- 
30 2,3,6,8,10,12 A-B+C-D-E-F- 
31 2,4,5,8,10,12 A-B-C+D-E-F- 
32 2,4,6,7,10,12 A-B-C-D+E-F- 
33 2,4,6,8,9,12 A-B-C-D-E+F- 
34 2,4,6,8,10,11 A-B-C-D-E-F+ 
35 1,3,6,7,10,11 A+B+C-D+E-F+ 
36 1,3,5,8,9,12 A+B+C+D-E+F- 
37 2,3,5,7,10,11 A-B+C+D+E-F+ 
38 1,4,5,7,9,12 A+B-C+D+E+F- 
39 2,3,6,7,9,11 A-B+C-D+E+F+ 
40 1,4,5,8,9,11 A+B-C+D-E+F+ 
41 1,3,6,7,9,12 A+B+C-D+E+F- 
42 1,4,5,7,10,11 A+B-C+D+E-F+ 
43 2,3,5,8,9,11 A-B+C+D-E+F+ 
44 1,3,5,8,10,11 A+B+C+D-E-F+ 
45 1,3,5,7,10,12 A+B+C+D+E-F- 
46 2,3,5,7,9,12 A-B+C+D+E+F- 
47 2,4,5,7,9,11 A-B-C+ D+E+F+ 

48 1,4,6,7,9,11 A+B-C-D+E+F+ 
49 1,3,6,8,9,11 A+B+C-D-E+F+ 
50 2,3,6,8,10,11 A-B+C-D-E-F+ 
51 1,4,5,8,10,12 A+B-C+D-E-F- 
52 2,3,6,7,10,12 A-B+C-D+E-F- 
53 2,4,5,8,9,12 A-B-C+D-E+F- 
54 2,4,6,7,10,11 A-B-C-D+E-F+ 
55 1,4,6,8,9,12 A+B-C-D-E+F- 
56 2,4,5,8,10,11 A-B-C+D-E-F+ 
57 2,3,6,8,9,12 A-B+C-D-E+F- 
58 1,4,6,7,10,12 A+B-C-D+E-F- 
59 1,3,6,8,10,12 A+B+C-D-E-F- 
60 2,3,5,8,10,12 A-B+C+D-E-F- 
61 2,4,5,7,10,12 A-B-C+D+E-F- 
62 2,4,6,7,9,12 A-B-C-D+E+F- 
63 2,4,6,8,9,11 A-B-C-D-E+F+ 
64 1,4,6,8,10,11 A+B-C-D-E-F+ 

 
Let us consider the two sets of zero space vectors 41-43 and 56-58. Each of these 

states converts the six-phase inverter into three single-phase H-bridge inverters for each pair 
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of consecutive phases. However, in contrast to zero states 15 and 22, here one single-phase 

inverter is short-circuited. For example, states 41-43 short-circuit single-phase inverters A-B, 

C-D and E-F, respectively. The same applies to states 56-58, except that the inverters are 

short-circuited at the negative bus-bar of the dc link, rather than at the positive bus-bar. 

Thus it can be seen that the total of 64 space vectors, available in the PWM operation, 

fall into four distinct categories regarding the magnitude of the available output phase-to-

neutral voltage. The phase-to-neutral voltage space vectors are summarised in Table 5.20 for 

all 64 switching states and are shown in Fig. 5.11. It is seen from Fig. 5.11 that the ratio of 

phase-to-neutral voltage space vector magnitudes is 1:√3:2 starting with the smallest. 

 The findings of this section are in full compliance with the findings of Correa et al 

(2003a) and (2003b). 

Table 5.11. Leg voltages for states 9-22. 
Switching 

state 
Switches 

ON 
Space 
vector 

Leg 
voltage 

Av  

Leg 
 voltage 

Bv  

Leg 
 voltage  

Cv   

Leg  
voltage 

Dv  

Leg  
voltage 

Ev  

Leg  
voltage 

Fv  
9 1,3,6,8,9,12 v9 VDC VDC 0 0 VDC 0 
10 1,3,6,7,10,12 v10 VDC VDC 0 VDC 0 0 
11 1,4,5,7,10,12 v11 VDC 0 VDC VDC 0 0 
12 2,4,5,7,10,11 v12 0 0 VDC VDC 0 VDC 
13 2,4,5,8,9,11 v13 0 0 VDC 0 VDC VDC 
14 1,4,6,7,10,11 v14 VDC 0 0 VDC 0 VDC 
15 1,4,5,8,9,12 v15 VDC 0 VDC 0 VDC 0 
16 1,4,5,8,10,11 v16 VDC 0 VDC 0 0 VDC 
17 2,3,5,8,10,11 v17 0 VDC VDC 0 0 VDC 
18 2,3,5,8,9,12 v18 0 VDC VDC 0 VDC 0 
19 2,3,6,7,9,12 v19 0 VDC 0 VDC VDC 0 
20 1,4,6,7,9,12 v20 VDC 0 0 VDC VDC 0 
21 2,3,6,8,9,11 v21 0 VDC 0 0 VDC VDC 
22 2,3,6,7,10,11 v22 0 VDC 0 VDC 0 VDC 

 

 
Table 5.12. Phase-to-neutral voltages for states 9-22.  

State Switches 
ON 

Space 
vector 

va vb vc vd ve vf 

9 1,3,6,8,9,12 v9phase 1/2 VDC 1/2 VDC -1/2 VDC -1/2 VDC 1/2 VDC -1/2 VDC 
10 1,3,6,7,10,12 v10phase 1/2 VDC 1/2 VDC  -1/2 VDC 1/2 VDC -1/2 VDC -1/2 VDC 
11 1,4,5,7,10,12 v11phase 1/2 VDC -1/2 VDC 1/2 VDC 1/2 VDC -1/2 VDC -1/2 VDC 
12 2,4,5,7,10,11 v12phase -1/2 VDC -1/2 VDC 1/2 VDC 1/2 VDC -1/2 VDC 1/2 VDC 
13 2,4,5,8,9,11 v13phase -1/2 VDC -1/2 VDC 1/2 VDC -1/2 VDC 1/2 VDC 1/2 VDC 
14 1,4,6,7,10,11 v14phase 1/2 VDC -1/2 VDC -1/2 VDC 1/2 VDC -1/2 VDC 1/2 VDC 
15 1,4,5,8,9,12 v15phase 1/2 VDC -1/2 VDC 1/2 VDC -1/2 VDC 1/2 VDC -1/2 VDC 
16 1,4,5,8,10,11 v16phase 1/2 VDC -1/2 VDC 1/2 VDC -1/2 VDC -1/2 VDC 1/2 VDC 
17 2,3,5,8,10,11 v17phase -1/2 VDC 1/2 VDC 1/2 VDC -1/2 VDC -1/2 VDC 1/2 VDC 
18 2,3,5,8,9,12 v18phase -1/2 VDC 1/2 VDC 1/2 VDC -1/2 VDC 1/2 VDC -1/2 VDC 
19 2,3,6,7,9,12 v19phase -1/2 VDC 1/2 VDC -1/2 VDC 1/2 VDC 1/2 VDC -1/2 VDC 
20 1,4,6,7,9,12 v20phase 1/2 VDC -1/2 VDC -1/2 VDC 1/2 VDC 1/2 VDC -1/2 VDC 
21 2,3,6,8,9,11 v21phase -1/2 VDC 1/2 VDC -1/2 VDC -1/2 VDC 1/2 VDC 1/2 VDC 
22 2,3,6,7,10,11 v22phase -1/2 VDC 1/2 VDC -1/2 VDC 1/2 VDC -1/2 VDC 1/2 VDC 
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Table 5.13. Phase-to-neutral voltage space vectors for states 9-22. 
Phase-to-neutral voltage space vectors 

v9phase 2 / 6 exp( 0)DCV j  
v10phase 2 / 6 exp( / 3)DCV jπ  
v11phase 2 / 6 exp( 2 / 3)DCV j π  
v12phase 2 / 6 exp( )DCV jπ  
v13phase 2 / 6 exp( 4 / 3)DCV j π  
v14phase 2 / 6 exp( 5 / 3)DCV j π  
v15phase 0 
v16phase 2 / 6 exp( 0)DCV j  
v17phase 2 / 6 exp( / 3)DCV jπ  
v18phase 2 / 6 exp( 2 / 3)DCV j π  
v19phase 2 / 6 exp( )DCV jπ  
v20phase 2 / 6 exp( 4 / 3)DCV j π  
v21phase 2 / 6 exp( 5 / 3)DCV j π  
v22phase 0 

 
Table 5.14. Leg voltages for states 23-34. 

Switching 
state 

Switches 
ON 

Space 
vector 

Leg 
voltage 

Av  

Leg  
voltage 

Bv  

Leg  
voltage  

Cv   

Leg 
 voltage 

Dv  

Leg  
voltage 

Ev  

Leg  
voltage 

Fv  
23 1,3,5,8,9,11 v23 VDC VDC VDC 0 VDC VDC 
24 1,3,5,7,10,11 v24 VDC VDC VDC VDC 0 VDC 
25 1,3,5,7,9,12 v25 VDC VDC VDC VDC VDC 0 
26 2,3,5,7,9,11 v26 0 VDC VDC VDC VDC VDC 
27 1,4,5,7,9,11 v27 VDC 0 VDC VDC VDC VDC 
28 1,3,6,7,9,11 v28 VDC VDC 0 VDC VDC VDC 
29 1,4,6,8,10,12 v29 VDC 0 0 0 0 0 
30 2,3,6,8,10,12 v30 0 VDC 0 0 0 0 
31 2,4,5,8,10,12 v31 0 0 VDC 0 0 0 
32 2,4,6,7,10,12 v32 0 0 0 VDC 0 0 
33 2,4,6,8,9,12 v33 0 0 0 0 VDC 0 
34 2,4,6,8,10,11 v34 0 0 0 0 0 VDC 

 
Table 5.15. Phase-to-neutral voltages for states 23-34.  

State Switches 
ON 

Space 
vector 

va vb vc vd ve vf 

23 1,3,5,8,9,11 v23phase 1/6 VDC 1/6 VDC 1/6 VDC -5/6 VDC 1/6 VDC 1/6 VDC 
24 1,3,5,7,10,11 v24phase 1/6 VDC 1/6 VDC 1/6 VDC 1/6 VDC -5/6 VDC 1/6 VDC 
25 1,3,5,7,9,12 v25phase 1/6 VDC 1/6 VDC  1/6 VDC 1/6 VDC 1/6 VDC -5/6 VDC 
26 2,3,5,7,9,11 v26phase -5/6 VDC 1/6 VDC 1/6 VDC 1/6 VDC 1/6 VDC 1/6 VDC 
27 1,4,5,7,9,11 v27phase 1/6 VDC -5/6 VDC 1/6 VDC 1/6 VDC 1/6 VDC 1/6 VDC 
28 1,3,6,7,9,11 v28phase 1/6 VDC 1/6 VDC -5/6 VDC 1/6 VDC 1/6 VDC 1/6 VDC 
29 1,4,6,8,10,12 v29phase 5/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC 
30 2,3,6,8,10,12 v30phase -1/6 VDC 5/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC 
31 2,4,5,8,10,12 v31phase -1/6 VDC -1/6 VDC 5/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC 
32 2,4,6,7,10,12 v32phase -1/6 VDC -1/6 VDC -1/6 VDC 5/6 VDC -1/6 VDC -1/6 VDC 
33 2,4,6,8,9,12 v33phase -1/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC 5/6 VDC -1/6 VDC 
34 2,4,6,8,10,11 v34phase -1/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC -1/6 VDC 5/6 VDC 
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Table 5.16. Phase-to-neutral voltage space vectors for states 23-34. 
Phase-to-neutral voltage space vectors 

v23phase 2 / 6 exp( 0)DCV j  
v24phase 2 / 6 exp( / 3)DCV jπ  
v25phase 2 / 6 exp( 2 / 3)DCV j π  
v26phase 2 / 6 exp( )DCV jπ  
v27phase 2 / 6 exp( 4 / 3)DCV j π  
v28phase 2 / 6 exp( 5 / 3)DCV j π  
v29phase 2 / 6 exp( 0)DCV j  
v30phase 2 / 6 exp( / 3)DCV jπ  
v31phase 2 / 6 exp( 2 / 3)DCV j π  
v32phase 2 / 6 exp( )DCV jπ  
v33phase 2 / 6 exp( 4 / 3)DCV j π  
v34phase 2 / 6 exp( 5 / 3)DCV j π  

 
Table 5.17. Leg voltages for states 35-64. 

Switching 
state 

Switches ON Space 
vector 

Leg 
voltage 

Av  

Leg  
voltage 

Bv  

Leg  
voltage  

Cv   

Leg 
 voltage 

Dv  

Leg  
voltage 

Ev  

Leg  
voltage 

Fv  
35 1,3,6,7,10,11 v35 VDC VDC 0 VDC 0 VDC 
36 1,3,5,8,9,12 v36 VDC VDC VDC 0 VDC 0 
37 2,3,5,7,10,11 v37 0 VDC VDC VDC 0 VDC 
38 1,4,5,7,9,12 v38 VDC 0 VDC VDC VDC 0 
39 2,3,6,7,9,11 v39 0 VDC 0 VDC VDC VDC 
40 1,4,5,8,9,11 v40 VDC 0 VDC 0 VDC VDC 
41 1,3,6,7,9,12 v41 VDC VDC 0 VDC VDC 0 
42 1,4,5,7,10,11 v42 VDC 0 VDC VDC 0 VDC 
43 2,3,5,8,9,11 v43 0 VDC VDC 0 VDC VDC 
44 1,3,5,8,10,11 v44 VDC VDC VDC 0 0 VDC 
45 1,3,5,7,10,12 v45 VDC VDC VDC VDC 0 0 
46 2,3,5,7,9,12 v46 0 VDC VDC VDC VDC 0 
47 2,4,5,7,9,11 v47 0 0 VDC VDC VDC VDC 
48 1,4,6,7,9,11 v48 VDC 0 0 VDC VDC VDC 
49 1,3,6,8,9,11 v49 VDC VDC 0 0 VDC VDC 
50 2,3,6,8,10,11 v50 0 VDC 0 0 0 VDC 
51 1,4,5,8,10,12 v51 VDC 0 VDC 0 0 0 
52 2,3,6,7,10,12 v52 0 VDC 0 VDC 0 0 
53 2,4,5,8,9,12 v53 0 0 VDC 0 VDC 0 
54 2,4,6,7,10,11 v54 0 0 0 VDC 0 VDC 
55 1,4,6,8,9,12 v55 VDC 0 0 0 VDC 0 
56 2,4,5,8,10,11 v56 0 0 VDC 0 0 VDC 
57 2,3,6,8,9,12 v57 0 VDC 0 0 VDC 0 
58 1,4,6,7,10,12 v58 VDC 0 0 VDC 0 0 
59 1,3,6,8,10,12 v59 VDC VDC 0 0 0 0 
60 2,3,5,8,10,12 v60 0 VDC VDC 0 0 0 
61 2,4,5,7,10,12 v61 0 0 VDC VDC 0 0 
62 2,4,6,7,9,12 v62 0 0 0 VDC VDC 0 
63 2,4,6,8,9,11 v63 0 0 0 0 VDC VDC 
64 1,4,6,8,10,11 v64 VDC 0 0 0 0 VDC 
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Table 5.18. Phase-to-neutral voltages for states 35-64.  
State Switches 

ON 
Space 
vector 

va vb vc vd ve vf 

35 1,3,6,7,10,11 v35phase 1/3 VDC 1/3 VDC  -2/3 VDC  1/3 VDC  -2/3 VDC  1/3 VDC  
36 1,3,5,8,9,12 v36phase 1/3 VDC 1/3 VDC  1/3 VDC  -2/3 VDC  1/3 VDC  -2/3 VDC 
37 2,3,5,7,10,11 v37phase -2/3 VDC 1/3 VDC  1/3 VDC  1/3 VDC  -2/3 VDC 1/3 VDC  
38 1,4,5,7,9,12 v38phase 1/3 VDC -2/3 VDC 1/3 VDC  1/3 VDC 1/3 VDC  -2/3 VDC 
39 2,3,6,7,9,11 v39phase -2/3 VDC 1/3 VDC -2/3 VDC  1/3 VDC  1/3 VDC  1/3 VDC  
40 1,4,5,8,9,11 v40phase 1/3 VDC  -2/3 VDC  1/3 VDC  -2/3 VDC  1/3 VDC  1/3 VDC  
41 1,3,6,7,9,12 v41phase 1/3 VDC 1/3 VDC  -2/3 VDC  1/3 VDC  1/3 VDC  -2/3 VDC  
42 1,4,5,7,10,11 v42phase 1/3 VDC -2/3 VDC 1/3 VDC  1/3 VDC  -2/3 VDC  1/3 VDC  
43 2,3,5,8,9,11 v43phase -2/3 VDC 1/3 VDC  1/3 VDC  -2/3 VDC  1/3 VDC  1/3 VDC  
44 1,3,5,8,10,11 v44phase 1/3 VDC 1/3 VDC  1/3 VDC  -2/3 VDC -2/3 VDC  1/3 VDC  
45 1,3,5,7,10,12 v45phase 1/3 VDC 1/3 VDC  1/3 VDC  1/3 VDC  -2/3 VDC  -2/3 VDC 
46 2,3,5,7,9,12 v46phase -2/3 VDC 1/3 VDC  1/3 VDC  1/3 VDC  1/3 VDC  -2/3 VDC 
47 2,4,5,7,9,11 v47phase -2/3 VDC -2/3 VDC  1/3 VDC  1/3 VDC  1/3 VDC  1/3 VDC  
48 1,4,6,7,9,11 v48phase 1/3 VDC -2/3 VDC -2/3 VDC  1/3 VDC  1/3 VDC  1/3 VDC  
49 1,3,6,8,9,11 v49phase 1/3 VDC 1/3 VDC  -2/3 VDC  -2/3 VDC  1/3 VDC  1/3 VDC  
50 2,3,6,8,10,11 v50phase -1/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  
51 1,4,5,8,10,12 v51phase 2/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  
52 2,3,6,7,10,12 v52phase -1/3 VDC  2/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  
53 2,4,5,8,9,12 v53phase -1/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  
54 2,4,6,7,10,11 v54phase -1/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  2/3 VDC  
55 1,4,6,8,9,12 v55phase 2/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  
56 2,4,5,8,10,11 v56phase -1/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  
57 2,3,6,8,9,12 v57phase -1/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  
58 1,4,6,7,10,12 v58phase 2/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  
59 1,3,6,8,10,12 v59phase 2/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  
60 2,3,5,8,10,12 v60phase -1/3 VDC  2/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  
61 2,4,5,7,10,12 v61phase -1/3 VDC  -1/3 VDC  2/3 VDC  2/3 VDC  -1/3 VDC  -1/3 VDC  
62 2,4,6,7,9,12 v62phase -1/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  2/3 VDC  -1/3 VDC  
63 2,4,6,8,9,11 v63phase -1/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  2/3 VDC  
64 1,4,6,8,10,11 v64phase 2/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  -1/3 VDC  2/3 VDC  

 
5.4 MODELLING OF A SIX-PHASE INDUCTION MOTOR  
  
 A mathematical model of a six-phase induction machine is formulated first in phase 

variable form. It is further transformed to obtain the model in an arbitrary common reference 

frame in the similar fashion as it has been done for the five-phase induction machine (section 

3.4). The six-phase machine considered here is a true six-phase machine with 60° spatial and 

phase displacement between any two consecutive phases. In order to develop the machine 

model, the same assumptions are considered as that of five-phase machine. 

 
5.4.1 Phase variable model 
 

A six-phase induction machine has six stator phases with 60 degrees spatial 

displacement between two consecutive phases. The rotor winding is treated as an equivalent 
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six-phase winding for the sake of generality. A six-phase induction machine can be described 

with the following voltage equilibrium and flux linkage equations: 

 

Table 5.19. Phase-to-neutral voltage space vectors for states 35-64. 
Phase-to-neutral voltage space vectors 

v35phase 2 / 6 exp( 0)DCV j  
v36phase 2 / 6 exp( / 3)DCV jπ  
v37phase 2 / 6 exp( 2 / 3)DCV j π  
v38phase ( )2 / 6 expDCV jπ  
v39phase 2 / 6 exp( 4 / 3)DCV j π  
v40phase 2 / 6 exp( 5 / 3)DCV j π  
v41phase 0  
v42phase 0 
v43phase 0 
v44phase 2 / 6 3 exp( / 6)DCV jπ  
v45phase 2 / 6 3 exp( 3 / 6)DCV j π  
v46phase 2 / 6 3 exp( 5 / 6)DCV j π  
v47phase 2 / 6 3 exp( 7 / 6)DCV j π  
v48phase 2 / 6 3 exp( 9 / 6)DCV j π  
v49phase 2 / 6 3 exp( 11 / 6)DCV j π  
v50phase 2 / 6 exp( 0)DCV j  
v51phase 2 / 6 exp( / 3)DCV jπ  
v52phase 2 / 6 exp( 2 / 3)DCV j π  
v53phase 2 / 6 exp( )DCV jπ  
v54phase 2 / 6 exp( 4 / 3)DCV j π  
v55phase 2 / 6 exp( 5 / 3)DCV j π  
v56phase 0  
v57phase 0 
v58phase 0 
v59phase 2 / 6 3 exp( / 6)DCV jπ  
v60phase 2 / 6 3 exp( 3 / 6)DCV j π  
v61phase 2 / 6 3 exp( 5 / 6)DCV j π  
v62phase 2 / 6 3 exp( 7 / 6)DCV j π  
v63phase 2 / 6 3 exp( 9 / 6)DCV j π  
v64phase 2 / 6 3 exp( 11 / 6)DCV j π  

 

 

  

r
abcdefsr

s
abcdefs

s
abcdef

s
abcdefs

abcdefs
s
abcdef

iLiL
dt

d
iRv

+=

+=

ψ

ψ

        (5.11) 
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Table 5.20. Phase-to-neutral voltage space vectors for states 1-64. 
Space vectors Value of the space vectors 

v1phase to v6phase 
 

 

( )2 / 6 2exp( 1 )
3DCV j k π

−  for k  = 1,2,….,6 

v7phase= v8phase 
 

0 

v9phase to v14phase 
and 

v16phase to v21phase 

 

( )2 / 6 exp( 1 )
3DCV j k π

−  for k  = 1,2,….,6 

v15phase=v22phase 
 

0 

v23phase to v28phase 
and 

v29phase to v34phase 

 

( )2 / 6 exp( 1 )
3DCV j k π

− for k  = 1,2,….,6 

 
v35phase to v40phase 

and 
v50phase to v55phase 

 

( )2 / 6 exp( 1 )
3DCV j k π

−  for k  = 1,2,….,6 

v41phase to v43phase 
and 

v56phase to v58phase  

 
0 

v44phase to v49phase 
and 

v59phase to v64phase 

 

( )2 / 6 3 exp( 2 1 )
6DCV j k π

−  for k  = 1,2,….,6 

Real

Img.

1phasev

2 phasev3 phasev

44 ,phasev
59 phasev

1

2
3

45 ,phasev
60 phasev

/ 3π / 6π

46 ,phasev
61phasev

4 phasev
4

47 ,phasev
62 phasev

5 phasev

5

48 ,phasev
63 phasev

6 phasev

6
49 ,phasev
64 phasev

 
Fig. 5.11. Phase-to-neutral voltage space vectors where zero vectors (not shown) are 

7,8,15,22,41,42,43,56,57,58;  1 = vectors 9,16,23,29,35,50;  2 = vectors 10,17,24,30,36,51;   3 
= vectors 11,18,25,31,37,52;  4 = vectors 12,19,26,32,38,53; 5 = vectors 13,20,27,33,39,54;  6 

= vectors 14,21,28,34,40,55.  
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where, similar to (3.18)-(3.19): 
 

[ ]
[ ]
[ ]Tfsesdscsbsas

s
abcdef

T
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s
abcdef

T
fsesdscsbsas

s
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[ ]
[ ]
[ ]Tfrerdrcrbrar

r
abcdef

T
frerdrcrbrar

r
abcdef

T
frerdrcrbrar

r
abcdef

iiiiiii

vvvvvvv

ψψψψψψψ =

=

=

      (5.14) 

 
The matrices of inductances are ( 62πα = ): 
 

cos cos 2 cos3 cos 4 cos5
cos5 cos cos 2 cos3 cos 4
cos 4 cos5 cos cos 2 cos3
cos3 cos 4 cos5 cos cos 2
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L
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( ) ( ) ( ) ( )
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( ) ( ) ( ) ( )

( )
( )
( )
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( )

( ) ( ) ( ) ( ) ( )
T
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sr

LL

ML
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⎢
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−−−−−
−
−
−
−
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−−−−
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θαθαθαθαθαθ
αθ
αθ
αθ
αθ
αθ

θαθαθαθαθ
αθθαθαθαθ
αθαθθαθαθ
αθαθαθθαθ
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coscos2cos3cos4cos5cos
5cos
4cos
3cos
2cos

cos

coscos2cos3cos4cos
5coscoscos2cos3cos
4cos5coscoscos2cos
3cos4cos5coscoscos
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 (5.17) 

Stator and rotor resistance matrices are six by six diagonal matrices, 

)(
)(

rrrrrrr

sssssss

RRRRRRdiagR
RRRRRRdiagR

=

=        (5.18) 
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Motor torque can be expressed in terms of phase currents as: 
 

( )
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⎪
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⎨

⎧

−+++++

+−+++++

+−+++++

+−+++++

+−+++++

++++++

−=

)sin(

)2sin(

)3sin(

)4sin(

)5sin(

sin

αθ

αθ

αθ

αθ

αθ

θ

fraserfsdrescrdsbrcsarbs

frbserasdrfscresbrdsarcs

frcserbsdrascrfsbresards

frdsercsdrbscrasbrfsares

freserdsdrcscrbsbrasarfs

frfseresdrdscrcsbrbsaras

e

iiiiiiiiiiii

iiiiiiiiiiii

iiiiiiiiiiii

iiiiiiiiiiii

iiiiiiiiiiii

iiiiiiiiiiii

PMT     (5.19) 

 
5.4.2 Model transformation 
 

The transformation matrix in power invariant form is applied to stator six-phase 

windings [White and Woodson (1959)]:  

 
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

( )
( )
( )
( )

cos cos cos 2 cos 3 cos 4 cos 5
sin sin sin 2 sin 3 sin 4 sin 5

1 cos 2 cos 4 cos 6 cos 8 cos 10
2 0 sin 2 sin 4 sin 6 sin 8 sin 10
6 1 1 1 1 1 1

2 2 2 2 2 2
1 1 1                             
2 2 2

s s s s s s

s s s s s s

sA

θ θ α θ α θ α θ α θ α
θ θ α θ α θ α θ α θ α

α α α α α
α α α α α

− − − − −
− − − − − − − − − −

=

−

1

1 1 1                              
2 2 2

T
s sA A−

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥− −
⎢ ⎥⎣ ⎦

=

(5.20)  

Transformation of the rotor variables is performed using the same transformation 

matrix, except that θs is replaced with β, where β = θs−θ . Hence for rotor: 

 
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

( )
( )
( )
( )

cos cos cos 2 cos 3 cos 4 cos 5
sin sin sin 2 sin 3 sin 4 sin 5
1 cos 2 cos 4 cos 6 cos 8 cos 10

2 0 sin 2 sin 4 sin 6 sin 8 sin 10
6 1 1 1 1 1 1

2 2 2 2 2 2
1 1 1 1                                       
2 2 2

rA

β β α β α β α β α β α
β β α β α β α β α β α

α α α α α
α α α α α

− − − − −
− − − − − − − − − −

=

− −

1

1 1                    
2 2 2

T
r rA A−

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥−
⎢ ⎥⎣ ⎦

=

 (5.21) 

The angles of transformation remain to be given with (3.28) 
 
 
5.4.3 Machine model in an arbitrary common reference frame 
 
 Correlation between original phase variables and new variables in the transformed 

domain is still governed with (3.29) where transformation matrices are now those of (5.20)-

(5.21). Upon completion of  the transformation the equations in terms of d-q variables become 
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               ( )

               ( )

                             

ds s ds a qs ds dr r dr a qr dr

qs s qs a ds qs qr r qr a dr qr
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    (5.22) 

 
while flux linkage equations are: 
 

( )                   ( )
( )                   ( )
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= + + = + +
= + + = + +

= =
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0 0 0 0
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yr lr yr

s ls s r lr r

s ls s r lr r

L i

L i L i
L i L i

ψ

ψ ψ
ψ ψ

+ + + +

− − − −

=

= =
= =

                 (5.23) 

 
Magnetising inductance ( )MMLm 263 ==  is introduced in (5.23). 

Torque equation in transformed domain becomes: 

e m dr qs ds qrT PL i i i i⎡ ⎤= −⎣ ⎦          (5.24) 
Mechanical equation of motion (3.34) is still valid. 

 Comparison of model (5.22)-(5.24) with the corresponding five-phase machine model 

(3.30)-(3.33) shows that the only difference is in the number of zero-sequence equations. 

Since six is an even number, there are two zero-sequence equations for both stator and rotor 

rather than just one as for the five-phase machines. 
  
5.5 ROTOR FLUX ORIENTED CONTROL OF A SIX-PHASE INDUCTION 

MOTOR 
 

Due to the analogy between five-phase and six-phase machine models, equations 

(3.35)-(3.36), (3.40)-(3.42) remain to be valid in the identical form. Hence vector control 

scheme for a six-phase machine is identical to the scheme for a three-phase and a five-phase 

machine, except that the transformation block creates now six-phase currents. The 

configuration of the indirect vector controller for operation in the base speed region is 

illustrated in Fig. 5.12. Expressions for constants in the Fig. 5.12 are the same as in Fig. 3.10 

and are given with (3.43). It should be however, noted that, due to the applied power invariant 

transformation, all d-q axis quantities have a magnitude of √6 times the RMS value for the 

six-phase machine. Machine data given in Appendix A apply once more. Hence in the case of  

a six-phase machine one has, * 6 1.392r rnψ ψ= =  Wb and ( )6 5 / 3 10enT = = Nm. Thus the 

constants K1 and K2 of (3.49) are found as 0.3934 and 4.1332 respectively. 
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Fig. 5.12. Indirect vector control of a six-phase induction machine in the base speed region. 

 

5.6 SIMULATION RESULTS 
 
5.6.1 Six-phase induction motor 
 

An indirect rotor field oriented six-phase induction motor drive is investigated. The 

motor is simulated using both model in the stationary reference frame and the phase variable 

model. The results obtained from two models are identical and thus only one set of results is 

presented here. The machine model in the stationary reference frame, used in the simulation, 

also incorporates the two (positive and negative) zero-sequence components of stator 

voltages. The machine is fed by a PWM voltage source inverter and hysteresis current control 

and ramp-comparison current control are exercised upon motor phase currents. The drive is 

operated in closed loop speed control mode with discrete anti-windup PI speed controller. The 

speed and current controllers are the same as those used in five-phase single-motor drive 

(section 3.7) and five-phase two-motor drive (section 4.8). The torque is limited to 150% of 

the rated value (15 Nm). The drive is simulated for acceleration, disturbance rejection and 

speed reversal transients, at operating speed of 1500 rpm corresponding to 50 Hz operation. 

Forced excitation is initiated first. Rotor flux reference (i.e. stator d-axis current 

reference) is ramped from t = 0 to t = 0.01 s to twice the rated value. It is further reduced from 

twice the rated value to the rated value in a linear fashion from t = 0.05 to t = 0.06 s and it is 

then kept constant for the rest of the simulation period. Once the rotor flux has reached steady 

state a speed command of 1500 rpm is applied at t = 0.3 s in ramp wise manner from t = 0.3 to 

t = 0.35 s. The hysteresis current controller band is kept at ±2.5%. The inverter dc link voltage 

is set to 415x√2 = 586.9 V. A step load torque, equal to the motor rated torque (10 Nm), is 

applied at t = 1 s and the machine is allowed to run for sufficient time so as to reach the 
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steady state condition. A speed reversal is then initiated in the ramp-wise manner (ramp 

duration from t = 1.25 to t = 1.3 s). 

Simulation results are shown in Figs. 5.13-5.16 for hysteresis and Figs. 5.17-5.20 for 

ramp-comparison current control, respectively. Results in Figs. 5.13, 5.15 and 5.16 for the 

three transients are in principle very much the same as for a five-phase induction machine, 

Figs. 3.23-3.25. The commanded and actual torque responses are not identical in Figs. 5.15 

and 5.19 due to lack of voltage reserve capability of VSI. The same observation was made in 

Figs. 3.24 and 3.30. The most interesting results are however those of Fig. 5.14, where the 

two zero-sequence component voltages and currents are shown. It can be observed from Fig. 

5.14 that positive sequence stator voltage and current component do not exist. However, 

negative zero-sequence components do exist and they include triplen stator current harmonics, 

which can freely flow in this true six-phase winding arrangement. Harmonic analysis for 

negative zero-sequence components will be performed in section 5.6.3. 

 Very much the same conclusions apply to the results obtained with ramp-comparison 

control, Figs. 5.17, 5.19 and 5.20. All the transient responses are very much the same as in the 

case of five-phase induction machine, Figs. 3.29-3.31. The existence of negative zero-

sequence current and the non-existence of positive zero-sequence current component is again 

verified in Fig. 5.18. 

 
5.6.2 Three-phase induction motor 
 
 Since vector control of a two motor drive system, consisting of a six-phase and a 

three-phase machine, will be studied in the next chapter, simulation of vector controlled three-

phase machine is performed as well. The excitation and acceleration (to 750 rpm), disturbance 

rejection and reversing transients (from 750 rpm to -750 rpm) are studied again and hysteresis 

and ramp-comparison current control techniques are used once more to control the three-

phase PWM voltage source inverter feeding the three-phase induction machine. Torque limit 

is set to twice the rated torque value (10 Nm). The resulting plots are shown in Figs. 5.21 to 

5.26. These results will be of use in the next chapter, where it will be shown that the same 

quality of control results in series-connected two-motor drive system. 

 
5.6.3 Harmonic analysis 

 This section presents results of the harmonic analysis of stator voltage and current of 

six-phase and three-phase induction motors with hysteresis current control method. The
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Fig. 5.13. Excitation and acceleration 
transients using hysteresis current control: 

a. actual and reference torque, and speed, b. 
actual and reference rotor flux, c. actual and 

reference stator phase ‘a’ current. 
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d. 

Fig. 5.14 a. Stator 0+ sequence voltage, b. Stator 0- sequence voltage, c. Stator 0+ 
sequence current, d. Stator 0- sequence current. 
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Fig. 5.15. Disturbance rejection transient  
using hysteresis current control: a. actual 
and reference torque, and speed,  b. actual 
and reference stator phase ‘a’ current, c. 

stator phase ‘a’ voltage. 
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Fig. 5.16. Reversing transient  using 
hysteresis current control: a. actual and 

reference torque, and speed, b. actual and 
reference stator phase ‘a’ current, c. stator 

phase ‘a’ voltage. 
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Fig. 5.17. Excitation and acceleration transients using ramp-comparison current control: a. 
actual and reference torque, and speed, b. actual and reference rotor flux, c. actual and 

reference stator phase ‘a’ current, d. stator phase ‘a’ voltage. 
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Fig. 5.18 a. Stator 0+ sequence current, b. Stator 0- sequence current. 
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Fig. 5.19. Disturbance rejection transient 
using ramp-comparison current control: a. 
actual and reference torque, and speed, b. 

actual and reference stator phase ‘a’ 
current,  c. stator phase ‘a’ voltage. 
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Fig. 5.20. Reversing transient using ramp-
comparison current control: a. actual and 
reference torque, and speed, b. actual and 
reference stator phase ‘a’ current,  c. stator 

phase ‘a’ voltage. 
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harmonic analysis is done for steady state no-load operating condition. All the spectra are 

given in terms of RMS values. The spectrum is determined for phase ‘a’ voltage and current 

for six-phase and three-phase machines. Additionally α-axis, x-axis and negative zero-

sequence axis components of stator voltage and current for six-phase machine are analysed 

and spectra are determined. The resulting plots are given in Fig. 5.27-5.28 for six-phase 

machine and Fig. 5.29 for three-phase machine.  

As is evident from Figs. 5.27-5.28, phase voltage and current spectra show the 

fundamental component at 50 Hz, which is, as expected, of the same value in both phase and 

α-axis components. On the other hand, voltage x-axis component contains essentially only 

high frequency harmonics, leading to virtually non-existent x-axis component current 

harmonics. Further, the negative zero-sequence current component is seen to exist at third 

harmonic frequency (150 Hz). The magnitude is very small though (note that the scale is in 

mA). 
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d.

Fig. 5.21. Excitation and acceleration transients using hysteresis current control: a. actual and 
reference rotor flux, b. actual and reference torque, and speed, c. actual and reference stator 

phase ‘a’ currents, d. stator phase ‘a’ voltage.
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Fig. 5.22. Disturbance rejection transient   
using hysteresis current control: a. actual 
and reference torque, and speed,  b. actual 
and reference stator phase ‘a’ currents, c. 

stator phase ‘a’ voltage. 
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Fig. 5.23. Reversing transient  using 
hysteresis current control: a. actual and 

reference torque, and speed, b. actual and 
reference stator phase ‘a’ currents, c. stator 

phase ‘a’ voltage. 
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d. 

Fig. 5.24. Excitation and acceleration transients using ramp-comparison current control: a. 
actual and reference rotor flux, b. actual and reference torque, and speed, c. actual and 

reference stator phase ‘a’ currents, d. stator phase ‘a’ voltage. 
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Fig. 5.25. Disturbance rejection transient 
using ramp-comparison current control: a. 
actual and reference torque, and speed, b. 

actual and reference stator phase ‘a’ 
currents, c. stator phase ‘a’ voltage. 
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Fig. 5.26. Reversing transient using ramp-
comparison current control: a. actual and 
commanded torque and speed, b. stator 

phase ‘a’ reference and actual current, c. 
stator phase ‘a’ voltage. 

 
 
 
 
 

 
 In case of the three-phase machine only phase ‘a’ voltage and current harmonic 

spectra are shown at 25 Hz fundamental frequency. The values obtained from the graphs are 

tabulated in Table 5.21a and Table 5.21b for the six-phase and the three-phase machine, 

respectively. The values obtained here are in good agreement with the theoretical values given 

in Table 3.22. 

 

Table 5.21. Harmonic content for six-phase and three-phase machines 

a. Fundamental (50 Hz) and third harmonic (150 Hz) components of voltages and currents 
(from Figs. 5.27-5.28). 

( )1
aV  

(V) 

( )1Vα  

(V) 

( )1
xV  

(V) 

( )1
aI  

(A) 

( )1Iα  

(A) 

( )1
xI  

(mA) 

196.5 195.8 2.2 1.35 1.35 0.6 

 

b. Fundamental (25 Hz) component of voltage and current (from Fig. 5.29). 

99.6 N/A N/A 1.35 N/A N/A 
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Fig. 5.27. Time domain waveforms and spectra for 50 Hz operation of six-phase machine: 
phase ‘a’ voltage, α-axis voltage component, x-axis voltage component, and negative zero-

sequence voltage component. 
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Fig. 5.28. Time domain waveforms and spectra for 50 Hz operation of the six-phase machine: 
phase ‘a’ current, α-axis current component, x-axis current component, and negative zero-

sequence current. 
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Fig. 5.29. Time domain waveform and spectra for 25 Hz operation of the three-phase 
machine: phase ‘a’ voltage and phase ‘a’ current. 

 
5.7 SUMMARY 
 
 This chapter has elaborated the modelling of the components of a single six-phase 

vector controlled induction motor drive. The principles of operation of a six-phase VSI in 

180° conduction mode and PWM mode were discussed, together with the modelling of a
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six-phase induction machine and principles of rotor flux oriented control. The analysis of six-

phase inverter revealed ten zero and fifty four non-zero space vectors. 

 Performance of a vector controlled single six-phase induction machine drive and 

single three-phase machine drive, obtainable with hysteresis current control and ramp-

comparison control methods, was further evaluated and illustrated for a number of operating 

conditions on the basis of simulation results. Full decoupling of rotor flux control and torque 

control was realised by both current control techniques under the condition of a sufficient 

voltage reserve. Dynamics, achievable with a six-phase vector controlled induction machine, 

are shown to be essentially identical to those obtainable with a three-phase induction machine. 

Steady state analysis of stator voltages and currents was finally performed, using harmonic 

spectrum analysis. 
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Chapter 6 
 

MODELLING AND CONTROL OF A TWO-MOTOR SERIES-
CONNECTED SIX-PHASE INDUCTION MOTOR DRIVE SYSTEM 

________________________________________________________________ 
 
 
 
6.1 INTRODUCTION 
 
 This chapter is devoted to the series-connected two-motor six-phase drive system 

consisting of a six-phase and a three-phase induction machine. Appropriate phase 

transposition in the series connection of the two machines leads to complete decoupling of the 

flux/torque producing currents of one machine from the flux/torque producing currents of the 

other machine. The complete independent control of the two machines is shown to be possible 

by feeding them from a single six-phase PWM voltage source inverter and using field 

oriented control principle. Phase-domain model is developed in section 6.2 by considering 

three-phase machine as a virtual six-phase machine and then by representing three-phase 

machine as a standard three-phase machine. Decoupled equations are obtained in orthogonal 

reference frame and is presented in section 6.3. The model is further transformed into the 

stationary common reference frame in section 6.4. Finally, in section 6.5, the models in an 

arbitrary common reference frame and in field oriented reference frames are developed. 

Section 6.6 describes vector control for the six-phase two-motor drive. The behavior of the 

drive system is investigated for various transients, the results of which are reported in section 

6.7. Hysteresis current control and ramp-comparison current control methods are utilized to 

control the inverter. Harmonic analysis is done to study the behavior of the six-phase two-

motor drive under no-load steady state conditions in section 6.8. The original findings of this 

chapter are reported in Iqbal and Levi (2004) and Jones et al (2004). 

 
6.2 PHASE-DOMAIN MODELING OF THE SERIES-CONNECTED SIX-PHASE 

TWO-MOTOR DRIVE 
 
6.2.1 Representation of the three-phase machine as a virtual six-phase machine 
 
 Phase domain model of the series-connected six-phase two-motor drive system is 

developed using two methods. Three-phase machine is at first represented as a virtual six-

phase machine and then as a true three-phase machine. 
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Connection diagram for series connection of stator windings of a six-phase and a three-

phase machine is shown in Fig. 6.1 [Jones (2002) and Jones (2005)].  

A

B

C

D

E

F

      Source

a1

b1

c1

d1

e1

f1

a2

b2

c2

Machine 1 Machine 2

 
 

Fig. 6.1. Connection diagram for series connection of a six-phase and a three-phase machine. 
 

This section develops the model of the complete six-phase two-motor drive system by 

considering the three-phase machine as a virtual six-phase machine. Let the parameters and 

variables of the six-phase machine be identified with index 1, while index 2 applies to the 

three-phase machine. Phase domain model of the six-phase machine is given with the 

equations (5.11)-(5.19) of Chapter 5. Since the system of Fig. 6.1 is six-phase, it is convenient 

to represent the three-phase machine as a ‘virtual’ six-phase machine, meaning that the spatial 

displacement α stays at 60 degrees and the phases a2, b2, c2 of the three-phase machine are 

actually phases a2, c2, e2 of the virtual six-phase machine with spatial displacements of 120 

degrees. Hence the three-phase machine can be represented as a virtual six-phase machine 

with the following set of equations: 

2
22 2

2 22 22
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dt
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The matrices of stator and rotor inductances are given with ( 62πα = ): 
 

2 2 2 2

2 2 2 2
2
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     (6.6) 

 
while mutual inductance matrices between stator and rotor windings are: 
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( ) ( ) ( )
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Resistance matrices are: 
 

2 2 22

2 2 22

( 0 0 0)
( 0 0 0)

s s ss
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R diag R R R
R diag R R R

=

=
       (6.8) 

 
and the machine torque is: 
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sin( 2 )
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  (6.9) 

 
Correlation between machine voltages and inverter voltages is given with Fig. 6.1, where the 

phases of the three-phase machine are now labelled as a2, c2, e2. Hence 

1 2 1 2 1 2

1 2 1 2 1 2

                  
                  

A a a B b c C c e

D d a E e c F f e
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      (6.10) 

 
or in matrix form 
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Correlation between machine currents and inverter currents is the following: 
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    (6.11) 

 
Voltage equations of the complete two-motor system are formulated in terms of inverter 

currents and voltages. The system is of the 18th order, since the three-phase phase machine is 

represented as a virtual six-phase machine. However, three rotor equations will be redundant 

(equations for rotor phases b,d,f). The complete set of voltage equations can be written as 
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   (6.12) 

 
All the inductance, resistance and null sub-matrices are of six by six order. Primed sub-

matrices are those that have been modified, with respect to their original form given above, in 

the process of series connection of two machines through the phase transposition operation. 

These sub-matrices are equal to: 
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Torque equations of the two machines can be given in terms of inverter currents as 
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6.2.2 Representation of the three-phase machine as a standard three-phase machine 
 
 Another possibility is to develop phase domain model in state space form by 

representing the three-phase machine as a three-phase machine. Equations of the six-phase 

machine remain to be given with (5.11)-(5.19). Equations of the three-phase machine (6.1)-

(6.2) still hold true. However, (6.3)-(6.8) now become (rotor phases are a ,c, e): 
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Torque equation (6.16) remains unchanged with this representation of the three-phase 

machine. 

 The system of equations for the complete two-motor drive is however now of the 15th 

order due to the three-phase machine representation in standard manner. The complete set of 

voltage equations remain to be given with (6.12). However, the zero sub-matrix in the second 

row, third column is of six by three order while the zero sub-matrix in the third row, second 

column is of three by six order. The primed sub-matrices of (6.12) are now equal to: 
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        (6.26) 

 
             Torque equations for the six-phase two-motor system in terms of inverter currents 

remain the same as in (6.16) and (6.17). The two-motor model in phase variable form of the 

15th order is considered further on. 

 
6.3 APPLICATION OF THE DECOUPLING TRANSFORMATION MATRIX 
 

To obtain orthogonal form of the model, the following Clark’s decoupling transformation 

matrices in power invariant form are applied to the phase variable model: 
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Axis components of inverter output phase voltages are 
 

( )6

0

0

INV
A

INV
B

INV
INV Cx

INV
Dy

INV
E

INV
F

vv
vv
vv

v C
vv
vv
vv

α

β

αβ

+

−

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥

= =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦

         (6.28) 

Application of (6.27a)-(6.28) in conjunction with (6.10a) yields: 
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      (6.29) 

 
Application of the decoupling transformation changes (6.12) into 
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  (6.30) 

 
Further derivation closely corresponds to the one of section 4.4 and is therefore omitted.  

 Manipulation of (6.30) yields the complete decoupled model of the six-phase two-

motor drive system. Inverter-stator voltage equations are obtained as: 

 



6. MODELLING AND CONTROL OF A TWO-MOTOR SERIES-CONNECTED SIX-PHASE INDUCTION MOTOR DRIVE SYSTEM 
 

 157

( )1 1 1 1 1 1 1cos sin
INV

INV INV
s s m r r

di dv R i L L i i
dt dt
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α α α βθ θ= + + −  
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0
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−

− −= +          (6.31) 

 
where 1 13mL M= , 2 21.5mL M= . Relationship between inverter current axis components and axis 

components of stator currents of the two machines is found using (6.11) and (6.27) in the 

following form: 
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         (6.32) 

Rotor voltage equations of the six-phase machine result in the form: 
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     (6.33) 

while rotor voltage equations of the three-phase machine become: 
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( )
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0 2
2 0 2 2

0 2 cos sin

0 2 sin cos

0

INV INVr
r r r m x y

r INV INV
r r r m x y

r
r r lr

di dR i L L i i
dt dt

di dR i L L i i
dt dt

di
R i L

dt

α
α

β
β

θ θ

θ θ

= + + +

= + + − +

= +

     (6.34) 

 
Torque equations of the two machines are  
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6.4 TRANSFORMATION OF THE MODEL  INTO THE STATIONARY 
COMMON REFERENCE FRAME 

 
Since the model is formulated in stationary common reference frame, axis voltage 

components of the supply remain to be given with (6.28)-(6.29),  
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          (6.36) 

 
Rotational transformation is again applied to rotor equations of the two machines. The form 

of transformation matrices is identical to (4.38)-(4.39), the only difference being in 

dimensions of the matrices (6x6 and 3x3 here, 5x5 in (4.38)-(4.39)). Once more, only 

α β− equations are transformed for the reasons detailed in section 4.5. The obtained model in 

the stationary common reference frame is described with (4.42), 
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where the system is of the 15th order and 
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In (6.38) 
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The resistance and inductance matrices of (6.37) can be written as 
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1 2 1 2

1 1
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Submatrices of (6.41)-(6.42) are given with: 
 

[ ]2 2 22 ' 2 0 0 0s s ssR diag R R R=        (6.43) 
 

[ ]2
2 2 2 2 2' 2 0 0 0s

ls m ls m lsdqL diag L L L L L= + +       (6.44) 
 

[ ]1
1 1 1 1 1 1 1 1

s
ls m ls m ls ls ls lsdqL diag L L L L L L L L= + +      (6.45) 

 
[ ]1

1 1 1 1 1 1 1 1
r

lr m lr m lr lr lr lrdqL diag L L L L L L L L= + +      (6.46) 
 

[ ]1 1 1 1 1 11 s s s s s ssR diag R R R R R R=        (6.47) 
 

[ ]1 1 1 1 1 11 r r r r r rrR diag R R R R R R=        (6.48) 
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[ ]2
2 2 2 2 2

r
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[ ]1
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         (6.55) 

 
The two unity matrices are of dimensions six by six and three by three, respectively, in (6.55). 
Further 
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Torque equations of the two machines are  
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Since the x-y and zero-sequence components of the rotor voltages and currents are 

zero, the complete model in the stationary reference frame for the six-phase and the three-

phase series connected machines consists of ten differential equations. The developed form of 

inverter voltage equations is: 
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   (6.58) 

Rotor voltage equations of the six-phase machine are: 
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    (6.59) 

and rotor voltage equations of the three-phase machine are: 
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Torque equations are given with (6.57). 

Inverter voltage axis components are related with stator voltage axis components of 

the two machines through essentially (6.29), 
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         (6.61) 

Corresponding relationship for inverter current components and individual machine axis 

current components are, 
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Hence, in terms of inverter axis current components, one has the following machine’s axis 

current components: 
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6.5 EXTENSION OF THE MODEL TO AN ARBITRARY COMMON 
REFERENCE FRAME AND REFERENCE FRAMES FIXED TO ROTOR 
FLUX SPACE VECTORS OF THE TWO MACHINES 

 
 In principle, the same procedure is followed as for the five-phase case in the section 

4.6. The easiest way to proceed further is to take the equations in the stationary reference 

frame (6.58)-(6.60) and define the following space vectors: 
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         (6.64) 

 
Then, in the stationary common reference frame, one can write the first four inverter 

equations of (6.58) in space vector as: 

1
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2
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INV INV
xy xyINV INV INV r

s ls s ls m mxy xy xy
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⎪ ⎪⎩ ⎭

   (6.65) 

Rotor voltage equations of six-phase machine and three-phase machine are: 

( ) ( )( )1
1 1 1 1 1 1 1 11 10 ( )
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r m lr m m lr mr dq r
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( ) ( )( )2
2 2 2 2 2 2 2 22 20 2 ( ) 2

INV
xy INVr

r m lr m m lr mr xy r

di di
R i L L L j L i L L i
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Transformation is further done into an arbitrary reference frame, so that the angle of 

transformation and speed of the reference frame are aas dt ωωθ   and  ∫= . Correlation between 

current and voltage space vectors in the stationary and in the arbitrary reference frame is 

determined with (4.66), 

exp( )

exp( )

a
s

a
s
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f f j
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=
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         (4.66) 

 
Substituting the first of (4.66) into (6.65)-(6.67) yields for the inverter 

1
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   (6.68) 

and for the rotor of machines 1 and 2 
 

( ) ( )( )1
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For rotor flux oriented control purposes speed of the reference frame for inverter d-q 

equations and for rotor equations of machine 1 is selected as equal to the angular speed of 

rotor flux in machine 1, while for the inverter x-y equations and rotor equations of machine 2 

the speed is selected as equal to the angular speed of rotor flux in machine 2. Quantities in the 

reference frame attached to the rotor flux of machine 1 are identified with superscript (1), 

while those in the reference frame attached to the rotor flux of machine 2 have a superscript 

(2). These superscripts substitute superscript a in (6.68)-(6.70), so that 
(1) (1)

(1) (1) (1) (1)1
1 1 1 1 1 1 1 1 1

(2) (2)
(2) (2) 2

1 2 1 2 2 2

2 1 2

( ) [( ) ]

( 2 ) ( 2 2 ) 2

                [( 2

INV
dqINV INV INVr

s ls m m r ls m mdq dq dq r

INV
xyINV INV r

s s ls ls m mxy xy

r ls m

di di
v R i L L L j L L i L i

dt dt
di di

v R R i L L L L
dt dt

j L L

ω

ω

= + + + + + +

= + + + + + +

+ + (2) (2)
2 2 22 ) 2 ]INV

ls mxy rL i L i+ +

  (6.71) 

 

( ) ( )( )
(1) (1)

(1) (1) (1)1
1 1 1 1 1 1 1 1 11 10 ( )

INV
dq INVr

r m lr m r m lr mr dq r

di di
R i L L L j L i L L i

dt dt
ω ω= + + + + − + +   (6.72) 

( ) ( )( )
(2) (2)

(2) (2) (2)2
2 2 2 2 2 2 2 2 22 20 2 ( ) 2

INV
xy INVr

r m lr m r m lr mr xy r

di di
R i L L L j L i L L i

dt dt
ω ω= + + + + − + +  (6.73) 

 

Equations (6.72)-(6.73) are once more identical as for a three-phase RFO machine, indicating 

that independent vector control of the two series-connected machines supplied from a single 

inverter is possible. Inverter d-q axis currents can be used to control flux and torque 

production in the six-phase machine, while inverter x-y currents can control flux and torque 

production of the three-phase machine. 

 
6.6 VECTOR CONTROL OF THE TWO-MOTOR SERIES-CONNECTED SIX-

PHASE DRIVE USING CURRENT CONTROL IN THE STATIONARY 
REFERENCE FRAME 

 
The indirect rotor flux oriented vector control scheme is utilised to independently 

control the series-connected six-phase and three-phase induction machines. The basic vector 

controller has already been discussed in section 3.5. The same controller structure is utilised 

here except that the current transformation blocks are 2 to 6 and 2 to 3 for the six-phase and 

the three-phase induction machine, respectively. The constants of the vector controller for the 

six-phase machine were calculated in section 5.5. and are obtained for the three-phase 

machine using (3.43). The vector controller constants are repeated in Table 6.1 for 

convenience.  

The structure of the indirect vector control scheme is illustrated in Fig. 6.2. The stators 

of the two machines in Fig. 6.2 are   connected as per  the connection diagram in Fig. 6.1. The 
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Table 6.1. Vector controller constants. 
Six-phase machine K1=0.3934 K2 = 4.1332 

Three-phase machine K1=0.5562 K2 = 5.843 
 

actual speeds of both machines are assumed to be sensed and are used as feedback signals for 

vector controllers. The vector controllers generate appropriate phase current references which 

are summed up according to the connection diagram of Fig. 6.1 to form the phase current 

references. These reference currents are then compared with actual inverter phase currents to 

generate the phase current errors. An appropriate current control algorithm (hysteresis or 

ramp-comparison) is further used to provide necessary switching signals to the power 

switches of the VSI to eliminate the phase current error. In this study both the hysteresis and 

ramp-comparison current control methods are used, in conjunction with phase current control, 

to control the machines. 

The phase current references are formed for two machines separately, as follows 

(phases of the three-phase machine are now labelled as a,b,c in accordance with Fig. 6.1): 

 

( ) ( )( )* * *
1 1 1 1 1

2 cos sin
6a ds r qs ri i iφ φ= −

    
( ) ( )( )* * *

1 1 1 1 1
2 cos sin
6b ds r qs ri i iφ α φ α= − − −  

( ) ( )( )* * *
1 1 1 1 1

2 cos 2 sin 2
6c ds r qs ri i iφ α φ α= − − −

  
( ) ( )( )* * *

1 1 1 1 1
2 cos 3 sin 3
6d ds r qs ri i iφ α φ α= − − −  

( ) ( )( )* * *
1 1 1 1 1

2 cos 4 sin 4
6e ds r qs ri i iφ α φ α= − − −   

( ) ( )( )* * *
1 1 1 1 1

2 cos 5 sin 5
6f ds r qs ri i iφ α φ α= − − −       (6.74a) 

 

( ) ( )( )* * *
2 2 2 2 2

2 cos sin
3a ds r qs ri i iφ φ= −    

( ) ( )( )* * *
2 2 2 2 2

2 cos 2 sin 2
3b ds r qs ri i iφ α φ α= − − −       (6.74b) 

( ) ( )( )* * *
2 2 2 2 2

2 cos 4 sin 4
3c ds r qs ri i iφ α φ α= − − −  

 
Overall inverter current references are then formed as: 
 

*
2

*
1

**
2

*
1

*

*
2

*
1

**
2

*
1

*

*
2

*
1

**
2

*
1

*

5.0              5.0

5.0              5.0

5.0             5.0

cfFbeE

adDccC

bbBaaA

iiiiii

iiiiii

iiiiii

+=+=

+=+=

+=+=

       (6.75) 
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Fig. 6.2. Vector control scheme for six-phase two-motor drive system. 
 
6.7 TRANSIENT BEHAVIOUR OF THE SIX-PHASE TWO-MOTOR VECTOR 

CONTROLLED DRIVE 
 
6.7.1 Hysteresis current control 
 

 An indirect rotor flux oriented controlled six-phase series-connected two-motor drive 

system is simulated, using both model in phase variable form and model in the stationary 

common reference frame. Only one set of result is presented here since both models yield 

identical results. The drive is supplied from a six-phase PWM voltage source inverter with 

hysteresis current control. The drive is operated in closed-loop speed control mode with anti-

windup discrete PI speed controller in the speed loop of each machine. The speed controller 

used is the one designed in section 3.6.4. Limiters are used to limit the torque of the six-phase 

machine to 150% (15 Nm) of the rated value and that of the three-phase machine to twice (10 

Nm) the rated value. Operation is simulated for excitation and acceleration transients, 

disturbance rejection and reversing transients. The set speed of the six-phase machine (IM1) 

is 1500 rpm while it is 750 rpm for the three-phase machine (IM2). Results are shown in Figs. 

6.3-6.5. 
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Fig. 6.3. Excitation and acceleration 
transients using hysteresis current control: 
a. actual and reference torque, and speed, 
IM1, b. actual and reference torque, and 
speed, IM2, c. stator phase ‘a’ current 
references IM1 and IM2, d. actual and 
reference inverter phase ‘a’ current, e. 

actual and reference rotor flux IM1 and 
IM2, f. inverter positive zero-sequence 

current, g. inverter negative zero-sequence 
current. 
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Fig. 6.4. Disturbance rejection transient 
using hysteresis current control: a. actual 
and reference torque, and speed, IM1,  b. 
actual and reference torque, and speed, 

IM2, c. stator phase ‘a’ current references, 
IM1 and IM2, d. actual and reference 

inverter phase ‘a’ current, e. inverter phase 
‘a’ voltage, f. stator phase ‘a’ voltage IM1 
and IM2, g. inverter positive zero-sequence 

voltage. 
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Fig. 6.5. Reversing transients using 
hysteresis current control: a. actual and 

reference torque, and speed, IM1, b. actual 
and reference torque, and speed, IM2, c. 
stator phase ‘a’ current references, IM1 

and IM2, d. actual and reference inverter 
phase ‘a’ current, e. stator phase ‘a’ 

voltage IM1 and IM2, f. inverter phase ‘a’ 
voltage, g. inverter negative zero-sequence 

voltage. 
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Forced excitation is initiated first in IM1. Rotor flux reference (i.e. stator d-axis 

current reference) is ramped from t = 0.0 to t = 0.01 s to twice the rated value. It is further 

reduced from twice the rated value to the rated value in a linear fashion from t = 0.05 to t = 

0.06 s and it is then kept constant for the rest of the simulation. The IM2 rotor flux command 

is ramped to rated flux from t = 0.0 to t = 0.01 s and is then kept constant. Once the rotor flux 

has reached steady state a speed command of 1500 rpm is applied at t = 0.3 s in ramp wise 

manner from t = 0.3 to t = 0.35 s to IM1. The IM2 is accelerated to 750 rpm at t = 0.4 s 

(ramped speed command from t = 0.4 s to t = 0.45 s). The hysteresis current controller band is 

kept at ±2.5%. The inverter dc link voltage is set to 1173.8 V, similar to section 4.8. A step 

load torque, equal to the motor rated torque (10 Nm), is applied to IM1 at t = 1 s and equal to 

half the rated value (2.5 Nm) to IM2 at t = 1.1 s. Speed reversal is initiated from these steady 

states (from t = 1.25 s to t = 1.30 s for IM1 and from t = 1.30 s to t = 1.35 s for IM2).  

It is seen from Fig. 6.3e that the rotor flux builds up independently in the two 

machines and, after attaining rated values, remains further on unchanged regardless of what 

happens to any of the two machines. This indicates that rotor flux control in any of the two 

machines is completely decoupled from torque control of both machines. Such a situation is 

confirmed in Fig. 6.3a and Fig. 6.3b, where torque and speed responses of the two machines 

are shown for the initial accelerations (up to 0.9 s). Toque variation in one machine does not 

affect torque of the other machine and vice versa, so that both machines accelerate with the 

torque in the limit. One notices appearance of the torque ripple in IM2 prior to the application 

of the speed command to it (time interval 0.3 to 0.4 s). This is a consequence of the inverter 

current higher harmonics and is an expected consequence of the non-ideal nature of the 

inverter. 

Stator phase ‘a’ current references, as well as the inverter phase ‘a’ current reference 

and actual inverter phase ‘a’ current, are shown in Figs. 6.3c-6.3d for the same time interval. 

While the individual phase current references are sinusoidal functions in final steady state, the 

inverter current references (and hence the actual currents as well) are highly distorted due to 

the summation described with expression (6.75). In final steady state of Fig. 6.3d inverter 

current references are sums of two sinusoidal functions, of 50 Hz (corresponding to 1500 

rpm) and 25 Hz (corresponding to 750 rpm) frequency, respectively. 

 The positive and negative zero-sequence inverter currents are shown in Figs. 6.3f-6.3g 

respectively, for the whole simulation period. It is seen that although positive zero-sequence is 

absent, negative zero-sequence current is present with a small amplitude. 



6. MODELLING AND CONTROL OF A TWO-MOTOR SERIES-CONNECTED SIX-PHASE INDUCTION MOTOR DRIVE SYSTEM 
 

 170

Disturbance rejection properties of the drive are illustrated in Fig. 6.4. Since the rotor 

flux remains undisturbed (Fig. 6.3e), torque responses are the quickest possible, leading to a 

rapid compensation of the speed dip, caused by the load torque application. The positive zero-

sequence voltage shown in Fig. 6.4g is virtually non existent. 

 Reversing transient is illustrated in Fig 6.5. Fully decoupled flux and torque control, as 

well as a fully independent control of the two machines, are again evident from the results for 

this transient. The change of phase sequence in stator current because of the change in the 

rotational direction is evident from the current responses. The negative zero-sequence voltage 

shown in Fig. 6.5g indicates once more presence of negative zero-sequence current. 

 
6.7.2    Ramp-comparison current control 
 
 The same set of transients is examined, this time using ramp-comparison current 

control. The plots are given in Figs. 6.6-6.8. The switching frequency of the inverter is fixed 

to 5 kHz (the same as in section 3.7.2, section 4.8.2 and section 5.6). The discrete anti-windup 

PI current controller is used in the current control loop (the one designed in section 3.6.3). 

The current controller is implemented using zero-order hold with sampling time equal to 20 

μs and unit-delay sampling time is chosen as 48 μs. The output of the current controller is 

limited to ±1 to obtain full PWM in all conditions. The drive is operated in closed-loop speed 

control mode with discrete anti-windup PI speed controller in both speed loops. The speed 

controller is the one of section 3.6.4. The speed controller is implemented using zero-order 

hold with sampling time equal to 48 μs and unit-delay sampling time is chosen as 98 μs. 

The response of the drive using ramp-comparison current control is essentially the 

same as obtained using hysteresis current control in all the three modes. It fully verifies the 

concept and confirms the feasibility of independent vector control of the six-phase two-motor 

drive with single inverter supply. It is interesting to note that ramp-comparison control results 

in higher value of the negative zero-sequence current component, Fig. 6.6g. 

Comparison of results, reported in Figs. 6.3-6.8, with corresponding results given in 

sections 5.6.1 and 5.6.2 for the single motor drives clearly proves that the same quality of 

decoupled flux and torque control is achievable in this series-connected two-motor drive 

system as when a single vector controlled machine is used. 
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Fig. 6.6. Excitation and acceleration 
transients using ramp-comparison current 
control: a. actual and reference torque, and 
speed, IM1, b. actual and reference torque, 
and speed, IM2, c. stator phase ‘a’ currents 

references IM1 and IM2, d. actual and 
reference inverter phase ‘a’ current, e. 

actual and reference rotor flux IM1 and 
IM2, f. inverter positive zero-sequence 

current, g. inverter negative zero-sequence 
current. 
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Fig. 6.7. Disturbance rejection transient 
using ramp-comparison current control: a. 

actual and reference torque, and speed, 
IM1,  b. actual and reference torque, and 

speed, IM2, c. stator phase ‘a’ current 
references, IM1 and IM2, d. actual and 
reference inverter phase ‘a’ current, e. 

inverter phase ‘a’ voltage, f. stator phase 
‘a’ voltage IM1 and IM2, g. inverter 

positive zero-sequence voltage. 
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Fig. 6.8. Reversing transient using ramp-
comparison current control: a. actual and 

reference torque, and speed, IM1,  b. actual 
and reference torque, and speed, IM2, c. 
stator phase ‘a’ current references, IM1 

and IM2, d. actual and reference inverter 
phase ‘a’ current e. inverter phase ‘a’ 

voltage, f. stator phase ‘a’ voltage IM1 and 
IM2, g. inverter negative zero-sequence 

voltage.  
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6.8 HARMONIC ANALYSIS OF THE DRIVE BEHAVIOUR IN STEADY STATE 
 
 To study the behaviour of the six-phase two-motor drive system under no-load steady 

state operating condition, harmonic analysis is performed for phase ‘a’, α-axis and x-axis 

voltages and currents of the inverter, and phase ‘a’ voltages of IM1 and IM2. The spectrum is 

shown for hysteresis current control method and ramp-comparison current control method in 

Fig. 6.9 and Fig. 6.10, respectively. The values of fundamental components obtained from 

hysteresis and ramp-comparison current control methods are listed in Table 6.2 and Table 6.3, 

respectively. All the spectra are given in terms of voltage (current) RMS values. The spectra 

are determined using Fast Fourier Transform (FFT) in MATLAB. 

 The inverter phase ‘a’ voltage spectrum obtained from hysteresis current control is 

shown in Fig. 6.9a. The spectrum shows two fundamental components at 25 Hz and 50 Hz, 

which correspond to operating frequencies 25 Hz and 50 Hz of IM2 and IM1, respectively. The 

50 Hz component appears as main component of stator phase ‘a’ voltage of IM1, while 25 Hz 

component appears as main component of stator phase ‘a’ voltage of IM2 (Fig. 6.9b). The α-

axis inverter voltage component shows one fundamental component at 50 Hz which is equal to 

the phase ‘a’ inverter voltage component at 50 Hz. No voltage component exists at 25 Hz. The 

x-axis inverter voltage component shows one fundamental component at 25 Hz, which is equal 

to the phase ‘a’ inverter voltage component at 25 Hz. No voltage component exists at 50 Hz.  

The first trace of Fig. 6.9b shows the phase ‘a’ voltage spectrum of IM1. Two 

fundamental components are seen at, 25 Hz and 50 Hz. The 50 Hz component is the torque and 

flux producing component while 25 Hz component is the voltage drop in x-y circuit due to 

current of IM2. The second set of traces shows the voltage and spectrum of IM2. There is only 

one component, at 25 Hz, which is the torque and flux producing (α-β circuit). Component at 

50 Hz is absent since no x-y circuit exists in the three-phase machine. One observes from Fig. 

6.9 and Table 6.2 the following. Inverter voltage component at 50 Hz is approximately 196 V 

and this is at the same time voltage at 50 Hz across IM1. One the other hand, inverter voltage 

component at 25 Hz is approximately 104 V and this predominantly appears as voltage across 

IM2 (approximately 98 V). However, part of the inverter 25 Hz component is dropped on IM1 

as well (approximately 9 V) due to the flow of flux/torque producing current of IM2 through 

windings of IM1. 

The inverter phase ‘a’ current spectrum obtained with hysteresis current control is 

shown in Fig. 6.9c. Two fundamental components at 25 Hz and 50 Hz are evident in the 

spectrum. The 50 Hz component  is the flux/torque  producing  current  of the IM1 while 25 Hz  
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Fig. 6.9a. Time domain waveforms and spectra with hysteresis current control: phase ‘a’ 
inverter voltage, α-axis inverter voltage and x-axis inverter voltage. 
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Fig. 6.9b. Time domain waveforms and spectra with hysteresis current control: stator phase ‘a’ 
voltage of IM1 and stator phase ‘a’ voltage of IM2.  
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Fig. 6.9c. Time domain waveforms and spectra with hysteresis current control: phase ‘a’ 

inverter current, α-axis inverter current and x-axis inverter current. 
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Fig. 6.10a. Time domain waveforms and spectra with ramp-comparison current control: phase 

‘a’ inverter voltage, α-axis inverter voltage and x-axis inverter voltage. 
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Fig. 6.10b. Time domain waveforms and spectra with ramp-comparison current control: stator 
phase ‘a’ voltage, IM1, and stator phase ‘a’ voltage, IM2.  
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Fig. 6.10c. Time domain waveforms and spectra with ramp-comparison current control: phase 

‘a’ inverter current, α-axis inverter current, and x-axis inverter current. 
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component is the flux/torque producing current of IM2, as is evident from α-axis and x-axis 

current component spectra, respectively. The current through IM2, of 25 Hz, is twice the 

inverter current (current through IM1) at 25 Hz and this is in agreement with equation (6.75).  

The spectra obtained from ramp-comparison current control method are shown in Fig. 

6.10. The harmonics around multiples of 5 kHz can be observed, which is typical for the ramp-

comparison current control and is due to constant inverter switching frequency. The values 

obtained are nearly the same as with hysteresis current control.  

Table 6.2. Readings from FFT analysis for hysteresis current control 
a. Fundamental voltages and currents of inverter (Figs. 6.9a, 6.9c). 

Inverter voltage and current (RMS values) 
Frequency Va

 (V) Vα (V) Vx (V) Ia
  (A) Iα (A) Ix (A) 

50 196.8 196.7  4.8  1.35 1.35 0 
25 105 0.8 104.4 0.676 0 0.676 

b. Fundamental phase ‘a’ voltage of IM1 (Fig. 6.9b). 
 Harmonic at 50 Hz Harmonic at 25 Hz 
 RMS value Frequency RMS value Frequency 

Phase ‘a’ 
voltage 

195 V 50 Hz 9.1V 25 Hz 

c. Fundamental phase ‘a’ voltage of IM2 (Fig. 6.9b). 
 Harmonic at 50 Hz Harmonic at 25 Hz 
 RMS value Frequency RMS value Frequency 

Phase ‘a’ 
voltage 

2 V 50 Hz 98.2 V 25 Hz 

 

Table 6.3. Readings from FFT analysis for ramp-comparison current control 
a. Fundamental voltages and currents of inverter (Figs. 6.10a, 6.10c). 

Inverter voltage and current (RMS values) 
Frequency Va

 (V) Vα (V) Vx (V) Ia
  (A) Iα (A) Ix (A) 

50 196.8 197.8  1.2 1.35 1.35 0 
25 107.4 2.7 104.8 0.676 0 0.676 

b. Fundamental phase ‘a’ voltage of IM1 (Fig. 6.10b). 

 Harmonic at 50 Hz Harmonic at 25 Hz 
 RMS value Frequency RMS value Frequency 

Phase ‘a’ 
voltage 

197 V 50 Hz 8.8 V 25 Hz 

c. Fundamental phase ‘a’ voltage of IM2 (Fig. 6.10b). 

 Harmonic at 50 Hz Harmonic at 25 Hz 
 RMS value Frequency RMS value Frequency 

Phase ‘a’ 
voltage 

0.9 V 50 Hz 99.5 V 25 Hz 
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 To obtain analytically the inverter and stator voltage components at 50 Hz and 25 Hz 

under no-load conditions, consider the findings of section 4.9. The α-β impedance of the IM1 

at 50 Hz equals 144.86 86∠ ° Ω, while the α-β impedance of the IM2 at 25 Hz  equals 

72.945 82.12∠ ° Ω. The x-y impedance ( ( )22 2x y s lsZ R fLπ− = + ) of the IM1 at 25 Hz is 

11.81 32.14∠ ° Ω, while the x-y impedance of IM2 does not exist. Stator phase ‘a’ of IM1 

carries current of RMS value 1.3528 A at 50 Hz and 0.6764 A at 25 Hz while stator phase ‘a’ 

of IM2 carries 1.3528 A at 25 Hz only. Using these values inverter phase ‘a’ voltage at 50 Hz 

equals 144.86 86 1.3528 196 86°∠ × = ∠o  V at 50 Hz. Similarly inverter phase ‘a’ voltage at 25 

Hz is calculated as72.945 82.12 1.3528 11.81 32.14 0.6764  98.68 82.12 7.99 32.14   104 78.75∠ × + ∠ × = ∠ + ∠ = ∠o o o o o  

V at 25 Hz. Stator phase ‘a’ voltage of IM1 consists of 50 Hz component, which is essentially 

the α-β axis voltage drop equal to 196 86∠ o  V and of x-y axis voltage drop at 25 Hz which is 

equal to 7.99 32.14∠ o  V. Stator phase ‘a’ voltage of IM2 consist of 25 Hz component only, 

which is essentially the α-β axis voltage drop equal to 98.68 82.12∠ o  V and no voltage 

component exists at 50 Hz since there is no x-y circuit in IM2. 

 The values given in Table 6.3, obtained by simulation and subsequent FFT analysis, are 

in good agreement with the analytical findings. Further, the values of IM1 voltage harmonics at 

50 Hz (phase voltage and α-axis component) and values of IM2 voltage harmonics at 25 Hz 

(phase voltage and α-axis component) are in full agreement with values reported in Table 5.2 

for the single six-phase and single three-phase motor drives. 

 
6.9 SUMMARY 

 

This chapter is devoted to the modelling of six-phase two-motor drive with two 

induction machines. A six-phase and a three-phase machine are connected in series with 

appropriate phase transposition and are fed by a single six-phase PWM VSI. Phase variable 

model of the complete drive system is at first developed in state space form. It is further 

transformed to obtain orthogonal sets of equations using decoupling transformation. Rotational 

transformation is then applied to obtain the model in the stationary common reference frame. 

Finally model is transformed into an arbitrary reference frame and into field oriented reference 

frames. It is seen from the developed model that the inverter α-β axis voltages are equal to the 

α-β axis voltages of IM1, while x-y axis inverter voltages are the sum of the x-y axis voltages 

of IM1 and α-β axis voltages of IM2, with a scaling factor. The inverter α-β axis currents 

become the α-β axis currents of IM1 and inverter x-y axis currents become the α-β axis 
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currents of IM2 (with a scaling factor). It therefore follows that the two machines can be 

controlled independently, by controlling inverter α-β and x-y current components, respectively. 

Vector control principle is further developed for the six-phase two-motor drive system. The 

concept is verified by simulation for various transients using the hysteresis and ramp-

comparison current control. The specific advantage of this scheme is that the second machine 

does not carry the current of the first machine (because of the cancellation of the currents at the 

points of series connection). Thus the increase in copper losses affects only the six-phase 

machine. Performance of the drive system under steady state no-load condition is finally 

examined by harmonic analysis.  
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Chapter 7 
 

SPACE VECTOR MODULATION SCHEMES FOR FIVE-PHASE 
VOLTAGE SOURCE INVERTER 

________________________________________________________________ 
 
 
 
7.1 INTRODUCTION 
 

All the simulations, reported so far in Chapters 3-6, have been based on utilisation of 

current control techniques in the stationary reference frame (hysteresis and ramp-comparison 

current control). However, the trend in electric drives nowadays is to utilise current control in 

the rotating reference frame. This means that, instead of controlling directly inverter phase 

currents, one controls instead inverter current components in the rotating reference frame, 

firmly fixed to the rotor flux space vector. Typically, PI current controllers are utilised and the 

outputs of the current controllers are then voltage references. These voltages are further 

impressed using a suitable method of PWM for voltage source inverter. 

 Space vector pulse width modulation has become one of the most popular PWM 

techniques because of its easier digital implementation and better dc bus utilisation, when 

compared to the ramp-comparison sinusoidal PWM method. SVPWM for three-phase voltage 

source inverter has been extensively discussed in the literature and the technology has 

matured [Holmes and Lipo (2003)]. However, for multi-phase VSIs, there are only application 

specific SVPWM techniques available in the literature and more research work is needed in 

this area. There is a lot of flexibility available in choosing the proper space vector 

combination for an effective control of multi-phase VSIs because of large numbers of space 

vectors. With reference to five-phase VSI, there are a very few examples found in the 

literature. Some of them have been mentioned before and are elaborated in detail in this 

chapter. The existing SVPWM techniques for inverters with an even number of phases will be 

surveyed in the next chapter. 

 In the case of a five-phase VSI, there are in total 25=32 space vectors available, of 

which thirty are active state vectors and two are zero state vectors forming three concentric 

decagons. Toliyat et al (2000), Xu et al (2002) and Shi and Toliyat (2002) have used only ten 

outer large length vectors to implement the symmetrical SVPWM. Two neighbouring active 

space vectors and two zero space vectors are utilised in one switching period to synthesise the 
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input reference voltage. In total, twenty switchings take place in one switching period, so that 

state of each switch is changed twice. The switching is done in such a way that, in the first 

switching half-period the first zero vector is applied, followed by two active state vectors and 

then by the second zero state vector. The second switching half-period is the mirror image of 

the first one. The symmetrical SVPWM is achieved in this way. This method is the simplest 

extension of space vector modulation of three-phase VSIs.   

 Kelly et al (2003) proposed generalised n-phase SVPWM with a specific example of a 

nine-phase VSI. The total number of available space vectors is 512, but most of them are 

redundant vectors. The total of 512 vectors are subdivided into four categories corresponding 

to four different switching conditions (4 switches ‘on’, 5 ‘off’ or vice-versa; 3 ‘on’, 6 ‘off’ or 

vice-versa; 2 ‘on’, 7 ‘off’ or vice-versa; 1 ‘on’, 8 ‘off’ or vice-versa). Out of these four sets, 

only those subsets are chosen that correspond to the maximum length vectors from each of the 

above defined categories. Thus in each sector eight neighbouring active and two zero space 

vectors are used to realise the SVPWM. The total time of application of active state vectors is 

determined with regard to the outer-most set of vectors. In order to obtain three-phase 

equivalent of a nine-phase machine, the total time of application of active state vector is 

adjusted by using a proper scaling factor. The times of application of other active state vectors 

are then obtained by subdividing the total time in the ratio of their lengths.  

During the work on research reported in this chapter, a novel SVPWM scheme for 

five-phase VSI has been proposed in de Silva et al (2004). In contrast to the scheme that 

utilises only two large adjacent active space vectors, this method makes use of both medium 

and large space vectors by applying four adjacent active space vectors in each switching 

period. This scheme will be included in this chapter, for comparison purposes. Another 

reported work on the same subject is in Ryu et al (2004), where SVPWM scheme is suggested 

to generate non-sinusoidal output voltage. In this work also four neighbouring space vectors 

are used to synthesise the reference and both α β−  and x-y voltages are controlled. The 

motive behind this scheme is to supply five-phase machines with fundamental and third 

harmonic voltages in order to boost the torque production in concentrated winding machines.  

Based on the observations from literature, different alternative SVPWM schemes for 

five-phase VSI are formulated and presented in this chapter. Firstly, the existing SVPWM 

based on the standard technique of using only large space vectors is analysed. Next, another 

scheme based on using only medium space vectors, is presented. The large and medium 

region space vectors are further utilised together to formulate the alternative modulation 

schemes. The limitations of using both large and medium space vectors are highlighted. The 
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scheme of de Silva et al (2004) is included at this stage. Next, a detailed comparison of all the 

SVPWM schemes is performed (both existing and newly developed schemes are included) 

and a combined scheme of space vector modulation is suggested. The developed techniques 

have been simulated to prove the viability of their practical implementation. The analytical 

expressions of average inverter pole voltages for different schemes have been formulated and 

are given in this chapter.  

 An ideal SVPWM of a five-phase inverter should satisfy a number of requirements. 

First of all, in order to keep the switching frequency constant, each switch can change state 

only twice in the switching-period (once ‘on’ to ‘off’ and once ‘off’ to ‘on’, or vice-versa). 

Secondly, the RMS value of the fundamental phase voltage of the output must equal the RMS 

of the reference space vector. Thirdly, the scheme must provide full utilisation of the available 

dc bus voltage. Finally, since the inverter is aimed at supplying the load with sinusoidal 

voltages, the low-order harmonic content needs to be minimised (this especially applies to the 

third and seventh harmonic, which are included in the analysis at all times). These criteria are 

used in assessing the merits and demerits of various SVPWM schemes and in formulating the 

combined schemes towards the end of the chapter. 

 A novel SVPWM scheme is developed for five-phase VSI feeding two five-phase 

machines connected in series and controlled independently. The scheme and the results are 

presented in this chapter. 

 Some of the original findings of this chapter are reported in Iqbal and Levi (2005a) 

and Iqbal and Levi (2006). 

 
7.2 SPACE VECTOR MODULATION SCHEMES  
 
 It has been shown in section 3.3 that the total number of space vectors available in a 

five-phase VSI is 32. Out of these 32 space voltage vectors, thirty are active and two are zero 

space vectors and they form three concentric decagons in α β−  plane with zero space vectors 

at the origin as shown in sections 3.2-3.3. However, since a five-phase system is under 

consideration, one has to represent the inverter space vectors in a five-dimensional space. 

Such a space can be decomposed into two two-dimensional sub-spaces (α β−  and x-y) and 

one single-dimensional sub-space (zero-sequence). Since the load is assumed to be star-

connected with isolated neutral point, zero-sequence cannot be excited and it is therefore 

sufficient to consider only two two-dimensional sub-spaces, α β−  and x-y. Inverter voltage 

space vector in α β−  sub-space is given with, 
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( )2 3 42 / 5INV
a b c d ev v av a v a v a vαβ = + + + +       (7.1a) 

where exp( 2 / 5)a j π= . On the basis of the general decoupling transformation matrix for an 

n-phase system [White and Woodson, (1959)] inverter voltage space vectors in the second 

two-dimensional sub-space are determined with, 

( )2 4 32 / 5INV
xy a b c d ev v a v a v a v a v= + + + +       (7.1b) 

The 32 space vectors are transformed into two orthogonal sub-spaces using (7.1) but 

in power variant form. In other words, power per-phase in original and transformed domain is 

now kept constant, rather than the total power. The scaling factor in (7.1) is therefore set to 

2/5 rather than 2 / 5 . This choice is more convenient in discussion of SVPWM, since it 

makes the magnitude of the reference voltage space vector equal to the peak value of the 

desired sinusoidal output phase voltage. The zero-sequence component is identically equal to 

zero because of the assumption of isolated neutral point. The phase voltage space vectors in 

two orthogonal planes, obtained using (7.1) and Tables 3.8, 3.13 and 3.17, are shown in Fig. 

7.1. 

It can be seen from Fig. 7.1 that the outer decagon space vectors of the α β−  plane 

map into the inner-most decagon of the x-y plane, the inner-most decagon of α β−  plane 

forms the outer decagon of x-y plane while the middle decagon space vectors map into the 

same region. Further, it is observed from the above mapping that the phase sequence a,b,c,d,e 

of α β−  plane corresponds to a,c,e,b,d, which are basically the third harmonic voltages. It 

has been shown by many authors, including Correa et al (2003), Bojoi et al (2002b), 

Mohapatra et al (2002), Zhao and Lipo (1995) and Gopakumar et al (1993), that the presence 

of x-y space vector components introduces waveform distortion resulting in unnecessary 

harmonic losses in the machine fed using SVPWM modulator based VSI. 

There are in total ten distinct sectors with 36° spacing. The outer and inner-most 

decagon space vectors are the result of three switches being ‘on’ from upper (lower) set and 

two switches being ‘off’ from upper (lower) set or vice versa (section 3.3). Thus the inner-

most space vectors in α β−  plane are redundant and are therefore omitted from further 

discussion. This is in full compliance with observation of Kelly et al (2003), where it is stated 

that only subset with maximum length vectors have to be used for any given combination of 

the switches that are ‘on’ and ‘off’ (3-2 and 2-3 in this case). The middle region space vectors 

correspond to four switches being ‘on’ from upper (lower) set and one switch being ‘off’ from 

upper (lower) set or vice-versa (section 3.3). In what follows, the vectors belonging to the 
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middle region are simply termed medium vectors, while the vectors of the outer-most region 

are called large vectors. 
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Fig. 7.1. Five-phase VSI phase voltage space vectors in: a. α β−  plane, and b. x-y plane. 
 
7.2.1 Application of the large space vectors only (three vectors per switching period) 
  

The SVPWM scheme discussed in this section considers the outer-most decagon of 

space vectors in α β−  plane. The input reference voltage vector is synthesised from two 

active neighbouring and zero space vectors. This scheme is used as benchmark to compare the 

results obtained from the other developed schemes since it is the one commonly used in 

literature [Toliyat et al (2003), Xu et al (2002), Shi and Toliyat (2002)] for the five-phase 

VSI. 

To calculate the time of application of different vectors, consider Fig. 7.2, depicting 

the position of different available space vectors and the reference vector in the first sector. 

The time of application of active space voltage vectors is found from Fig. 7.2 as 

α
/ 5π
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bmv

*
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Img.
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b
b
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t v
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Fig. 7.2. Principle of space vector time calculation for a five-phase VSI. 
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( )
( )

* sin / 5

sin / 5
s

a s
l

v k
t t

v

π α

π

−
=          (7.2a) 

( )( )
( )

* sin 1 / 5

sin / 5
s

b s
l

v k
t t

v

α π

π

− −
=         (7.2b) 

o s a bt t t t= − −           (7.3) 

where k  is the sector number ( k = 1 to 10) and ( )2 2cos / 5
5 DCal bl lv v v V π= = = . Also 

2
5 DCam bm mv v v V= = =  (Fig. 7.2), as follows from section 3.3 and (7.1). Symbol *

sv  denotes the 

reference voltage space vector, while x  stands for modulus of a complex number x . Indices 

“l” and “m” stand for large and medium vectors, respectively.  

The largest possible fundamental peak voltage magnitude that may be achieved using 

this scheme corresponds to the radius of the largest circle that can be inscribed within the 

decagon. The circle is tangential to the mid-point of the lines connecting the ends of the active 

space vectors. Thus the maximum fundamental peak output voltage maxV  is 

( ) ( ) ( )max 2 / 5 2cos / 5 cos /10 0.61554DC DCV V Vπ π= = . The maximum peak fundamental output in ten-

step mode is, from expression (3.3), given with max,10
2

step DCV V
π

= . Thus the ratio of the 

maximum possible fundamental output voltage with SVPWM and in ten-step mode is 

max max,10/ 0.96689stepV V = . 

 The sequence of vectors applied in all ten sectors and corresponding switching 

patterns are shown in Fig. 7.3 where states of five inverter legs take values of -1/2 and 1/2 

(referencing to mid-point of the dc supply is applied) and the five traces illustrate, from top to 

bottom, legs A,B,C,D and E, respectively. 

It is seen from the switching pattern (Fig. 7.3) that in the first half of the switching 

cycle zero space vector is applied, followed by two active space vectors and the second zero 

space vector. The sequence followed in the second half cycle is the mirror image of the first 

one. The total number of state changes in one PWM switching period is thus twenty, since 

each switch changes state twice in one switching period. 

The simulation is done for different peak values of the five-phase sinusoidal reference 

input, ranging from maximum possible magnitude down to 10% of this value in 10% steps. 

The simulation is also done for 61.8% and 38.2% of the maximum achievable output with 

large vectors. These two percentage values correspond to the maximum possible output if 

medium space vectors only and short space vectors  only  are  used alone, respectively. The dc 
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Fig. 7.3. Switching pattern and space vector disposition 
for one cycle of operation with large space vectors only. 

link voltage is set to one per unit and the switching frequency is 5 kHz. An analogue first order 

filter is used to filter the output voltages and the resulting filtered output phase voltages and leg 

voltages are shown in Fig. 7.4 for reference equal to the maximum achievable output voltage. 

The shapes of the phase and the leg voltages are preserved for changes in the input reference 

voltage, except that there is a corresponding reduction in their amplitude and thus only one 

case is shown here. The filter time constant used to filter the phase voltages is 0.8 ms and for 
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the leg voltages it is kept equal to 0.4 ms. The frequency of the reference input is kept at 50 Hz. 

The RMS values of the fundamental output voltages and low-order harmonic components, 

obtained using FFT, are listed in Table 7.1. Percentage values of higher harmonics are given 

with respect to the corresponding fundamental harmonic. 
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Fig. 7.4. Output of VSI for input reference 
equal to the maximum achievable (0.6155 
p.u.): a. phase voltages, b. leg voltages, c. 

harmonic spectrum. 

Table 7.1. RMS of fundamental and low-order harmonic components of output phase 
voltages. 

Fundamental (50 Hz) *
sv  

 (p.u.) 
Theoretical RMS 

value (p.u.) 
Simulation RMS 

value (p.u.) 

3rd harmonic (150 
Hz, p.u.) 

7th harmonic (350 
Hz, p.u.) 

0.6155 (Max) 0.435 0.435 0.128 (29.42%) 0.022 (5.05%) 
90% of Max 0.3917 0.39 0.116 (29.61%) 0.021 (5.36%) 
80% of Max 0.348 0.347 0.1 (28.73%) 0.015 (4.31%) 
70% of Max 0.304 0.3 0.082 (26.97%) 0.012 (3.94%) 

61.8% of Max 0.268 0.267 0.077 (28.73%) 0.0105 (3.91%) 
50% of Max 0.217 0.216 0.065 (29.95%) 0.013 (5.99%) 

38.2% of Max 0.166 0.166 0.049 (29.52%) 0.008 (4.82%) 
30% of Max 0.13 0.129 0.038 (29.23%) 0.008 (6.15%) 
20% of Max 0.087 0.086 0.028 (32.18%) 0.0055 (6.32%) 
10% of Max 0.0435 0.0435 0.013 (29.88%) 0.0017 (3.9%) 

 

 It is observed from Table 7.1 that the output phase voltages contain a considerable 

amount of the third harmonic. In addition, there is a significant amount of the seventh 

harmonic component. These harmonic components are the consequence of x-y components of 

the space vectors. By using only outer decagon set of space vectors, the x-y components are 

free to cause the production of the third and the seventh harmonic in the output voltages. 
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 The analytical expression for leg voltages averaged over one switching cycle and 

expressed in terms of the midpoint of the dc bus of the five-phase VSI can be deduced from 

the switching pattern shown in Fig 7.3. For sector I one has 

( )/ 4 / 2 / 2 / 2 / 2 / 2 / 4
2
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Substituting the expression for times of applications for different space vectors from (7.1)-

(7.3), the average leg voltages are found and are tabulated in Table 7.2. The expressions for 

average leg voltages in nine other sectors are obtained in a similar fashion.  

The analytical expressions of average leg voltages for sectors VI to X are identical to 

those in sectors I to V in the same order and are thus not shown in Table 7.2. 

A calculation of the average leg voltages for maximum achievable reference input 

voltage is done using expressions of Table 7.2 and the resulting  plot for all five legs is shown 

Table 7.2. Analytical expression for leg voltages when only large vectors are used. 
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in Fig. 7.5a. For lower values of input reference voltages, the waveforms of average leg 

voltages are preserved except for the corresponding reduction in the amplitude. The leg 

voltages thus obtained are sums of phase voltages and the common-mode voltage, which is 

the voltage between the neutral point of the load and the dc link midpoint, as indicated by 

expression (3.4).  

Average leg voltages, corresponding to the maximum input reference voltage, 

obtained using simulation are shown in Fig. 7.5b.  
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Fig. 7.5. Average leg voltages using large space vectors only, obtained using: a. analytical 
expressions of Table 7.2., b. simulation. 

 
This figure was produced by averaging the PWM leg voltage waveform over each 

switching period (0.2 ms), for one cycle of the fundamental output voltage (20 ms). By 

comparing the average leg voltages obtained using analytical expressions (Fig. 7.5a) with 

those obtained using simulation (Fig. 7.5b), it can be concluded that they are identical and 

thus this validates the derived analytical expressions of Table 7.2. Furthermore, both figures 

closely resemble waveforms in Fig. 7.4 (part b) for leg voltages, obtained by low-pass 

filtering of PWM leg voltages. 

 

7.2.2 Application of the medium space vectors only (three vectors per switching 
period) 

 
 This scheme is based on the medium space vectors only. The method is a simple 

extension of the standard technique where two active and zero space vector are utilised per 

switching period to implement the SVPWM. The expressions to calculate the time of 

application of different space vectors are again given with (7.2)-(7.3), where lv  is now 
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replaced with mv . The maximum output peak fundamental phase voltage with this set of 

space vectors is ( ) ( )max 2 / 5 cos /10DCV V π= . The switching pattern and space vector disposition 

for each sector are shown in Fig. 7.6. 

It is observed from Fig. 7.6 that only two phases change state in transition from sector 

to sector, e.g. in transition from sector I to sector II phase ‘a’ and phase ‘b’ change states 

while phases c, d, e  do not. The total number of switchings is the same as before. However, 

four switches are ‘on’ (‘off’) in upper (lower) part of the inverter for any active state, meaning 

that in this mode the conduction pattern is 4-1 or 1-4. The distribution of zero space voltage 

vectors ensures the symmetrical SVPWM pattern. 

 The simulation conditions are similar to those in section 7.2.1. The input reference 

voltage vector magnitude is varied from 61.8% of maximum achievable down to 10% and the 

resulting plots, obtained after filtering, for maximum achievable output voltage are shown in 

Fig. 7.7. The filter time constant is now 0.25 ms for leg voltages. The filter time constant for 

the phase voltages is the same as in 7.2.1. The shapes of the phase and the leg voltages are 

preserved for the changes in the input reference voltages except for a corresponding change in 

the magnitudes and this is the reason for showing only one case here. The maximum 

achievable output peak fundamental phase voltage with only medium space vectors is 61.8% 

of what is available with only large space vectors. The RMS values of the fundamental and 

the low-order harmonic components are listed in Table 7.3. 

 

Table 7.3. RMS of fundamental and low-order harmonic components of output phase 
voltages. 

Fundamental (50 Hz) *
sv  

 (p.u.) 
Theoretical RMS 

(p.u.) 
Simulation RMS 

(p.u.) 

3rd harmonic (150 
Hz, p.u.) 

7th harmonic (350 
Hz, p.u.) 

61.8% of Max 0.268 0.268 0.204 (76.12%) 0.04 (14.9%) 
50% of Max 0.217 0.217 0.165 (76.03%) 0.0275 (12.67%) 

38.2 % of Max 0.166 0.166 0.12 (72.28%) 0.02 (12.04%) 
30% of Max 0.13 0.125 0.092 (73.6%) 0.0214 (17.12%) 
20% of Max 0.087 0.084 0.064 (76.19%) 0.0165 (19.64%) 
10% of Max 0.0435 0.044 0.034 (77.27%) 0.0056 (12.72%) 

 
 It is observed from Table 7.3 that the third harmonic component percentage value 

remains more or less fixed for all values of the input reference magnitude. The same applies 

to the seventh harmonic components. Comparison of the third and the seventh harmonic 

percentage values in Table 7.1 and Table 7.3 indicates that use of only medium vectors 

considerably worsens low-frequency part of the spectrum. 
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 The analytical expressions for leg voltages averaged over one switching cycle 

(expressed with respect to the midpoint of the dc bus of five-phase VSI) can be deduced from 

the switching pattern shown in Fig 7.6. For sector I one finds 
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Fig. 7.6. Switching pattern and space vector 
disposition for one cycle of operation with medium 

space vectors only. 
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Fig. 7.7. Output of VSI for input reference 
equal to 61.8% of the maximum 

achievable: a. phase voltages, b. leg 
voltages, c. harmonic spectrum. 
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The resulting expressions for various sectors are listed in Table 7.4. The expressions for 

sectors VI to X are identical to those for sectors I to V in the same order and are thus not given 

in Table 7.4. 

Calculation is done again to obtain the average leg voltages using analytical 

expressions, for maximum achievable reference input voltage, and the resulting plot for all five 
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legs is shown in Fig. 7.8a. It is observed from Fig. 7.8a that the leg voltages are highly 

distorted and are causing highly distorted phase voltage waveforms too.  

 
 

Table 7.4. Analytical expressions for leg voltages when only medium vectors are used. 
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The average leg voltages obtained using analytical expressions (Fig. 7.8a) are further 

compared with average leg voltages obtained using simulation, Fig. 7.8b. The procedure for 

obtaining Fig. 7.8b is the same as explained in conjunction with Fig. 7.5b. It is evident from 

Fig. 7.8a and Fig. 7.8b that these are identical and thus this validates the analytical 

expressions of Table 7.4. Once more, both figures closely correspond to the one of Fig. 7.7 

(part b) obtained by filtering. 
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Fig. 7.8. Leg voltages using medium space vectors only, obtained using: a. analytical 
expressions of Table 7.4., b. simulation. 

 

7.2.3 Combined application of medium and large space vectors (five vectors per 
switching period) 

 
The application of only large space vectors and only medium space vectors, discussed 

in sections 7.2.1 and 7.2.2, respectively, does not produce satisfactory results in terms of the 

harmonic content of the output phase voltage. The main reason for this is that only two active 

voltage vectors are always applied. As emphasised in Kelly et al (2003), the number of 

applied space vectors for multi-phase VSI with an odd phase number should be equal to the 

number of inverter phases. This means that one needs to apply four active vectors in each 

switching period, rather than two. Different schemes are therefore developed in this section by 

combining the large and medium space vectors. The aim of these schemes is to obtain phase 

output voltages closer to sinusoidal. Different schemes developed here are based on the sub-

division of total time into times for application of large and medium space vectors. The first 

scheme uses proportional (to their length) sub-division of time of application of large and 

medium space vectors. The second method, developed here, is a general method, which drives 

the VSI always to its maximum output. The time of application is variable and depends on the 

magnitude of the reference voltage. It will be shown that both these methods have a common 

drawback of not being able to utilise both large and medium space vectors for the complete 

range of input reference voltage (the scheme of de Silva et al (2004), reviewed in this section 

as well, suffers from the same drawback). Thus a third scheme is developed, based on pre-

defined zero space vector trajectory, in order to utilise both the large and medium space 

vectors throughout the range. Finally, a comparison of all the schemes is performed and a 

combined scheme is suggested, based on the properties of various schemes. 
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The switching pattern and the sequence of the space vectors for the schemes utilising 

both large and medium space vectors is shown in Fig. 7.9 and this pattern is valid further on 

for all the discussed cases. 

It is observed from the switching pattern of Fig. 7.9 that the switchings in all the 

phases are staggered. All switches change state at different instants of time. The total number 

of switchings in each switching period is again twenty, thus preserving the requirement that 

each switch changes state only twice in a switching period. 

 
7.2.3.1  Proportional sub-division of switching times 
 

 This scheme is based on the proportional sub-division of the time of application of 

each space vector from large and medium space vector sets. The times of application of active 

space vectors are again calculated using expression (7.2). The times thus obtained are sub-

divided in the ratio of medium and large vector lengths, 
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(7.6) 

This sub-division of the time of application of different space vectors in essence allocates 

61.8% of total active time to the large space vectors and 38.2% to the medium space vectors. 

The time of application of zero space vectors is now given as 

o s al am bl bmt t t t t t= − − − −          (7.7) 

To verify the volt-second principle the following expression, valid in the first sector, is 

considered, 
* / 5 / 5j j j

s al am bl bms al am bl bmv t e t v t v t v e t v eα π π= + + +       (7.8) 

After substituting different expressions for application times the following relationship is 

obtained: 

( )
2 2

* *l mj j
s ss s

l l m

v v
v t e v t e

v v v
α α+
=

+
        (7.9) 

The above expression indicates that the output fundamental phase voltages from this type of 

space vector modulator are only 85.41% of the input reference voltage value. Thus in order to 

obtain the output fundamental equal to the input reference, the commanded value should be 

17.082% larger than the required output.  

The simulation is done to obtain the maximum acheivable output value (0.5257 p.u. 

peak),  with the   commanded   input   equal to 0.6155 p.u., thus   ensuring the   equality of the 
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Fig. 7.9. Switching pattern and space vector disposition 
for one cycle of operation with large and medium space 

vectors. 

  
fundamental output magnitude and the reference magnitude. The other simulation conditions 

are identical to those in sections 7.2.1. and 7.2.2. The filter time constant used for leg voltages 

is 0.4 ms. The filtered phase voltages and leg voltages are shown in Fig. 7.10 along with the 

harmonic spectrum for maximum achievable fundamental voltage. 

It is seen from Fig.7.10 that the spectrum contains only fundamental (0.372 p.u. RMS 

or 0.5257 p.u. peak, 50 Hz) component and harmonics around multiples of the switching 
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frequency. The low-order harmoics (third and seventh) are absent. The ouptut is almost 

sinusoidal bacause of the fact that the proportion of time of application of larger and medium 

space vectors is such that it cancels all the undesirable x-y components (as can be seen from 

Fig. 7.1). It is to be noted here that for lower values of the input reference phase voltage, the 

output phase voltages preserve the shape while there will be a correponding reduction in their 

amplitude. 

The analytical expressions for leg voltages averaged over one switching cycle for the 

scheme utilising both large and medium space vectors with proportional sub-division of 

application time are derived similar to section 7.2.2. For sector I, the analytical expressions 

are found from Fig. 7.9 as, 
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Fig. 7.10. Output of VSI for the maximum 
achievable output fundamental voltage 

(85.41% of the one obtainable with large 
vectors only): a. phase voltages, b. leg 

voltages, c. harmonic spectrum. 
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The resulting expressions of the average leg voltages for all sectors are given by (7.11)-(7.15). 

Similar to the previous cases, the expressions of average leg voltages for sectors from 

VI to X are identical to those for sectors I to V, in the same order, and are thus not repeated. A 

calculation is done using the analytical expressions of leg voltages corresponding to the 

maximum input reference voltage. The resulting plot is shown in Fig. 7.11a.  

Once again, to compare the average leg voltages obtained using analytical expressions 

and using simulation, the same approach as in sectionss 7.2.1 and 7.2.2 is adopted. The 

average leg voltages obtained using simulation are shown in Fig. 7.11b. The waveforms in 

Figs. 7.11a and 7.11b are again in very good agreement. 
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Fig. 7.11. Average leg voltages, using both large and medium space vectors with time sub-
division in proportion to their length, obtained using:  a. analytical expressions, b. simulation. 
 

7.2.3.2 SVPWM to drive the inverter along maximum available output 
 

This scheme also utilises both large and medium space vectors but the principle here is 

to drive the inverter along the maximum possible output for all input reference voltage 

magnitudes. This is achived by forcing the zero space vector application time to remain zero 

for each input reference magnitude in the middle of all sectors. Further, to obtain the 

maximum possible output from the space vector modulator, ultimately one has to revert to the 

large space vectors only. This method is applicable when the input reference voltage lies 

between *0.3804 0.6155DC DCsV v V≤ ≤ . Let the proportion of time of application of the medium 

and large space vectors be γ and δ , respectively. These factors vary with the magnitude of the 

input reference voltage in such a way that the inverter is always driven to the maximum
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available voltage. Thus the times of application of the two neighbouring vectors in sector I are 

given as 
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v
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        (7.17) 

The constraints on the expressions for times of application of space vectors are: 

if * 0.38042 DCsv V≤  then 1γ = , 0δ =  

if * 0.6155 DCsv V=  then 0γ = , 1δ =        (7.18) 

if /10α π=  and *0.38402 0.6155DC DCsV v V≤ ≤  then 0.5a b st t t= =   

Using (7.18) and (7.16) or (7.17) to find the values of γ  and δ , one obtains: 
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Substitution of the values of lengths of the medium and large vectors into (7.19) yields 
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This condition ensures that the maximum available peak voltage of the inverter equals input 

reference voltage for every value of the input reference voltage. Factors γ  and δ  are subject 

to 0 1γ≤ ≤ , 0 1δ≤ ≤  and 1γ δ+ = . This gives the expressions for γ  and δ  as: 
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The switching pattern remains to be given with Fig. 7.9.  

A simulation is done to determine the performance of the space vector modulator 

based on this principle. The filter time constant used here for leg voltages is 0.4 ms except for 

the reference equal to 61.8% of the maximum, when it is 0.25 ms. It is clearly seen from 

(7.21) and (7.22) that, for the maximum achievable output voltage, the result is identical to the 

one with large space vectors only (shown in Fig. 7.4). Thus the simulation results shown in 

Figs. 7.12a-c are for input reference voltage ranging from 95% down to 61.8% of the 
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maximum achievable value. The values of the RMS fundamental voltage and low-order 

harmonic components are listed in Table 7.5.  

 
Table 7.5. RMS of fundamental and low-order harmonic components of output phase 

voltages. 
Fundamental (50 Hz) *

sv  

 (p.u.) 
Theoretical RMS 

(p.u.) 
Simulation RMS 

(p.u.) 

3rd harmonic (150 
Hz, p.u.) 

7th harmonic (350 
Hz, p.u.) 

95% of Max 0.413 0.413 0.06 (14.51%) 0.017(4.11%) 

90% of Max 0.39 0.39 0.018 (4.6%) 0 
80% of Max 0.348 0.348 0.062 (17.8%) 0.017 (4.8%) 
70% of Max 0.304 0.303 0.15 (48.54%) 0.025 (8.22%) 

61.8% of Max 0.268 0.268 0.204 (76.12%) 0.04 (14.9%) 
 

The results in Table 7.5 show that the method is effective and produces close to sinusoidal 

waveform as the reference input voltage increases towards the maximum achievable value. 

This is due to the fact that the ratio of time of application of large to medium space vector 

increases with increase in the input reference voltage and thus x-y components cancel out 

with increasing ratio of large to medium voltage space vector. Thus this method can be used 

for higher values of reference input voltage value as it smoothly transits from four active 

(large and medium) vector application to two active (large) vector application with increase in 

the input reference voltage. 

 

7.2.3.3 Modulation with pre-defined trajectory of zero space vector application 
time 

 
In order to utilise the large and medium space vectors throughout the range of input 

reference voltage vector, another scheme is developed. It is based on the pre-defined zero 

space vector application time. The zero space vector trajectory is modified in such a way that 

it yields a positive time of application for zero space vector for reference input vector varying 

from zero to the maximum achievable value. The time of application of zero space vector is 

guaranteed to be positive through out the range of input reference if it is made positive at 

/10α π=  (middle of a sector). 

The time of application for zero space vector at /10α π= , denoted with oot  is shown in 

Fig. 7.13 for three different situations, as function of the input reference voltage: firstly, when 

only large vectors are used ( oolt ), secondly when only medium vectors are used ( oomt ), and 

thirdly, the modified trajectory when both large and medium vectors are used ( oot ). In Fig. 
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Fig. 7.12a. Output of VSI for input 
reference equal to 95% of the maximum 

achievable: a. phase voltages, b. leg 
voltages, c. harmonic spectrum. 
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Fig. 7.12b. Output of VSI for input 
reference equal to 90% of the maximum 

achievable: a. phase voltages, b. leg 
voltages, c. harmonic spectrum. 
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Fig. 7.12c. Output of VSI for input 
reference equal to 61.8% of the maximum 

achievable: a. phase voltages, b. leg 
voltages, c. harmonic spectrum. 

 

 

 

7.13, mlV  and mmV  represent the maximum achievable output voltage with large space vectors 

and medium space vectors, respectively. The expressions for time of application of zero space 

vector, if only large vectors and if only medium vectors are used are:  

( )

*

cos /10
s

ool s s
l

v
t t t

v π
= −   

( )

*

cos /10
s

oom s s
m

v
t t t

v π
= −         (7.23) 

These equations represent straight lines, varying linearly with the length of the input reference 

vector. The aim is now to apply both the large and medium vectors and thus the curve 

defining the time of application of zero space vector should lie between these two curves. The 

curve should pass through the two end-points and should be tangent to the lower curve for 

zero reference input voltage in order to apply predominantly medium vectors when the 

reference vector is small. The expression for the modified curve is assumed as 
2* *

oo s st a v b v c= + +           (7.24) 
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To determine the constants, the boundary conditions are specified as: at * 0sv = , oo st t= ; at 

*
mlsv V= , 0oot = ; further, the slope of the curve at * 0sv =  should be equal to the slope of line 

oomt . The slope at this point is found as 
( )cos /10
s

m

tslope
v π

= − . Thus the constants are 

determined as:  

2
s

ml ml

tba
V V

= − −  

( )cos /10
S s

mmm

t tb
Vv π

= − = −  

sc t=            (7.25) 
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Fig. 7.13. Variation of zero times at /10α π=  for different SVPWM schemes, as function of 

the reference input voltage (switching frequency = 5 kHz). 
 

In order to determine the expression for time of application of zero space vector at an 

arbitrary angle α , the relationship is found as follows. In general, o s a bt t t t= − − , where for 

sector I 

( )
( )

* sin / 5
sin / 5

s
a s

v
t t

v
π α
π

−
= ,   

( )
( )

* sin
sin / 5
s

b s

v
t t

v
α

π
=     (7.26a) 

Hence 

( ) ( )( )
( )

* sin / 5 sin

sin / 5
s

o s s

v
t t t

v

π α α

π

− +
= −        (7.26b) 

where v  represents lv  or mv  depending on whether (7.26) is used to determine the time of 

application of large or medium space vector, respectively.  
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Further, 
( )

*

/10( )
cos /10

s
o oo s s

v
t t t t

vα π π= = = −  and therefore, 

( ) ( )* / cos /10ss s oot v v t t π= −        (7.27) 

Substituting (7.27) in (7.26) one finds: 

( ) ( )cos /10o s s oot t t t π α= − − −        (7.28) 

The equation (7.28) is used to calculate the time of application of zero space vector and oot  

used here is the one of equation (7.24). 

 The times of application of active space vectors need to be modified as well. The 

parabolic curve is again assumed for large active state vector. Fig. 7.14 shows the variation of 

application times of zero and active state vectors at /10α π= . The expression for time of 

application of larger active space vectors is found as 
2*

s
ol s

ml

v
t t

V

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
          (7.29) 

and the times of application of medium active space vectors are then 

om s oo olt t t t= − −          (7.30) 
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Fig. 7.14. Variation of active state and zero state vector application times at /10α π=  as 

function of the reference input voltage (switching frequency = 5 kHz). 
 

Expressions for time of application of neighbouring space vectors at arbitrary angle α  are 

further obtained as follows. In general, 
( )
( )

* sin / 5

sin / 5
s

al s
l

v
t t

v

π α

π

−
=  and 

( )
( )

* sin
sin / 5
s

bl s
l

v
t t

v
α
π

= . 

Therefore  

( ) ( )( )
( ) ( )

* sin / 5 sin

2 cos /10 sin /10
s s

al bl
l

v t
t t

v

π α α

π π

− +
+ =       (7.31) 
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At /10α π= , 
( )

*

2 cos /10
s

oa ob s
l

v
t t t

v π
= =  and thus 

( )

*

cos /10
s

oa ob ol s
l

v
t t t t

v π
+ = = . Hence 

from (7.31) one obtains, 

( )
( )

( )
( )

sin / 5 sin
2sin /10 2sin /10al bl ol olt t t t

π α α
π π
−

+ = +       (7.32) 

The first term in (7.32) is the time of application of ‘a’ large active space vector and the 

second term corresponds to the time of application of ‘b’ large active space vector. Similarly, 

for medium space vectors, the expression is found as  

( )
( )

( )
( )

sin / 5 sin
2sin /10 2sin /10am bm om omt t t t

π α α
π π
−

+ = +       (7.33) 

The first term in (7.33) is the time of application of ‘a’ medium active space vector and the 

second term corresponds to the time of application of ‘b’ medium active space vector.  

 To confirm that the output phase voltage magnitude is equal to the reference input 

phase voltage, the volt-second principle is verified using (7.8). 

 Simulation is done for input reference phase voltage magnitude values from maxmium 

achievable down to 10% of this value and the resulting plots are shown in Figs. 7.15a-d. Figs. 

7.15a-d depict the filtered ouput phase voltages and leg voltages in addition to the harmonic 

spectrum of phase voltages. The filter time constant used for the first case is 0.4 ms, while it 

is 0.8 ms for other cases. 

 

Table 7.6. RMS of fundamental and low-order harmonic components of output phase 
voltages.  

Fundamental (50 Hz) *
sv  

 (p.u.) 
Theoretical RMS 

(p.u.) 
Simulation RMS 

(p.u.) 

3rd harmonic (150 
Hz, p.u.) 

7th harmonic (350 
Hz, p.u.) 

0.6155 (Max) 0.435 0.435 0.128 (29.42%) 0.022 (5.05%) 
90% of Max 0.39 0.39 0.07 (17.9%) 0.008 (2.04%) 
80% of Max 0.348 0.348 0.028 (8.2%) 0.0129 (3.7%) 
70% of Max 0.304 0.303 0.0 0.0 

61.8% of Max 0.268 0.266 0.024 (8.18%) 0.0 
50% of Max 0.217 0.216 0.058 (26.85%) 0.0058 (2.68%) 

38.2% of Max 0.166 0.166 0.057 (34.33%) 0.015 (9.03%) 
30% of Max 0.13 0.129 0.056 (42.3%) 0.015 (11.53%) 
20% of Max 0.087 0.085 0.045 (51.7%) 0.0155 (17.8%) 
10% of Max 0.0435 0.043 0.0278 (63.9%) 0.0036 (8.27%) 

 
Table 7.6 shows harmonic spectrum. The third and the seventh harmonic components 

vary as percentages of the fundamental. This is due to the fact that the ratio of time of 

application of large and medium space vectors and thus the x-y component magnitudes vary 

leading to a variable amount of harmonic components in the output. 
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Fig. 7.15a. Output of VSI for input 
reference voltage equal to the maximum 

achievable: a. phase voltages, b. leg 
voltages, c. harmonic spectrum. 
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Fig. 7.15b. Output of VSI for input 
reference voltage equal to the 70% of the 

maximum achievable: a. phase voltages, b. 
leg voltages, c. harmonic spectrum. 
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Fig. 7.15c. Output of VSI for input 
reference voltage equal to 61.8% of the 

maximum achievable: a. phase voltages, b. 
leg voltages, c. harmonic spectrum. 
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Fig. 7.15d. Output of VSI for input 
reference voltage equal to 20% of the 

maximum achievable: a. phase voltages, b. 
leg voltages, c. harmonic spectrum. 
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7.2.3.4 SVPWM scheme of de Silva et al (2004) 

 
The scheme developed by de Silva et al (2004) utilises four active space vectors, two 

from outer and two from middle decagons and two zero space vectors to implement SVPWM, 

similar to other methods of this section. The principle of this technique is to produce voltage 

in the α β−  plane while simultaneously eliminating the voltage in the x-y plane. It is evident 

from Fig. 7.1 that for each sector the large and the medium space vectors of α β−  plane 

fall diagonally opposite to each other in x-y plane. The lengths of these diagonally opposite 

space vectors in x-y plane are in proportion to the lengths of large and medium space vectors. 

Thus the ratio of times of application of large and medium active space vectors is kept equal 

to the ratio of lengths, i.e. / /l m l mt t v v τ= = , where 1.618τ = . This ensures the cancellation of 

undesirable x-y space vector components and achieves sinusoidal output phase voltages. The 

times of application of active space vectors are found using the volt-second principle of (7.8) 

and are given by  

 

( )
( )

*

2

sin / 5

sin / 5 1
s

al s
m

v k
t t

v

π α τ
π τ

− ⎡ ⎤= ⎢ ⎥+⎣ ⎦
        (7.34) 

( )( )
( )

*

2

sin 1 / 5

sin / 5 1
s

bl s
m

v k
t t

v

α π τ
π τ

− − ⎡ ⎤= ⎢ ⎥+⎣ ⎦
       (7.35) 

( )
( )

*

2

sin / 5 1
sin / 5 1

s
am s

m

v k
t t

v

π α

π τ

− ⎡ ⎤= ⎢ ⎥+⎣ ⎦
        (7.36) 

( )( )
( )

*

2

sin 1 / 5 1
sin / 5 1

s
bm s

m

v k
t t

v

α π

π τ

− − ⎡ ⎤= ⎢ ⎥+⎣ ⎦
       (7.37) 

The time of application of zero space vectors remains to be given with (7.7). The 

switching pattern for this scheme is the same as in Fig. 7.9. This scheme can be used until the 

input reference reaches 0.5257 (p.u.) peak (85.41% of the maximum achievable with large 

vectors only). Further increase in input reference voltage leads to time of application of zero 

space vector becoming negative, which is meaningless. 

 Simulation is done for this technique to determine the behaviour of the space vector 

modulator. The resulting plot is shown in Fig. 7.16 for input reference equal to the maximum 

achievable.  

Fig. 7.16 shows sinusoidal output phase voltages with fundamental output equal to the 

input reference. This is because of the fact that the undesirable x-y space vector components 
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are eliminated completely due to the proper sub-division of the time of application of large 

and medium space vectors. It should be noted that properties of this SVPWM schemes are 

identical to the scheme of sub-section 7.2.3.1, developed as part of research in this thesis, 

although the approach to get the necessary application times for various space vectors is quite 

different. 
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Fig. 7.16. Output of VSI for input 
reference equal to the maximum 

achievable: a. phase voltages, b. leg 
voltages, c. harmonic spectrum. 

 

 

 

 

 
 

7.2.3.5 Comparison of SVPWM schemes and a proposal for combined SVPWM 
scheme for entire operating region 

 
A comparative performance evaluation of the different SVPWM schemes, detailed in 

7.2.1-7.2.3.4, is performed and presented here. The following figures of merit are used to 

compare the performance of the different SVPWM modulators: the quality of the output 

inverter voltage and the range of applicability. One of the important factors to compare the 

effectiveness of the PWM process is the total harmonic distortion (THD) of the output 

waveform, which provides a handy reference for comparison [Holmes and Lipo (2003)]. The 

THD of the output voltages is therefore evaluated here for the purposes of comparison. There 

are few definitions of THD in practice [Holmes and Lipo (2003)].
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The expression used here to evaluate THD of the output voltage waveform is 
2

,

3,5,7,.... 1,

r n RMS

n RMS

V
THD

V=

⎛ ⎞
= ∑ ⎜ ⎟⎜ ⎟

⎝ ⎠
        (7.38) 

where ,n RMSV  is the RMS value of the thn  harmonic component, 1,RMSV  is the RMS of the 

fundamental and r  is the order of the harmonics used for calculation. Two THDs have been 

evaluated, one using 80r =  (up to 4 kHz) to obtain the effect of low-order harmonics only and 

another using 500r =  (up to 25 kHz) to observe the effect of both low-order and switching 

harmonics on the overall quality of the output voltage waveforms. 

Fig. 7.17 and Fig. 7.18a-d comprehensively show the relative merits and demerits of 

the different SVPWM schemes. Fig. 7.17 depicts the circular locus of maximum achievable 

output voltage from different space vector modulators. It is evident from Fig. 7.17 that only 

the schemes discussed in 7.2.1 and 7.2.3.3 can be used for the complete range of the input 

reference. The scheme outlined in 7.2.3.2 is applicable from 0.268 (p.u.) RMS up to 0.435 

(p.u.) RMS (maximum achievable). The scheme suggested by de Silva et al (7.2.3.4) and the 

one detailed in 7.2.3.1 can be used from zero to 0.371 (p.u.) RMS (85.41% of the maximum 

achievable). Fig 7.18 is produced by finding the best fit for the simulation results, reported in 

the previous sections. The scheme of 7.2.2, which utilises only medium space vectors, is the 

worst and is therefore not included in Fig. 7.18. 

 
axisβ −

axisα −
/ 5π

7.2.1 and
7.2.3.3
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7.2.3.1 and
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Fig. 7.17. The locus of the maximum achievable output voltage from different space vector 
modulators. 
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Fig. 7.18a and Fig. 7.18b depict the percentage of the 3rd harmonic component and 

percentage of the 7th harmonic component in the output voltage waveform, resepectively. It is 

observed that the scheme of 7.2.1, which utlises only large space vectors, gives consistent 

harmonic components for the complete input reference voltage range. The 3rd harmonic 

content is nearly 30% of the fundamental output while the 7th harmonic component is seen to 

be around 5% of the fundamenatl output. For schemes of 7.2.3.2 and 7.2.3.3 both the 3rd and 

the 7th harmonic components are variable and decrease with increase in the input reference 

voltage, reach a minimum value and then again increase. By comparing the trace of the 3rd 

and the 7th harmonic content for the scheme of 7.2.3.2 with that of 7.2.1, it is seen that both 

the 3rd and the 7th harmonic contents are less in scheme of 7.2.3.2 for input voltage reference 

above 80% of the maximum achievable. A similar comparision between schemes of 7.2.3.3 

and 7.2.1 reveals that the 3rd and the 7th harmonic content is better in 7.2.3.3 for input voltage 

reference above approximately 50% of the maximum. It is furhter to be noted that the 3rd and 

7th harmonic contents of schemes 7.2.3.2 and 7.2.3.3 are equal to 7.2.1 for 100% of the 

maximum achievable. It is so because of the fact that both the schemes of 7.2.3.2 and 7.2.3.3 

become identical to 7.2.1 for input reference equal to the maximum acheivable. The 3rd and 

7th harmonic content for schemes of 7.2.3.1 and 7.2.3.4 are zero for the entire range of their 

operation. 

Figs. 7.18c–d show the THD of the output voltage waveforms produced by different 

space vector modulators, caused by low-order and by low-order and switching harmonics, 

resepectively. The THD is seen to be very high for small values of the input reference voltage,  

for all the schemes. The THD introduced in the output voltage waveform by schemes of 

7.2.3.2 and 7.2.3.3 is seen to be smaller as compared to the one of 7.2.1 for input reference 

voltages above approximately 80% and 50%, resepectively. It is further seen that the THDs 

produced by the schemes of 7.2.3.1 and 7.2.3.4 are equal and the smallest compared to other 

schemes. Fig. 7.18d also shows similar trends but here it is difficult to distinguish between 

different traces as they are very close one to the other. 

Based on the comparison of performance of different types of the space vector 

modulators, it is observed that the schemes discussed in 7.2.1 and 7.2.3.3 can be used for the 

complete range of the input voltage reference. However, the scheme outlined in 7.2.1 does not 

provide satisfactory output voltage quality in terms of its harmonic contents. To obtain 

sinusoidal output voltage, one can consider using the technique disscused in 7.2.3.1 or 7.2.3.4 

for  input reference  voltage  ranging  from 0% to 85.41%  of the  maximum  achievable. Both  
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Fig. 7.18. Performance of different space vector modulators from 7.2.1-7.2.3.4: a. 3rd 
harmonic content in the output voltages, b. 7th harmonic content in the output voltages, c. 

THD caused by low-order harmonic, d. THD caused by low-order and switching harmonics. 
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methods provide identical output  voltage quality, as is evident from Fig. 7.18c. For input 

reference voltage greater than 85.41%, there are three possible schemes (7.2.1., 7.2.3.2 and 

7.2.3.3). To further compare these three schemes, Figs. 7.19a-c illustrate their performance 

from 85.41% to 100% of  the maximum  acheivable output.  It is to be  noted here that for this  

comparison the THD which takes into account the switching harmonics is not considered. It is 

clearly seen from Figs. 7.19a-c that the method developed in 7.2.3.2 offers better 

performance, when compared to methods of 7.2.1 and 7.2.3.3, in terms of the output 

waveform quality. Thus it can be concluded from this disscussion that for input reference 

voltage above 85.41%, one should utilise the scheme of 7.2.3.2 to encompass the complete 

range from 0% to 100% of the maximum achievable output voltage. 

 

7.3 SPACE VECTOR MODULATION SCHEME FOR TWO FIVE-PHASE 
SERIES-CONNECTED MACHINES 

 
This section develops a space vector PWM technique for a five-phase VSI used to 

feed two five-phase machines connected in series with phase transposition, in order to provide 

decoupled control of the machines. The control of two five-phase machines connected in 

series and fed from a single five-phase inverter, using hysteresis and ramp-comparison current 

control schemes in stationary reference frame, has been explored in Chapter 4. The aim of this 

section is to develop an appropriate SVPWM scheme for a five-phase VSI which is applicable 

in conjunction with current control in the rotating reference frame. 

The principle of control decoupling of two five-phase machines connected in series 

lies in the fact that the α β−  voltage/current components of one machine become the x-y 

voltage/current components of the other machine and vice-versa. Thus the inverter feeding 

two-motor drive configuration needs to provide both α β−  and x-y components of 

voltages/currents for two machines. The requirement on the space vector modulator is to keep 

the average volt-seconds of α β−  and x-y reference voltage space vectors such as to satisfy 

the flux/torque control requirements of the two machines. The approach towards realising this 

requirement, adopted here, is the simplest possible. Consider the inverter switching period st . 

In the first switching period space vector modulator will apply α β−  voltage reference by 

selecting a set of appropriate vectors. The set will be such that no x-y harmonics are 

generated. In the second switching period the space vector modulator will apply x-y voltage 

reference, by selecting a set of vectors that produce only x-y voltage components, but not the 

α β−  components. This means that   the effective   rate of    application of the two references 
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Fig. 7.19. Performance of space vector modulators for input reference above 85.41%: a. 3rd 
harmonic content in the output voltages, b. 7th harmonic content in the output voltages, c. 

THD caused by low-order harmonics. 
 

(α β−  and x-y) is halved, since each is applied only in every second switching period. This 

automatically corresponds to one half of the available dc voltage being used for creation of 

any of the two references. The effective rate of application of the two references is in this way 
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halved, compared to the inverter switching frequency. To further illustrate the concept, a 

block diagram of the space vector modulation is shown in Fig. 7.20. 

Hence, the switching scheme used in the SVPWM is such that the five-phase inverter 

generates α β−  axis voltages in the first cycle of the PWM, while simultaneously 

eliminating the x-y axis components, to control the first machine. In the second cycle it 

generates x-y axis voltages and simultaneously eliminates the α β−  axis voltages to control 

the second machine. In essence, there are therefore two space vector modulators, α β−  and 

x-y modulator. The α β−  modulator imposes α β−  axis voltage in the first cycle and the x-

y modulator imposes the x-y axis voltage in the next cycle. The α β−  modulator is identical 

to the one discussed in section 7.2.3.1. The x-y modulator is developed in this section. 

x-y modulator
(5 kHz)

Switching signals

Switching signals

Select
logic

Five-
phase
VSI

Switching
signals Five-

phase
output

voltages

* voltage reference ( )vαβα β−

*x-y voltage reference ( )xyv

modulator
     (5 kHz)
α β−

 
Fig. 7.20. Block diagram showing the principle of space vector modulation for five-phase 

series-connected two-motor drive configuration. 
 

The principle of x-y reference generation is the same as that of α β−  reference 

generation. It is evident from Fig. 7.1 that, for each sector, the large and the medium space 

vectors of the x-y plane fall diagonally opposite to each other in corresponding α β−  plane. 

The lengths of these diagonally opposite space vectors in the α β−  plane are in proportion to 

the lengths of large and medium space vectors. Thus to eliminate these α β−  components 

from x-y modulator, a similar approach as that of α β−  modulation is used. The switching 

pattern and the space vector sequence for ten sectors are shown in Fig. 7.21. 

The simulation is done to evaluate the performance of the proposed space vector 

modulation. The simulation conditions of both α β−  modulator and x-y modulator are kept 

identical. As the inverter has to feed two machines connected in series, the dc link voltage is 
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Fig. 7.21. Switching pattern and space vector disposition 
for one cycle of operation of x-y modulator. 

 
 
 
 
 
 

arbitrarily set to 2 per unit and the switching frequency of both modulators is kept at 5 kHz. 

Since 2DCV =  p.u., the output phase voltage from VSI for each machine is limited to 

0.525  (peak) or 0.371  (RMS)DC DCV V , as seen in section 7.2.3.1. Since α β−  modulator 
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imposes α β−  axis voltages in the first cycle of the PWM and the x-y modulator produces x-

y axis voltage in the second cycle, the effective frequency of the reference application 

becomes 2.5 kHZ. The frequencies of the input references are taken as 50 Hz and 25 Hz for 

the α β−  modulator and the x-y modulator, respectively, and the magnitudes are 0.525 (p.u.) 

peak or 0.371 (p.u.) RMS. An analog first order filter is used to filter the high frequency 

components from the output voltage waveforms. The filtered output phase voltages, leg 

voltages and harmonic spectra are shown in Fig. 7.22. 
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Fig. 7.22. Output from VSI for input 
reference voltage of 0.525 (p.u.) peak: a. 

output phase voltages, b. output leg voltages, 
c. inverter phase ‘a’ voltage and its harmonic 
spectrum, d. inverter output α -axis voltage 
and its harmonic spectrum, e. inverter output 

x-axis voltage and its harmonic spectrum. 
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It is observed from the inverter phase ‘a’ voltage spectrum that it contains two 

fundamental frequency components, corresponding to 50 Hz and 25 Hz. The switching 

harmonics are appearing at multiples of 2.5 kHz, as expected. The fundamental voltage 

component of 50 Hz controls the first machine and the 25 Hz voltage fundamental component 

controls the second machine. The 50 Hz fundamental is thus seen in the α -axis voltage 

harmonic spectrum, while 25 Hz fundamental appears in the x-axis harmonic spectrum. It is 

further to be noted that the output phase voltages do not contain any undesirable low-order 

harmonic components. 

 

7.4 SUMMARY 
 

This chapter is devoted to the space vector modulation techniques for five-phase 

voltage source inverters. It initially elaborates the existing technique of using only two active 

space vectors from outer decagon to synthesise the input reference voltage. The method of 

using two active space vectors from middle decagon is also examined and it is found that both 

of these techniques generate undesirable large 3rd  and 7th harmonic components in the output 

voltages. The percentage of these harmonic components is found to be significantly higher for 

method using two medium active space vectors only. This finding is also confirmed using the 

analytical expressions for average leg voltages for both cases.  

Three techniques which utilise both large and medium active space vectors are 

developed and analysed next. The technique which divides the time of application of large 

and medium active space vectors in proportion to their length is found to provide sinusoidal 

output voltages. But the limitation of this method is that it can be employed for up to 85.41% 

of the maximum achievable fundamental voltage. The method proposed by de Silva et al 

(2004) is also investigated and is found to suffer from the same drawback while providing the 

same characteristics. Another method, devised using both large and medium space vectors, 

which drives the VSI along the maximum possible output by forcing the zero space vector 

time to remain zero in the middle of each sector is also investigated. This method generates 

output voltage with variable 3rd and 7th harmonic contents. It also suffers from the limitation 

of not being operational for the complete range of the input reference voltage. Another novel 

technique is thus formulated, which can be used for the complete range of the input reference 

voltage. This method relies on the pre-defined zero space vector application time trajectory. 

The method is found to generate output voltage with variable 3rd and 7th harmonic contents. It 

is thus concluded that only a combined scheme can yield the voltage closest to the sinusoidal 
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output, while simultenously being operational for all references up to the maxmium 

acheivable. The scheme of 7.2.3.1 (or 7.2.3.4) combined with the one elaborated in 7.2.3.2 (or 

7.2.3.3) is proposed for practical applications, since it produces the output voltage with 

acceptable harmonic content and enables full utilisation of the dc bus. 

Finally, a SVPWM scheme, suitable for application in conjunction with series-

connected five-phase two-motor drive, is proposed. It combines two SVPWM modulators, 

which are used in a sequential manner to generate α β−  and x-y inverter voltage references. 

Generation of any unwanted low-order harmonics is avoided in this way, so that the output 

inverter voltages contain only two fundamental components at two required frequencies (plus, 

of course high frequency harmonics related to the switching frequency). The proposed 

SVPWM scheme for a series-connected two-motor drive is applicable in conjunction with 

current control in the rotating reference frame.  
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Chapter 8 
 

SPACE VECTOR MODULATION SCHEMES FOR SIX-PHASE 
VOLTAGE SOURCE INVERTER 

________________________________________________________________ 
 
 
 
8.1 INTRODUCTION 
 

It has been shown in section 2.3.1 that existing six-phase motor drives invariably 

utilise a quasi six-phase machine. This is the reason why most of the work related to SVPWM 

has been done for a quasi six-phase VSI. This chapter is devoted to the space vector 

modulation techniques for a six-phase VSI which can be used to feed a true six-phase 

machine.  

Gopakumar et al (1993) have developed a SVPWM technique for six-phase inverter 

feeding a quasi six-phase induction motor, having two sets of three-phase windings with 30º 

spatial phase displacements. Two three-phase inverters are used to feed two sets of three-

phase windings with dc link voltage of ( )0/ 2cos 15DCV  adjusted in such a way so as to produce 

the same amount of air gap flux as that of an equivalent three-phase machine. The total 

number of distinct non-zero space vectors with this inverter configuration is 60, lying on four 

distinct 12-sided concentric polygons. Only outer polygon, containing the largest length 

vectors, is used to implement the SVPWM and three vectors are used per switching cycle, 

similar to three-phase inverters. In comparison to three-phase VSI, which gives maximum 

fundamental peak output voltage of 0.577 DCV , this method yields fundamental peak voltage 

equal to 0.643 DCV . 

 For a similar quasi six-phase induction machine, Zhao and Lipo (1995) have proposed 

SVPWM that eliminates harmonic components of the order 6k±1 (k=1,3,5..), developed by 

using space vector decomposition technique. The harmonics of order 6k±1 (k=1,3,5..) do not 

contribute to the torque production but cause the output voltage and subsequently current 

distortion. It is therefore desirable to eliminate these harmonics. The total number of possible 

space vectors is again 64 in this configuration. These are transformed into three orthogonal 

pairs of axes, namely α β− , x-y and 0+-0-. The stator windings of each of two three-phase 

sets are connected to a separate neutral point, thus forming a double neutral topology. All the 
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components in 0+-0- plane are thus nullified because of the double neutral point connection. 

The aim of the SVPWM here is to maximise α β−  components and simultaneously minimise 

the x-y components. The value of average volt-second of α β− voltage space vectors is kept 

such as to satisfy the torque control requirement of the machine and the average volt-second 

of x-y voltage space vectors is kept at zero. Again, only the largest length vectors of the outer 

polygon are utilised in implementing the SVPWM. However, to synthesise the reference 

vector, four neighbouring active space vectors and zero space vectors are used, in contrast to 

the conventional method of using only two active neighbouring vectors and two zero state 

vectors. The required harmonic components are eliminated at the cost of high switching 

frequency of the inverter and complex DSP implementation. 

In order to simplify the DSP implementation, Hadiouche et al (2003) have proposed 

SVPWM based on the same space vector decomposition technique but most of the 

calculations are done off-line in advance. Mohapatra et al (2002) have also used the same 

concept of space vector decomposition as that of Zhao and Lipo (1995) to eliminate 

harmonics of the order 6k±1 (k=1,3,5..) for a quasi six-phase open-end winding configuration 

of an induction machine. Two sets of three-phase windings are fed from two ends using two 

two-level VSIs. The dc link voltages of two of VSIs are isolated from each other (in order to 

limit the triplen harmonics) and the ratio of their magnitudes is 1:0.366. 

 SVPWM for six-phase VSI, feeding a symmetrical true six-phase induction machine, 

has hardly been investigated, the exception being Correa et al (2003a) and (2003b). The major 

aim of the developed schemes in Correa et al (2003a) is to eliminate the common-mode 

voltage. A number of strategies based on mean common-mode voltage elimination and 

instantaneous common-mode voltage elimination have been investigated. For instantaneous 

common-mode voltage elimination, 60° sector configuration has been chosen which 

encompasses 20 space vectors with null common-mode voltage. Three different schemes 

utilising only two and four active vectors in each 60° sector have been developed. The scheme 

which utilises four active vectors (one large and three short) in first PWM period followed by 

another set of four active vectors (one large and three short) from the same sector in the 

second PWM period, yields better performance in terms of lower THD. The other two 

methods which utilise zero common-mode voltage vectors from large active vectors set only 

and short active vectors set only, produce similar results with the difference that the scheme 

with short vectors is operational for smaller range. Two different schemes have been 

suggested considering 30° sectors. One of these methods utilises five zero common-mode 



8. SPACE VECTOR MODULATION SCHEMES FOR SIX-PHASE VOLTAGE SOURCE INVERTER 
 

 227

active vectors and the second method also utilises five active vectors but two out of five are 

zero common voltage vectors. The first method yields better performance. 

 Two additional PWM schemes have been reported in Correa et al (2003b). Every 60° 

sector is viewed as consisting of four small equilateral triangles. The vectors used to 

synthesise input reference belong to the small triangular area in which input reference is 

available. One of the schemes utilises four active vectors with zero common-mode voltage 

while other method uses five active vectors with all non-zero common-mode voltage in each 

small triangular area. A comparison of different schemes has been presented and it is shown 

that the triangular based pattern yields better THD performance. 

 Yu et al (2003) have developed a SVPWM scheme for a quasi twelve-phase VSI. The 

quasi twelve-phase VSI is realized by using four three-phase VSIs with 15º phase shift 

between two subsequent three-phase VSI outputs. There are 212 = 4096 space vectors, out of 

which 4080 are the active state vectors and 16 are zero state vectors. To synthesise the 

reference vector only the 24 outer largest active state vectors and zero states are used. Once 

more, the two neighbouring active and zero state vectors are used in each sector to implement 

the SVPWM. This scheme greatly simplifies the control algorithm and provides very good 

performance. 

The SVPWM schemes presented in this chapter are based on the principle of the first 

method reported in Correa et al (2003a) and (2003b). The method, chosen to be elaborated 

here is based on the most natural choice of vectors (none on, one on, two on, three on, four 

on, five on and six on from upper leg of VSI) to implement SVPWM. The aim of this chapter 

is simply to analyse the principle of space vector modulation for six-phase VSI and thus the 

simplest method is adopted. One additional method is proposed in this chapter to further 

extend the range of operation of the existing SVPWM method. In addition, analytical 

expressions of average leg voltages are derived for every scheme presented in the chapter. 

Further, an analytical expression is derived and presented in the chapter to determine the 

range of operation of different SVPWM schemes. Finally, a SVPWM scheme is developed for 

a six-phase inverter feeding series connection of a six-phase and a three-phase machine. 

 
8.2 SPACE VECTOR MODULATION SCHEMES 

 
It has been shown in section 5.2 that the total number of space vectors available in a 

symmetrical six-phase VSI with single neutral point is 64. Out of these 64 space vectors, 54 

are active and ten are zero space vectors. These 64 space vectors in phase variable form are 
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transformed into three orthogonal sub-spaces composed of α β− , x-y and 0+-0- pairs of axes 

using power variant form of the transformation in the stationary reference frame, for the 

reason described in section 7.2. The scaling factor in transformation expression is 2/6 rather 

than 2 / 6 . Hence the space vectors representing inverter output phase voltages in different 

sub-spaces are obtained by using ( )2 / 6α π= , 

( )
( )
( )( )

2 3 4 5

2 4 2 4

0 0

2 / 6      

2 / 6

2 / 6 1/ 2                           

INV
a b c d e f

INV
a b c d e fxy

INV
a b c d e f

v v av a v a v a v a v

v v a v a v v a v a v

v v v v v v v

αβ

+ −

= + + + + +

= + + + + +

= ± + ± + ±

     (8.1) 

The 64 space vectors in transformed domains, calculated using (8.1) and phase-to-

neutral voltages in Tables 5.2, 5.12, 5.15 and 5.18, are given in Fig. 8.1. The lengths of the 

outer large space vectors are 2 / 3 DClv V= , the inner short space vectors are 1/ 3 DCshv V=  and the 

medium space vectors are 1/ 3 DCmv V= . The α β− or x-y planes can be visualised as being 

composed of three different hexagons, which are formed by the outer space vector set, the 

medium space vector set and the short space vector set. It is observed from Fig. 8.1 that six 

outer large space vector set of the α β− plane map into the origin of the x-y plane. These 

space vectors correspond to three adjacent switches being ‘on’ from upper (lower) set and 

three adjacent switches being ‘off’ from upper (lower) set or vice-versa (section 5.2). The 

other zero space vectors in the x-y plane are number 7, 8, 15 and 22. These four also form the 

zero space vectors in the α β−  plane. The space vectors 15 and 22 correspond to the upper 

switches of phases a, c, e being ‘on’ and lower switches from phases b, d, f being ‘on’ and 

vice-versa, respectively. Vectors 7 and 8 are the result of all the switches from lower set being 

‘on’ (upper set being ‘off’, as the switching of each leg is complimentary) and all the switches 

from upper set being ‘on’ (lower set being ‘off’), respectively. Thus the total number of zero 

space vectors remains ten in x-y plane, similar to α β−  plane. The six remaining zero space 

vectors in the α β−  plane form the six outer large length space vectors set in the x-y plane. 

These six space vectors, numbered as 41, 42, 43, 56, 57 and 58, correspond to four switches 

being ‘on’ from upper (lower) and two switches being ‘off’ from upper (lower) set or vice-

versa. The medium space vectors of x-y plane are obtained by mapping the short space 

vectors 9-14 and 16-21 from the α β−  plane. These vectors results when three switches are 

‘on’ from upper (lower) and three ‘off’ from upper (lower), or vice-versa, group. The 

remaining space vectors resulting with three switches ‘on’, three ‘off’, four switches ‘on’, two 
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‘off’ and five switches ‘on’, one off from α β−  plane map into the innermost region of the x-y 

plane, forming the set of short space vectors. 

1phasev

2 phasev3 phasev

44 ,phasev
59 phasev

1

2
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/ 3π / 6π
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61phasev

4 phasev
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47 ,phasev
62 phasev

5 phasev

5

48 ,phasev
63 phasev

6 phasev

6
49 ,phasev

64 phasev

axisα −

axisβ −

a. 

1 = vectors 9,16,23,29,35,50;  

2 = vectors 10,17,24,30,36,51;  

3 = vectors 11,18,25,31,37,52; 

4 = vectors 12,19,26,32,38,53; 

5 = vectors 13,20,27,33,39,54; 

6 = vectors 14,21,28,34,40,55; 

Zero vectors (not shown): 

7,8,15,22,41,42,43,56,67,58.  
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21phasev

43 phasev
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13 ,phasev
17 phasev

56 phasev
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,phase
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v

v
42 phasev

6
11 ,phasev
14 phasev

b. 

1 = vectors 29,32,35,38,45,48;  

2 = vectors 25,28,52,55,59,62; 

3 = vectors 30,33,36,39,46,49;  

4 = vectors 23,26,50,53,60,63;  

5 = vectors 31,34,37,40,44, 47; 

6 = vectors 24,27,51,54,61,64; 

Zero vectors (not shown): 

1,2,3,4,5,6,7,8,15,22.  

0+ axis

0- axis22 phasev 15 phasev11'2' 2

1/ 6 DCV

1/3 DCV

1/ 2 DCV

 
c. 

1 = vectors 2,4,6,9,11,13,16,17,20,23,25,27,29,31,33;  

2 = vectors 36,38,40,51,53,55;  

1’ = vectors 1,3,5,10,12,14,17,19,21,24,26,28,30,32,34;  

2’ = vectors 35,37,39,50,52,54; 

Zero vectors (not shown): 7-8, 41-49,56-64.  

Fig. 8.1. Six-phase voltage space vectors in: a. α β−  plane, b. x-y plane and c. 0+-0- plane. 
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The zero-sequence space vectors are examined next. Out of the two zero-sequence 

components, 0+ is non-existent, however, the second component 0- is present. It is seen from 

Fig. 8.1c that these vectors are on the same straight line with different magnitudes. The space 

vectors on the locations denoted by primed numbers in Fig. 8.1c have the same magnitudes as 

those on un-primed number locations, but the polarity is opposite. 

There are in total 12 sectors in the α β−  plane, each spanning 30º. Four different 

symmetrical SVPWM schemes are presented in this chapter. These schemes use the concept 

developed in Correa et al (2003a) and (2003b). The first method utilises three neighbouring 

active space vectors (two medium and one large) and the zero space vectors. The second 

method utilises four active space vectors, two medium and two short ones and the zero space 

vectors. The third and the fourth methods utilise five active space vectors and the zero space 

vectors. These two schemes are mutually different because of different times of application of 

large and short vectors. However, the first and the second method can be considered as the 

special cases of the third method. The modulation schemes presented in this chapter have 

different range of applicability with different harmonic contents. The performance of the 

discussed schemes has been investigated in terms of total harmonic distortion of output 

voltages similar to Correa et al (2003ba) and (2003b), however, the expression used for 

calculation of THD is different. The expression used here to determine THD is the same as 

the one used in section 7.2.3.5 to keep consistency. In addition to THD this chapter also 

investigates the performance in terms of low-order harmonic content in phase voltages. 

 It is to be noted from Fig. 8.1 that each 30° sector in the α β−  and the x-y plane is 

bounded by one large, two medium and six short space vectors. There could be numerous 

schemes to synthesise the reference voltage using the combination of available active and zero 

space vectors, as suggested in Correa et al (2003a) and (2003b). However, to keep low 

distortion in the output voltages it is mandatory to eliminate x-y components. Thus the 

reference voltage needs to contain only α β−  components. With this consideration, the volt-

second principle can be written as 
*

s l m sh os l m sh ov t v t v t v t v t= + + +         (8.2) 

where ,   and l m sht t t  represent time of application of large, medium and short space vectors, 

respectively. Splitting (8.2) into real and imaginary parts with * * *
sv v jvα β= +  and using the 

condition (1/ 2)sh lv v=  and 0ov = , one can obtain the expressions for time of application of 

different space vectors, as shown in Correa et al (2003a) and (2003b), as 
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* *

2
m msh

l s
l m l m

v v v vt
t t

v v v v
β α α β

α β β α

−
+ =

−
        (8.3a) 

* *
l l

m s
l m l m

v v v v
t t

v v v v
α β β α

α β β α

−
=

−
         (8.3b) 

where 

m mmv v jvα β= +  

l llv v jvα β= +           (8.3c) 

The time of application of zero space vector is then given as 

o s l m sht t t t t= − − −          (8.3d) 

The proportion of sub-division of time of application of large and short space vectors can be 

used as a control variable to modify the PWM pattern as suggested in Correa et al (2003a) and 

(2003b). This control variable, which is used as a degree of freedom, is defined in Correa et al 

(2003a) and (2003b) as 

/ 2
l

sh l

t
t t

ρ=
+

          (8.4) 

where 0 1ρ≤ ≤ . Using (8.4), (8.3a) can be re-formulated into 
* *

m m
l s

l m l m

v v v v
t t

v v v v
β α α β

α β β α

ρ
−

=
−

         (8.5a) 

( )
* *

2 1 m m
sh s

l m l m

v v v v
t t

v v v v
β α α β

α β β α

ρ
−

= −
−

        (8.5b) 

There could be many possible values of the control variable ρ . The schemes presented in the 

following sections are the result of various choices of the control variable ρ . 

 There is a greater degree of freedom in a six-phase VSI, compared to a five-phase 

VSI, in choosing the space vectors to synthesise the reference space vector. However, there 

are only eighteen distinct active space vectors and the rest are redundant vectors. The choice 

of space vectors to implement SVPWM is done in accordance with the first method proposed 

in Correa et al (2003a) and (2003b). The sequence of vectors applied during one half PWM 

period is the result of no switches on, one switch on, two switches on, three switches on, four 

switches on, five switches on, and then six switches on, from upper set. The second half of the 

PWM period is the mirror image of the first half period. The position of zero space vector in a 

PWM period ensures the symmetrical SVPWM.  
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The switching pattern thus generated for all twelve sectors is shown in Fig. 8.2. The 

voltages of six inverter legs take values of 1/ 2 DCV−  and 1/ 2 DCV  and the six traces illustrate, 

from top to bottom, leg A, B, C, D, E and F, respectively. 

V7 V29 V59 V1 V44 V23 V8 V23 V44 V1 V59 V29 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector I

 

V7 V30 V59 V2 V44 V24 V8 V24 V44 V2 V59 V30 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector II

 

V7 V30 V60 V2 V45 V24 V8 V24 V45 V2 V60 V30 V7

4
ot

4
sht

4
mt

2
lt

4
mt

2
ot

4
sht

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector III

 

V7 V31 V60 V3 V45 V25 V8 V25 V45 V3 V60 V31 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector IV

 

V7 V31 V61 V3 V46 V25 V8 V25 V46 V3 V61 V31 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector V

 

V7 V32 V61 V4 V46V25 V8 V25 V46 V4 V61 V32 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector VI

 

V7 V32 V62 V4 V47 V26 V8 V26 V47 V4 V62 V32 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector VII

 

V7 V33 V62 V5 V47 V27 V8 V27 V47 V5 V62 V33 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector VIII

 

V7 V33 V63 V5 V48 V27 V8 V27 V48 V5 V63 V33 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector IX

 

V7 V34 V63 V6 V48 V28 V8 V28 V48 V6 V63 V34 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector X

 

V7 V34V64 V6 V49 V28 V8 V28 V49 V6 V64 V34 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector XI

 

V7 V29 V64 V1 V49 V23 V8 V23 V49 V1 V64 V29 V7

4
ot

4
sht

4
mt

2
lt

4
mt

4
sht

2
ot

4
sht

4
mt

2
lt

4
mt

4
sht

4
ot

Sector XII

 

Fig. 8.2. Switching pattern and space vector disposition for one cycle of operation. 
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8.2.1 Application of large and medium space vectors (four vector values per switching 
period) 

 
 This scheme is similar to the one developed in Correa et al (2003b) as case 1 and is 

based on the utilisation of one large space vector, two medium space vectors and two zero 

space vectors in one PWM period. The control variable is chosen equal to one ( )1ρ = . The 

time of application of large space vectors becomes from (8.5a) for 1ρ =   
* *

m m
l s

l m l m

v v v v
t t

v v v v
β α α β

α β β α

−
=

−
         (8.6) 

while time of application of medium space vector remains to be given with (8.3b). The time 

of application of zero space vector is given with (8.3d) where 0sht = . The range of application 

of this space vector modulator can be found by determining the range of the input reference 

voltage for which the time of application of zero space vectors remains positive. The 

expression for time of application of zero space vectors is found, by substituting (8.5a), (8.5b) 

and (8.3b) in (8.3d), as 

( )( ) ( )( )* *2 2
1 l m l m

o s
l m l m

v v v v v v
t t

v v v v
β α α α β β

α β β α

ρ ρ⎡ ⎤− − − − −
⎢ ⎥= −

−⎢ ⎥⎣ ⎦
     (8.7) 

Hence for 0ot ≥  

( )( ) ( )( )* *2 2
1l m l m

l m l m

v v v v v v

v v v v
β α α α β β

α β β α

ρ ρ− − − − −
≤

−
      (8.8) 

From (8.8) the range of the input reference for which the time of application of zero space 

vectors remains positive is found as *0 1/ 3 DCsv V≤ ≤ for 1ρ = . Further, it is observed that the 

time of application of zero space vector is minimum at / 6α π=  in each sector, where angle α  

is measured from the starting point of every sector in anti-clockwise direction. The time of 

application of zero space vector is zero for the limiting condition of * 1/ 3 DCsv V= , 

consequently the locus of the output voltage is a circle with radius equal to 1/ 3 DCV . It is to be 

noted here that this value of input reference is also equal to the length of the medium vector. 

Hence the maximum achievable fundamental peak voltage from VSI using this space vector 

modulation is max 1/ 3 DCV V= . The modified switching pattern can be obtained from Fig. 8.2 by 

substituting 0sht = ( )i.e. 1ρ = . 

 The simulation is done for different peak values of the six-phase sinusoidal reference 

input ranging from maximum possible magnitude down to 10% of this value in 10% steps. 

Additionally, simulation is also done for 86.602%, and 57.735% of the maximum achievable 
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output. These two percentage values correspond to the maximum possible output when large, 

medium and short vectors are applied together (section 8.2.3) and when only short and 

medium vectors are applied together (section 8.2.2), respectively. The dc link voltage is set to 

one per unit and the switching frequency is 5 kHz. An analog first order filter with time 

constants of 0.8 ms is used to filter the high frequency components from the output phase 

voltages and the leg voltages. The resulting filtered phase and leg voltages, which correspond 

to the maximum input reference voltage, are depicted in Fig. 8.3 along with the harmonic 

spectrum of the phase ‘a’ voltage. The frequency of the reference input is kept at 50 Hz. The 

nature of the output from VSI using this space vector modulation scheme remains the same 

for the complete range of the input reference, except for a corresponding reduction in the 

magnitudes, and thus only one plot is shown here. The harmonic analysis of output phase 

voltages is done for all the cases ranging from maximum achievable down to 10% of this 

value. In addition to the harmonic analysis, two different total harmonic distortion factors are 

also evaluated (up to the 80th harmonic and the 500th harmonic) for the reasons discussed in 

section 7.2.3.5. The defining expression used to evaluate the total harmonic distortion is given 

with equation (7.38). The RMS values of the fundamental output voltage, low-order harmonic 

components and THDs are listed in Table 8.1. 
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Fig. 8.3. Output of VSI for input reference equal to the maximum achievable (1/ 3  p.u.): a. 
phase voltages, b. leg voltages, c. phase ‘a’ voltage and its harmonic spectrum, d. common-

mode voltage and its harmonic spectrum. 
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 It is observed from Fig. 8.3a and Fig. 8.3b that the phase voltages and the leg voltages 

are identical. This is because of the fact that the common-mode voltage does not exist, as is 

evident from Fig. 8.3d. The expression used to determine the common-mode voltage is given 

with (5.4). 

It is to be noted from Table 8.1 that the phase voltages contain a significant amount of 

the third harmonic component and this remains more or less constant throughout the range of 

the input (around 20% of the fundamental).  

 
Table 8.1. RMS of fundamental and low-order harmonic components, and THDs of output 

phase voltages. 
*
sv  

(p.u.) 

Fundamental (50 
Hz) 

Simulation RMS 
value (p.u.) 

3rd harmonic (150 
Hz, p.u.) 

THD1 (up to 4 kHz, 
p.u.) 

THD2 (up to 25 
kHz, p.u.) 

1/ 3  (Max) 0.408 0.081 (19.9%) 0.2158 0.4168 

86.602% of Max 0.353 0.072 (20.39%) 0.2235 0.4839 
80% of Max 0.326 0.07 (21.47%) 0.2371 0.6853 
70% of Max 0.285 0.06 (21.05%) 0.2611 0.8341 

57.735% of Max 0.235 0.049 (20.85%) 0.2699 0.9467 
50% of Max 0.204 0.042 (20.58%) 0.2971 1.1577 
40% of Max 0.163 0.031 (19.02%) 0.3584 1.3806 
30% of Max 0.122 0.026 (21.31%) 0.3997 1.7236 
20% of Max 0.081 0.018 (22.22%) 0.4376 2.1951 
10% of Max 0.04 7.8x10-3 (19.5%) 1.0894 3.1885 

 

 This third harmonic component in the output phase voltage is generated due to the 

zero-sequence component of the large space vectors. For instance, in sector 1 the active 

vectors used are 59, 1 and 44. The zero-sequence component due to vectors 59 and 44 is zero 

while it is 1/ 6 DCV−  for vector 1, as is evident from Fig. 8.1c. This causes the 3rd harmonic in 

the phase voltages. In sector I the x-y components of vector 1 are zero, while they are 

diagonally opposite to each other, with equal length, for vectors 44 and 59. Thus they cancel 

each other and the same applies to the other eleven sectors. Thus the x-y components are 

completely eliminated from the phase voltages and the harmonic components of the order 5,7 

etc. therefore do not exist (i.e. 6k±1 where k=1,3,5…). The THDs are seen to increase with 

the reduction in the input reference voltage. They have the highest values at 10% of the 

reference which is because of the fact that the lengths of the space vectors used to synthesise 

the input reference are very large compared to the required output vector length. 

 The analytical expressions for the leg voltages, averaged over one switching cycle and 

referenced to the mid-point of the dc bus of the six-phase VSI, can be deduced from the 

switching pattern of Fig. 8.2. For sector 1, one has 
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Substituting the expressions for times of application for different space vectors from (8.3b) 

and (8.6), the average leg voltages are found and the expressions are given in Table 8.2. 

The expressions for average leg voltages in eleven other sectors are obtained in a 

similar fashion. The expressions for sectors VII to XII are identical to those of sectors I to VI 

in the same order, but with opposite polarity, and are thus not given in Table 8.2. It is further 

to be noted from Table 8.2 that the expressions for legs D, E and F are the same as those for 

legs A, B and C with reverse polarity, which is expected since in six-phase system these two 

three-phase sets are in phase opposition one to the other. 

The plot of average leg voltages obtained using analytical expressions of Table 8.2 for 

maximum achievable reference input voltage is shown in Fig. 8.4a. Average leg voltages 

obtained using simulation are shown in Fig. 8.4b. 
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Fig. 8.4. Average leg voltages obtained: a. using analytical expressions of Table 8.2, b. using 
simulation.  

 

Fig. 8.4b was produced by following the same procedure as the one detailed in 

sections 7.2.1-7.2.3.1. By comparing Fig. 8.4a and Fig. 8.4b it can be concluded that the two 

are identical and thus this validates the analytical expressions of Table 8.2. 
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Table 8.2. Analytical expressions for average leg voltages when only large and 
medium vectors are used. 

Sector I Sector II Sector III 
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8.2.2 Application of medium and short space vectors (five vector values per switching 
period) 

 
This scheme is based on the utilisation of two medium space vectors (of identical 

position), two short space vectors (of the same position) and two zero space vectors in one 
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PWM period. For instance, in sector 1 the vectors used are 29, 59, 44 and 23. The sequence of 

vectors used in each sector is as shown in Fig. 8.2. This scheme is also suggested in Correa et 

al (2003b) but the results are not shown and thus this method is elaborated further in the 

present section. The control variable is chosen equal to zero ( )0ρ =  which causes the large 

vector application time to become zero. The time of application of short space vectors from 

(8.5b) with 0ρ =  becomes 
* *

2 m m
sh s

l m l m

v v v v
t t

v v v v
β α α β

α β β α

−
=

−
         (8.10) 

while time of application of medium space vectors remains to be given with (8.2b). The time 

of application of zero space vectors is given with (8.3d) where 0lt = . The maximum 

achievable fundamental peak voltage from VSI using this space vector modulation technique 

is determined by following the same approach as that of section 8.2.1. The time of application 

of zero space vectors remains positive for the input reference range equal to *0 1/ 3 DCsv V≤ ≤ . 

The time of application of zero space vectors is found to be minimum at 0α =  (i.e. at the 

starting point of every sector) and the limiting condition is * 1/ 3 DCsv V= . It is seen from Fig. 

8.1a that every sector starts with short vector in anti-clockwise direction and thus the output 

circular locus must have largest radius equal to the length of the short vector. Hence the 

maximum achievable fundamental peak voltage from VSI using this type of space vector 

modulation is max 1/ 3 DCV V= , which is 57.735% of the maximum achievable with the method 

analysed in 8.2.1. The switching pattern for this method can be obtained from Fig. 8.2 with 

0lt = . 

The simulation is done for different peak values of the six-phase sinusoidal reference 

input ranging from maximum possible magnitude down to 10% of this value in 10% steps. 

The simulation conditions are identical to those in section 8.2.1. The resulting filtered output 

phase and output leg voltages, which correspond to the maximum input reference voltage are 

depicted in Fig. 8.5 along with the harmonic spectrum of the phase ‘a’ voltage. The nature of 

the output from VSI using this space vector modulation approach remains the same for the 

complete range of the input reference except for a corresponding reduction in the magnitude, 

and thus only one plot is shown. The harmonic analysis of phase voltages is done for all the 

cases ranging from maximum achievable down to 10% of this value. In addition to the 

harmonic analysis, two different total harmonic distortions are also evaluated, similar to 

section 8.2.1. The RMS values of the fundamental output voltages, low-order harmonic 
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components and THDs are listed in Table 8.3. It is evident from Fig. 8.5d that the common-

mode voltage is again completely eliminated.  

It is seen from Table 8.3 that the phase voltages contain a significant amount of the 

third harmonic component and this remains more or less constant throughout the range of the 

input (around 40% of the fundamental). This third harmonic component in the phase voltage
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Fig. 8.5. Output of VSI for input reference equal to the maximum achievable (1/ 3  p.u.): a. 

phase voltages, b. leg voltages, c. phase ‘a’ voltage and its harmonic spectrum, d. common-
mode voltage and its harmonic spectrum. 

 
Table 8.3. RMS of the fundamental and low-order harmonic components, and THDs of output 

phase voltages. 
*
sv  

(p.u.) 

Fundamental (50 
Hz) 

Simulation RMS 
value (p.u.) 

3rd harmonic (150 
Hz, p.u.) 

THD1 (up to 4 kHz, 
p.u.) 

THD2 (up to 25 
kHz, p.u.) 

57.735% of Max 0.235 0.095 (40.42%) 0.4237 0.7157 
50% of Max 0.204 0.081 (39.7%) 0.4315 0.8395 
40% of Max 0.163 0.065 (39.87%) 0.4455 1.0395 
30% of Max 0.122 0.049 (40.16%) 0.493 1.3072 
20% of Max 0.081 0.034 (41.97%) 0.5788 1.5667 
10% of Max 0.04 0.0148 (37%) 0.9661 2.1813 

 
is generated due to the presence of the zero-sequence components of the short space vectors. 

For instance, in sector 1, the active vectors used are 29, 59, 44 and 23. The zero-sequence 

component due to 59 and 44 is zero, while it has magnitude of 1/ 6 DCV  for vectors 29 and 23, 
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as is evident from Fig. 8.1c. The sum of these two zero-sequence components is equal to 

1/ 3 DCV , which is double the magnitude compared to the zero-sequence caused by the large 

vector 1. Thus the 3rd harmonic component observed in this case is twice as much as the one 

of section 8.2.1, where the 3rd harmonic component was the consequence of the large vectors 

only. The x-y components are non-existent again because they lie diagonally opposite to each 

other and are of equal length. For instance in sector I the x-y components of vectors 29 and 23 

are diagonally opposite to each other, similar to vectors 44 and 59, and thus they cancel each 

other. The THDs follow the same trend as in section 8.2.1 but the values are higher. This is 

the consequence of an increased harmonic content in the output phase voltages, when 

compared to the output of the modulation in section 8.2.1.  

The analytical expressions for the leg voltages, averaged over one switching cycle, can 

again be deduced from the switching pattern (Fig. 8.2). For sector 1, one has 
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Substituting the expressions for times of application of different space vectors from (8.3b) and 

(8.10), the average leg voltages are found and are given in Table 8.4. The expressions for 

average leg voltages in eleven other sectors are obtained in a similar fashion. 

A similar conclusion can be dawn from the analytical expressions for the average leg 

voltages as in section 8.2.1. The plot of average leg voltages, obtained using analytical 

expressions of Table 8.4 for maximum achievable reference input voltage, is shown in Fig. 

8.6a. 

Average leg voltages of the six-phase VSI, obtained using simulation, when short and 

medium vector are used, are shown in Fig. 8.6b. Once again the same procedure is adopted 

here as in section 8.2.1 to produce Fig. 8.6b. By comparing Fig.8.6a and Fig. 8.6b it can be 

concluded that the two are identical and thus this validates the expressions of Table 8.4. 
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Table 8.4. Analytical expressions for average leg voltages when short and medium 
vectors are used only. 

Sector I Sector II Sector III 
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Fig. 8.6. Average leg voltages (short and medium space vectors applied) obtained: a. using 
analytical expressions of Table 8.4, b. using simulation.  
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8.2.3 Application of large, medium and short space vectors (six vector values per 
switching period, equal time of application of short and large vectors) 

 
This scheme is based on the utilisation of one large, two medium, two short and two 

zero space vectors in one PWM period. This scheme has been suggested in Correa et al 

(2003b) and is elaborated in this section. The control variable ρ  is chosen as 2 / 3ρ = , so that 

the times of application of large and short space vectors are equal and are given with  

 
* *2

3
m m

l sh s
l m l m

v v v v
t t t

v v v v
β α α β

α β β α

⎛ ⎞−
= = ⎜ ⎟⎜ ⎟−⎝ ⎠

        (8.12) 

 
while application time of medium space vectors is still given with (8.3b). The time of 

application of zero space vector is given with (8.3d). The range of operation of this space 

vector modulator is once again determined by using the criterion that time of application of 

zero space vectors must be positive. This range is found as *0 1/ 2 DCsv V≤ ≤ . The angle at which 

the application time of zero space vectors is zero is found to be at 0α = , similar to section 

8.2.2. The largest radius of the circular locus is at the limiting condition and is equal to 
* 1/ 2 DCsv V= . Hence the maximum achievable fundamental peak voltage output from VSI 

utilising this space vector modulation scheme is max 1/ 2 DCV V= , which is 86.602% of the 

maximum achievable with the method discussed in section 8.2.1. The switching pattern for 

this method can be obtained from Fig. 8.2 with l sht t= .  

The simulation is done for different peak values of the six-phase sinusoidal reference 

input ranging from maximum possible magnitude down to 10% of this value in 10% steps. 

The simulation conditions are identical to those in sections 8.2.1 and 8.2.2. The resulting 

filtered phase and leg voltages, which correspond to the maximum input reference voltage, are 

depicted in Fig. 8.7 along with the harmonic spectrum of the phase ‘a’ voltage and the 

common-mode voltage. The nature of the output from the VSI using this space vector 

modulation method remains again the same for the complete range of the input reference, so 

that only one plot is shown. It can also be seen from Fig. 8.7d that the common-mode voltage 

is once more eliminated and this is the reason why both the leg and the phase voltages are 

identical. The harmonic analysis of output phase voltages is done again for all the references 

ranging from the maximum achievable down to 10% and two THDs are also evaluated. The 

RMS values of the fundamental output voltages and THDs are listed in Table 8.5. 
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Fig. 8.7. Output of VSI for input reference equal to the maximum achievable (1/ 2  p.u.): a. 
phase voltages, b. leg voltages, c. phase ‘a’ voltage and its harmonic spectrum, d. common-

mode voltage and its harmonic spectrum. 
 

 
Table 8.5. RMS of fundamental component and THDs of output phase voltages. 

*
sv  

(p.u.) 

Fundamental (50 
Hz) 

Simulation RMS 
value (p.u.) 

THD1 (up to 4 kHz, 
p.u.) 

THD2 (up to 25 
kHz, p.u.) 

86.602% of (Max) 0.353 0.1113 0.4549 
80% of Max 0.326 0.1295 0.5133 
70% of Max 0.286 0.1311 0.5901 

57.735% of Max 0.235 0.159 0.8423 
50% of Max 0.204 0.2377 1.1794 
40% of Max 0.163 0.3395 1.3455 
30% of Max 0.122 0.3526 1.2636 
20% of Max 0.081 0.3827 1.4171 
10% of Max 0.04 0.4833 1.6398 

  

 The output from this space vector modulator does not contain any undesirable low-

order harmonics and is in essence sinusoidal. This is a consequence of the cancellation of x-y 
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and zero-sequence components. The elimination of these undesirable harmonics is the result 

of a proper choice of space vectors and their application time in each sector. For instance, in 

sector I, the active space vectors used are 29, 59, 1, 44 and 23. The only additional space 

vector in this scheme, compared to section 8.2.2, is the vector 1. It has already been explained 

that space vectors are in such a position in x-y plane that x-y components are cancelled. The 

x-y components due to the additional space vector number 1 are zero. The zero-sequence 

components are eliminated due to the equal time of application of large and short space 

vectors, thus leading to sinusoidal output (except for the PWM ripple). The THDs follow the 

same pattern as in sections 8.2.1 and 8.2.2. The magnitude of THDs is the smallest when 

compared to the values in sections 8.2.1 and 8.2.2, which is due to clean output voltage 

waveform.  

The analytical expressions for the leg voltages, averaged over one switching cycle, are 

deduced once more from the switching pattern (Fig. 8.2). For sector 1, one has 

 

( )/ 4 / 4 / 4 / 2 / 4 / 4 / 2 / 4 / 4 / 2 / 4 / 4 / 4
2

DC
A o sh m l m sh o sh m l m sh o

s

V
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           (8.13) 
 

By substituting the expressions for times of application for different space vectors 

from (8.3b) and (8.12), the average leg voltages are found and are given in Table 8.6. The 

expressions for average leg voltages in eleven other sectors are obtained in a similar fashion. 

A similar conclusion can be drawn from the analytical expressions for the average leg 

voltages as that of sections 8.2.1 and 8.2.2. The plot of average leg voltages is shown in Fig. 

8.8a. Average leg voltages, obtained using simulation, when small, medium and large vector 

are used, are shown in Fig. 8.8b. By comparing Fig.8.8a and Fig. 8.8b it can be concluded that 

the two are identical and thus expressions of Table 8.6 are validated. 

 



8. SPACE VECTOR MODULATION SCHEMES FOR SIX-PHASE VOLTAGE SOURCE INVERTER 
 

 245

Table 8.6. Analytical expressions for average leg voltages when short, medium and large 
vectors are used. 
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Fig. 8.8. Average leg voltages (short and medium space vectors applied) obtained: a. using 

analytical expressions of Table 8.6, b. using simulation.  
 

 
8.2.4 Application of large, medium and short space vectors (six vector values per 

switching period, variable time of application of short and large vectors) 
 

The scheme developed in this section is a novel technique for extending the range of 

operation of the existing SVPWM method discussed in section 8.2.3. This method is devised 

to be operational for input reference ranging from *1/ 2 1/ 3DC DCsV v V≤ ≤ . The motive behind 

this is to develop a method, which may be used for the input reference above 1/2VDC (above 

which SVPWM of section 8.2.3 is not operational) to obtain output close to sinusoidal. It is 

very much obvious from section 7.2.1 that, to extract the maximum possible output voltage 

from the inverter one ultimately has to revert to the use of only the largest vectors. In other 

words, one has to reduce the time of application of the short vectors linearly until they are 

dropped completely for the maximum possible input reference. Thus the principle of this 

method is to reduce the time of application of short vectors with increasing input reference 

until the application time reaches zero for input reference equal to the maximum possible. The 

idea is more clearly seen from Fig. 8.9, which depicts the variation of the control variable ρ  

for the input reference voltage between *1/ 2 1/ 3DC DCsV v V≤ ≤ . The control variable ρ  is 

linearly increased from 2/3 at * 1/ 2 DCsv V=  to one at * 1/ 3 DCsv V=  so that the time of application 

of short vectors becomes zero at this point. The expression of ρ  is obtained from Fig. 8.9 as, 

*2 3 3 4
3 2 3 3 3 6svρ −

= − +
− −

        (8.14) 
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Fig. 8.9. The variation of control variable with input reference voltage. 

 

Thus this scheme is based on the utilisation of one large, two medium, two short and 

two zero space vectors with variable time of application of the large and short space vectors. 

The times of application of large and short space vectors are given with (8.5a) and (8.5b), 

respectively but the control variable is now given with (8.14). The times of application of the 

medium and zero space vectors are still given with (8.3b) and (8.3d), respectively.  

A simulation is done again for different peak values of the six-phase sinusoidal 

reference input, ranging from 86.602% to 100% of the maximum achievable, with two 

intermediate input reference values of 95% and 90%. The resulting filtered phase voltages, 

filtered leg voltages and harmonic spectrum of phase ‘a’ voltage are shown in Figs. 8.10a-b 

for 95% and 90% of the maximum achievable. The simulation results at 86.602% and 100% 

of the maximum achievable are identical to those of Fig. 8.7 and Fig. 8.3, respectively, and 

are thus not shown. The RMS values of the fundamental output voltage and low-order 

harmonic components, obtained using FFT, are listed in Table 8.7. 

 
Table 8.7. RMS of fundamental and low-order harmonic components, and THDs of output 

phase voltages. 
*
sv  

(p.u.) 

Fundamental (50 
Hz) 

Simulation RMS 
value (p.u.) 

3rd harmonic (150 
Hz, p.u.) 

THD1 (up to 4 kHz, 
p.u.) 

THD2 (up to 25 
kHz, p.u.) 

1/ 3  (Max) 0.408 0.081 (19.9%) 0.2158 0.4168 

95% of Max 0.388 0.055 (14.3%) 0.1724 0.381 
90% of Max 0.367 0.023 (6.26%) 0.1205 0.4259 

86.602% of Max 0.353 0 0.1113 0.4549 



8. SPACE VECTOR MODULATION SCHEMES FOR SIX-PHASE VOLTAGE SOURCE INVERTER 
 

 248

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

Time (s)

O
ut

pu
t 

ph
as

e 
vo

lta
ge

s 
(p

.u
.)

a b c d e f 

 
a. 

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

Time (s)

O
ut

pu
t 

le
g 

vo
lta

ge
s 

(p
.u

.)

A B C D E F 

 
b. 

0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06
-1

-0.5

0

0.5

1

P
ha

se
 'a

' v
ol

ta
ge

 (
p.

u.
)

Time (s)

Time domain

10
1

10
2

10
3

10
4

0

0.1

0.2

0.3

0.4

P
ha

se
 'a

' v
ol

ta
ge

 s
pe

ct
ru

m
 r

m
s 

(p
.u

.)

f requency (Hz)

Frequency domain

 
c. 

 
 

Fig. 8.10a. Output of VSI for input 
reference equal to 95% of the maximum 
achievable (1/ 3  p.u.): a. phase voltages, 
b. leg voltages, c. phase ‘a’ voltage and its 

harmonic spectrum. 
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Fig. 8.10b. Output of VSI for input 
reference equal to 90% of the maximum 
achievable (1/ 3  p.u.): a. phase voltages, 
b. leg voltages, c. phase ‘a’ voltage and its 

harmonic spectrum. 
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It is seen from Table 8.7 that, with the increase in the input reference above 86.602% 

of the maximum achievable, the 3rd harmonic component is introduced in the output voltage 

waveforms and it increases further with the increase in the input reference magnitude. As the 

reference increases the control variable increases leading to increase in the time of application 

of the large vectors and a simultaneous decrease in the time of application of the short vectors. 

This results in the introduction of the zero-sequence component due to the large vector, 

leading to the 3rd harmonic component (and the 9th etc) in the phase voltages. 

 

8.3 COMPARISON OF SVPWM SCHEMES 

 
 This section presents a detailed comparison of different schemes analysed in the 

sections 8.2.1-8.2.4. The same comparison criteria are chosen as in section 7.2.3.5. The four 

methods discussed are applicable to different ranges of input reference voltage. To have a 

quick comparison of the range of operation, Fig. 8.11 shows the circular locus of maximum 

achievable output phase voltages from VSI utilising different space vector modulation 

schemes. 

8.2.1

8.2.3

8.2.2

( )max 1/ 3 DCV V=

( )max 1/ 3 DCV V=

( )max 1/ 2 DCV V=

8.2.4

axisα −

axisβ −

 
Fig. 8.11. Circular locus, corresponding to the largest radii (i.e. reference voltages) 

achievable with different types of SVPWM. 
 

Fig. 8.11 clearly shows that the scheme of section 8.2.1 can be used for the largest 

range while scheme of 8.2.4 can be used for the smallest range of the input voltage reference. 

It is worth emphasising here that the range of operation of a space vector modulator depends 

mainly upon the length of the space vectors used in the synthesis. The larger the length, the 
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larger will be the range. The same conclusion has also been drawn in section 7.2.3.5 in 

conjunction with the five-phase SVPWM. Once again it has been proved that, to obtain 

maximum possible output from VSI using SVPWM, one has to revert to the maximum 

available length vectors only.  

Figs. 8.12a-c compare the performance of different space vector modulators. These 

curves are the best fits of discrete results given in previous sections. Fig. 8.12a depicts the 

percentage of the 3rd harmonic component in the phase voltages with respect to the input 

reference voltage. It is observed that the 3rd harmonic in the phase voltages from VSI with 

space vector modulation of sections 8.2.1 and 8.2.2 is substantial and is more or less constant. 

Further, the 3rd harmonic with the space vector modulation of section 8.2.2 is twice that of 

scheme of section 8.2.1. The reason for this has already been explained in section 8.2.2. The 

method developed in section 8.2.4 produces a variable 3rd harmonic content, with the highest 

amount when the voltage reference equals the maximum achievable voltage. The output from 

the VSI with the space vector modulation of section 8.2.3 is free from the 3rd harmonic, but 

this method is applicable only up to 86.602% of the maximum achievable output. However, 

for sinusoidal phase voltage, this scheme can be utilised. Operating region can be extended up 

to the maximum achievable output by using the SVPWM of section 8.2.4, where the 3rd 

harmonic re-appears, for references above 86.602% 

 Figs. 8.12b-c show the plots of total harmonic distortions in output phase voltages. It 

is evident from Figs. 8.12b-c that the THD increases with the reduction in the input reference 

voltage. This is because the lengths of the space vectors used for synthesis become very large, 

compared to the length of the reference. The THD in Fig. 8.12b is seen to be the smallest for 

the space vector modulation of section 8.2.3 and is the largest for the space vector modulation 

of section 8.2.2. This is expected since the space vector modulation of section 8.2.2 produces 

a significant amount of triplen harmonic components. THDs in Fig. 8.12c, showing the 

combined effect of low-order and switching harmonics, follow the same trend as in Fig.8.12b. 

Based on the above observations it can be concluded that none of the methods can be 

used for the complete range of the input reference while giving near sinusoidal output and 

thus a combined scheme may be utilised. This is similar to the space vector PWM for a five-

phase VSI (Chapter 7). For input references up to 86.602% of the maximum, method given in 

section 8.2.3 can be used and for input references above this value the scheme of 8.2.4 may be 

utilised effectively. 
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Fig. 8.12. Performance of different space vector modulators from section 8.2.1-8.2.4: a. 3rd 
harmonic content in the output voltages, b. THD caused by low-order harmonics, c. THD 

caused by low-order and switching harmonics. 
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8.4 SPACE VECTOR MODULATION SCHEME FOR A SERIES-CONNECTED 
TWO-MOTOR DRIVE 

 
This section develops a space vector PWM technique for a six-phase VSI used to feed 

a six-phase and a three-phase machine connected in series with phase transposition, in order 

to provide decoupled control of the machines. The control of this two-motor drive 

configuration fed from a single six-phase inverter, using hysteresis and ramp-comparison 

current control schemes in stationary reference frame, has been explored in chapter 6. The 

aim of this section is to develop an appropriate SVPWM scheme for a six-phase VSI which is 

applicable in conjunction with current control in the rotating reference frame. 

The principle of control decoupling of a six-phase and a three-phase machine 

connected in series lies in the fact that the α β−  voltage/current components of the six-phase 

VSI control the six-phase machine and the x-y voltage/current components of the six-phase 

VSI control the three-phase machine. The x-y voltage/current components of the six-phase 

VSI appear as α β−  components for the three-phase machine. Thus the inverter feeding two-

motor drive configuration needs to provide six-phase supply for the six-phase machine and 

three-phase supply for the three-phase machine. The requirement on the space vector 

modulator is to keep the average volt-seconds of α β−  and x-y reference voltage space 

vectors such as to satisfy the flux/torque control requirements of the two machines. The 

approach towards realising this requirement, adopted here, is the simplest possible and is 

similar to the one discussed and applied in section 7.3. The effective rate of application of the 

two references (α β−  and x-y) is halved similar to section 7.3 and the references are applied 

in an alternating manner. 

Hence, the switching scheme used in the SVPWM is such that the six-phase inverter 

generates α β−  axis voltages in the first cycle of the PWM, while simultaneously 

eliminating the x-y axis components, to control the first machine (six-phase). In the second 

cycle it generates x-y axis voltages and simultaneously eliminates the α β−  axis voltages to 

control the second machine (three-phase). In essence, there are therefore two space vector 

modulators, α β−  and x-y modulator. The α β−  modulator imposes α β−  axis voltage in 

the first cycle and the x-y modulator imposes the x-y axis voltage in the next cycle. The 

α β−  modulator is identical to the one discussed in section 8.2.3. The x-y modulator is 

developed in this section.  

The requirement of x-y reference modulation is to produce a three-phase supply with 

only x-y voltage/current components. Thus the space vectors chosen here are such as to 
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generate two identical sets of three-phase voltages. The space vectors chosen comprise six 

large length vector set, numbered 41, 42, 43, 56, 57 and 58, from the x-y plane. These space 

vectors in corresponding α β−  plane are null vectors thus ensuring zero α β−  voltage 

components. The times of application of two neighbouring active vectors, shown in Fig. 8.13, 

are determined using the equal volt-seconds principle as 
* *

bl bl
al s

al bl al bl

v v v v
t t

v v v v
α β β α

α β β α

−
=

−
         (8.15) 

* *
al al

bl s
al bl al bl

v v v v
t t

v v v v
β α α β

α β β α

−
=

−
         (8.16) 

The time of application of zero space vectors is given as 

o s al blt t t t= − −           (8.17) 

α
/ 3π

alv

blv

*
sv

Img.

Real/ alal st t v

bl
bl

s

t v
t

 
Fig. 8.13. Principle of space vector time calculation for x-y modulator for a six-phase VSI. 

 

The maximum achievable output phase voltage from VSI with this modulator is 1/ 3 DCV  

(peak). The switching pattern and the space vector sequence for six sectors are shown in Fig. 

8.14. 

The simulation is done to evaluate the performance of the proposed space vector 

modulation. The simulation conditions of both α β−  modulator and x-y modulator are kept 

identical. As the inverter has to feed two machines connected in series, the dc link voltage is 

again arbitrarily set to 2 per unit and the switching frequency of both modulators is kept at 5 

kHz. The output phase voltage from VSI for the six-phase machine is limited to 
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0.5  (peak) or 0.353  (RMS)DC DCV V , as seen in section 8.2.3, while the maximum value for the 

three-phase machine is 1/ 3 DCV . Since α β−  modulator imposes α β−  axis voltages in the 

first cycle of the PWM and the x-y modulator produces x-y axis voltage in the second cycle, 

the effective frequency of the reference application becomes 2.5 kHz. The frequencies of the 

input references are once more 50 Hz and 25 Hz for the α β−  modulator and the x-y 

modulator, respectively, and the magnitudes are 0.5 (p.u.) peak or 0.353 (p.u.) RMS (which is 

for the three-phase modulation less than the maximum achievable value). An analog first 

order filter is used to filter the high frequency components from the output voltage 

waveforms. The filtered output phase voltages, leg voltages and harmonic spectra are shown 

in Fig. 8.15. 
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Fig. 8.14. Switching pattern and space vector disposition for one cycle of operation of x-y 
modulator. 

 

It is observed from the inverter phase ‘a’ voltage spectrum that it contains two fundamental 

frequency components, corresponding to 50 Hz and 25 Hz. The switching harmonics are 

appearing around multiples of 2.5 kHz, as expected. The fundamental voltage component of 

50 Hz controls the first machine (six-phase) and the 25 Hz voltage fundamental component 

controls the second machine (three-phase). The 50 Hz fundamental is thus seen in the α -axis 
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Fig. 8.15. Output from VSI for input 
reference voltage of 0.5 p.u. peak: a. output 

phase voltages, b. output leg voltages, c. 
inverter phase ‘a’ voltage and its harmonic 

spectrum, d. inverter output α -axis 
voltage and its harmonic spectrum, e. 
inverter output x-axis voltage and its 

harmonic spectrum. 
 
 

voltage harmonic spectrum, while 25 Hz fundamental appears in the x-axis harmonic 

spectrum. It is further to be noted that the output phase voltages do not contain any 

undesirable low-order harmonic components. 

 

8.5 SUMMARY 
 
 This chapter is devoted to the space vector modulation techniques for a six-phase VSI. 

The original idea is taken from Correa et al (2003a) and (2003b). The SVPWM analysed in 

this chapter is based on the powerfull technique of space vector decomposition. The original 

six-dimensional space vectors of six-phase VSI are transformed into three two-dimensional 
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orthogonal planes, namely α β− , x-y and 0+-0- using transformation matrix. Based on the 

space vector dispositions, a method of using only medium and large space vectors is firstly 

investigated. This method is shown to generate a significant amount of the 3rd harmonic 

component but it is operational for the complete range of the input reference. Another 

approach based on using space vectors from medium and short sets is investigated next. This 

method produces the worst results since the magnitude of the 3rd harmonic is doubled and the 

range of operation is the smallest. Another method is then analysed which has been reported 

in Correa et al (2003a) and Correa et al (2003b) and is based on the use of space vectors from 

the large, medium and short vector sets to generate sinusoidal phase voltages. This yields 

clean phase voltages but is operational only up to 86.602% of the maximum achievable 

output. The fourth SVPWM technique extends the operating region for input reference from 

86.602% up to 100% of the maximum achievable at the cost of re-introduction of triplen 

harmonics. A comprehensive comparison of different space vector modulators is also given in 

this chapter and finally a combined scheme is suggested to cover the entire range of the input 

reference variation. 

Finally, a SVPWM scheme, suitable for application in conjunction with series-

connected six-phase two-motor drive, is proposed. It combines two SVPWM modulators, 

which are used in a sequential manner to generate α β−  (six-phase voltages) and x-y (two 

identical three-phase voltage sets) inverter voltage references. Generation of any unwanted 

low order harmonics is avoided in this way, so that the output inverter voltages contain only 

two fundamental components at two required frequencies (plus, of course high frequency 

harmonics related to the switching frequency). The proposed SVPWM scheme for a series-

connected two-motor drive is applicable in conjunction with current control in the rotating 

reference frame.  
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Chapter 9 
 

EXPERIMENTAL INVESTIGATION 
________________________________________________________________ 
 
 
 
9.1 INTRODUCTION 
 

This chapter is devoted to the experimental proof of decoupled dynamic control of two 

five-phase series-connected machines, supplied from one five-phase VSI and controlled using 

indirect rotor flux oriented control scheme. The chapter at first describes the experimental rig. 

This is followed by detailed presentation of experimental results. The variable frequency 

supply for five-phase machine drive is obtained from two commercially available three-phase 

inverters, which are configured as a five-phase current controlled VSI. This is a part of the 

four three-phase inverter assembly capable of supplying three- to twelve-phase 

configurations. It can control up to five series-connected multi-phase machines, provided that 

at least one of the machines operates in sensor-less speed mode, or up to four machines in full 

sensored mode. 

The dynamic performance of a single five-phase induction machine and a single five-

phase synchronous reluctance machine under indirect vector control condition is investigated 

first. Acceleration, deceleration and reversing transients are studied for a wide range of 

speeds. The induction motor drive behaviour for step loading and unloading is also examined. 

The second stage of experimental testing is related to five-phase series-connected two-

motor drive configurations. Two five-phase series-connected induction machines are tested 

first for the same acceleration, deceleration and reversing transients. The performance for step 

loading and unloading is also investigated. One of the induction machines is held at constant 

speed while transients are initiated for the other induction machine. This enables a direct 

comparison of single-motor and two-motor drive behaviour.  

Next, two different types of five-phase machines (an induction and a synchronous 

reluctance) are connected in series and supplied from one five-phase VSI to prove the control 

decoupling among these machines. The transients investigated are once more acceleration, 

deceleration, reversing and loading/unloading. The induction machine is allowed to run at a 

constant speed and transients of the synchronous reluctance machine are recorded, and vice-

versa.  
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Finally, steady state current and voltage measurement results are reported for single-

motor and two-motor drive systems. Some of the results presented in this chapter can be 

found in Iqbal et al (2005). 

 

9.2 DESCRIPTION OF THE EXPERIMENTAL RIG 

 
 A multi-phase inverter, multi-phase motors and a drive control system constitute the 

main components of the experimental rig used in this work. The five-phase VSI is constructed 

using two three-phase commercially available industrial, MOOG DS2000, drives as shown 

schematically in Fig. 9.1. Each drive is rated at 14/42 A/A (continuous RMS/transient peak). 

The two drives are part of the twelve-phase rig, constructed by using four three-phase 

inverters and shown in Fig. 9.2 [Jones (2005)]. The right-hand half of the complete power 

electronic system of Fig. 9.2 is used in the work presented in this chapter. The three-phase 

drives are powered from the common three-phase mains 415 V, 50 Hz supply. Each drive 

comprises a 6-pack IGBT bridge (three-phase inverter), dynamic brake and a three-phase 

uncontrolled bridge rectifier with the dc link circuit. The power connections of the dc-bus 

(‘+AT’ for the positive rail and ‘-AT’ for 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. However, in this work only five out of the total of six phases are 

utilised and hence one of the phases is kept floating. The first (left-hand side) three-phase 

inverter supplies phases A, C and E, while the second inverter (right most) supplies phases B 

and D. Each DS2000 drive has an internal dynamic braking circuit with IGBT and associated 

control, along with an external braking resistor, which allows the excessive dc voltage to be 

suppressed during the braking period. The power circuit topology of the five-phase inverter is 

shown in Fig. 9.3. 

 The purpose of the five-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 

of the five-phase inverter phases has a Hall-effect current sensor (LEM) for measuring the 

output phase current. For this purpose, an additional LEM sensor has been added to one of the 

DS2000 (the first one, which is supplying three phases) since a standard DS2000 drive is 

aimed for a three-phase servomotor drive and is therefore equipped with only two current 

sensors. Hence all the five-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 

2n equidistant samples of the current are taken and averaged in each switching period. Current 
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signals, which are now ripple-free, are further used for current control. Each DS2000 has its 

own DSP (Texas instruments TMS320F240). The purpose of the DSP is to read the analogue 

signals representing the current references, to read the current feedback from LEM sensors, to 

perform the function of digital phase current control and to produce necessary PWM pattern. 

Additionally, the DSP does the auxiliary functions such as the conditioning of the encoder 

pulses, communication, parameter settings, offset calibration etc. The DSP performs current 

control in the stationary reference frame using digital form of the ramp-comparison PWM, 

with the PI current controller in the most basic form. The structure of the current controller is 

shown in Fig. 9.4. If the current control is performed in the manner shown in Fig. 9.4, the 

phase current error cannot be driven to zero [Jones (2005)]. The main control code, which 

performs indirect rotor flux oriented vector control, closed loop speed control and current 

mixing algorithm, is written in C programming language and runs on a PC under DOS 

platform. It is necessary to provide the C-code with the motor shaft positions and measured 

phase current values for subsequent post-processing of results. C-code sends the current 

references to the DS2000 drives in analogue form. For this purpose a dedicated interface 

board, plugged into the LPT1 port, is used to interface the PC with the drives. The board is 

based     on  Xilinx     Spartan-family  FPGA       (field  programmable  gate  array)        device 

PC

A  C  E
Resolver

(IM1)

B  D
Resolver

(IM2)

PC Interface Card
with FPGA

(LPT1)

DS2000

+AT
-AT

DS2000

+AT
-AT

 
Fig. 9.1. Block schematic of the five-phase experimental rig. 
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Fig. 9.2. Experimental 12-phase rig, capable of driving up to four series-connected motors in 
sensored mode (up to five, if at least one motor operates in speed sensorless mode). 
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Fig. 9.3. Power circuit topology for a five-phase motor drive. 

and is programmed using VHDL (very high speed integrated circuit hardware description 

language) in the Xilinx foundation 3.1 design tool. The LPT1 board has three MAX525 ICs, 

each of them being a quadruple 12-bit D/A converter connected to the FPGA over a bus, and 

MAX1202 A/D converter with 8 channels of 12-bit resolution. The A/D converter also 

communicates to the FPGA chip through the same bus. In addition the LPT1 board has IC 

65LBC173 that serves as an interface between FPGA and encoder pulses. The board 

communicates with the PC through the parallel port and over a flat cable with DS2000. The 
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LPT1 board delivers to the C-code the shaft positions values, and the C-code sends to the 

drives the current references in an analogue form, over D/A converters. Measured phase 

currents are passed to the PC as well, for storage purposes. The LPT1 board generates an 

interrupt every 220μs for the PC. Within the interrupt, the communication routine is activated 

and all the necessary data are exchanged with the real world. Main control part of the software 

is executed each 220μs and it follows after the communication part. 
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Fig. 9.4. Current controller structure for five-phase inverter.

 
Each motor is equipped with a shaft position sensor (resolver). The resolver signals 

are sent to the DS2000 drives, where the DSPs perform the necessary signal processing. At 

the output of each DS2000 drive, simulated encoder pulses are generated. These signals are 

sent to the LPT1 interface board, where the FPGA circuit counts the encoder pulses and 

generates the motor shaft position in a digital form. The PC reads the shaft position and 

provides the necessary control actions. The LPT1 board uses four channels of A/D converter 

for data acquisition. Each 220μs four analogue current inputs are sampled. These A/D inputs 

are used to record the measured inverter phase currents namely A, B, D and E (A and E from 

the inverter supplying three phases and B and D from inverter supplying two phases) and to 

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 (for two induction motor drive 

case). 

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, 
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actual inverter currents (phases A, B, D, E), q-axis current references and motor speeds. The 

whole experimental set up is shown in Fig. 9.5. 

 

 
Fig. 9.5. Experimental rig for five-phase single-motor and two-motor drive. 

 

9.3 DETAILS OF THE MOTORS USED IN THE EXPERIMENTS 

 
 Three motors are used in this experimental rig. Two of them are identical five-phase 

induction  motors while one is a five-phase synchronous reluctance motor. The two five-phase 

induction motors are obtained by designing new stator laminations and a five-phase stator 

winding for an existing three-phase squirrel cage type induction machine. The rotor was kept 

the same. The original three-phase induction motor was 7.5 HP, 460 V and 60 Hz. For the 

five-phase machines the number of stator slots is 40 and the rotor has 28 unskewed slots. 

There are 10 separate coils (with both coil ends available) in the stator winding where two 

coils belong to one phase. Thus the motor windings are open ended. Two coils of each phase 

are connected in parallel to form one phase winding. The two five-phase induction motors are 

shown in Fig. 9.6. The five-phase synchronous reluctance motor is also obtained from the 

same three-phase induction motor. The stator with 40 slots is wound to accommodate five-

phase winding and is the same as for five-phase induction machines. The rotor is obtained 

from the original three-phase induction motor squirrel cage rotor by cutting out the slot depth 

at four 45° mechanical spans, thus forming a salient four-pole rotor structure. Fig. 9.7 depicts 

the five-phase synchronous reluctance motor. 
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Fig. 9.6. Two five-phase induction motors used in the experimentation. 

 

 
 

Fig. 9.7. Five-phase synchronous reluctance motor used in the experimentation. 

 
A permanent magnet dc machine is used as a dc generator for loading purposes. The 

rating of the dc machine is 180 V, 24.5 A, 3.7 kW and 1750 rpm. A variable resistor bank is 

used as a load for the dc generator. The loading arrangement is shown in Fig. 9.8. Load 

profile of the five-phase induction motor is examined for various setting of the resistor bank. 

Induction motor is coupled to the dc generator whose armature terminals are connected to the 

resistor bank. Armature voltage and current are measured for various loading and speed 

settings and output torque is calculated. The variation of torque with speed is shown in Fig. 
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9.9. Since the excitation of the dc generator is constant, torque is almost linearly proportional 

to the operating speed.  

 
Fig. 9.8. Loading arrangement for five-phase motor. 
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Fig. 9.9. Variation of torque with speed of the vector controlled induction motor drive for 

various loads on dc generator. 
 

9.4 TRANSIENT PERFORMANCE OF THE FIVE-PHASE INDUCTION MOTOR 

 
A series of experimental tests are performed in order to examine the dynamic 

performance of the five-phase induction motor operating under indirect rotor flux oriented 

control. Since the two five-phase induction motors used for series connection, elaborated in 

section 9.6, are identical, the results for one of them are presented in this section. The tests are 
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performed with the stator windings of the two five-phase induction motors connected in series 

with appropriate phase transposition (Fig. 4.1). The current references for the idle motor are 

removed in the C-code. Thus the idle motor represents a static R-L load for the drive. This 

configuration ensures the same operating conditions for the current controllers as in the case 

when both motors are running (section 9.6). The drive is operated in the base speed region 

(constant flux) with constant stator d-axis current reference (2.5 A RMS). The q-axis current 

is limited to 5 A RMS. The five-phase induction motor is fitted with a resolver and operates in 

sensored speed mode. The speed commands are given to the motor through the keyboard of 

the PC. Indirect rotor field oriented control is executed, phase current references are generated 

and sent to the DSPs, which then perform necessary current control calculations and send 

switching signals to the inverter. The transient data are logged into the PC and are further 

processed using MATLAB code. The results of the experimental study are illustrated for all 

transients by displaying the speed response, stator q-axis current reference (peak value), and 

actual current and reference current for one inverter (stator) phase. A step speed command is 

initiated in all the cases. There is no inertia wheel fitted to the motor nor is the motor coupled 

to any other motor. It operates under no-load conditions. 

Acceleration transients, starting from standstill, are shown in Figs. 9.10 a-d. The step 

speed command is 300 rpm, 500 rpm, 800 rpm and 1000 rpm, respectively and is applied at t 

= 0.22 s. The total duration of the transient, recorded here, is 1 s. Typical behaviour of a 

vector controlled induction motor 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 transients illustrated in Figs. 9.11 a-d. The motor is 

decelerated from 300 rpm, 500 rpm, 800 rpm and 1000 rpm, respectively, down to zero speed. 

The same quality of performance as for the acceleration transient is obtained.  

Next, reversing performance of the drive is investigated. Transitions from 300 rpm to 

–300 rpm, 500 rpm to –500 rpm, 800 rpm to –800 rpm and 1000 to –1000 rpm are depicted in 

Figs. 9.12 a-d. Prolonged operation in the stator current limit results in all the cases, leading to 

rapid change of direction of rotation. Measured phase current and reference phase current are 

once more 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). 
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Fig. 9.10.  Transient performance of the five-phase induction motor during acceleration: a. 0 
to 300 rpm, b. 0 to 500 rpm, c. 0 to 800 rpm, d. 0 to 1000 rpm.
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Fig. 9.11.  Transient performance of the five-phase induction motor during deceleration: a. 
300 to 0 rpm, b. 500 to 0 rpm, c. 800 to 0 rpm, d. 1000 to 0 rpm.
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Fig. 9.12. Reversing transient of the five-phase induction motor: a. 300 to -300 rpm, b. 500 to 
-500 rpm, c. 800 to -800 rpm, d. 1000 to -1000 rpm. 
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Next, one induction motor is coupled to the dc generator and the drive performance during 

step loading and step unloading is examined. The results are illustrated in Fig. 9.13a and Fig. 

9.13b, respectively. The induction motor is at first brought to 500 rpm under no-load 

condition. During steady state operation a step load is applied by switching the loading 

resistor ‘on’ (set to 12 Ω). Similarly, for step unloading, the motor is initially running loaded 

and the load is then removed. A poorly damped oscillation is observed in the q-axis current 

reference, especially for the unloading transient. This is believed to be due to speed controller 

setting which, is kept the same as for the other studied transients. The speed controller has 

been tuned to yield a good response to speed reference changes (Fig. 9.10 to Fig. 9.12) before 

its connection to the dc generator (i.e. with a considerable lower inertia than it is in the case of 

transients of Fig. 9.13). 
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Fig. 9.13. Transient performance of the five-phase induction motor during: a. step  loading at 
500 rpm, b. step unloading at 500 rpm.
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9.5 TRANSIENT PERFORMANCE OF THE FIVE-PHASE SYNCHRONOUS 
RELUCTANCE MOTOR 

 
 A series of experimental tests are performed in order to examine the dynamic 

performance of the five-phase synchronous reluctance motor operating under indirect rotor 

flux oriented control. The test conditions are the same as those of section 9.4. The drive is 

operated in the base speed region. One particular salient feature of the synchronous reluctance 

motor is the way in which the d-axis current reference is set. There are many different 

algorithms [Nasar et al (1993), Kazmierkowski et al (2002)], the simplest one being operation 

with constant stator d-axis current reference setting. Such an approach was initially adopted 

and tested. Setting of d-axis current reference to 2.5 A RMS was found to produce excellent 

dynamics but it simultaneously led to excessive stator q-axis current reference in steady state 

no-load operation. Reduction of d-axis current reference to 1 A RMS resulted in acceptable q-

axis current steady state value but led to instability for large speed transients. The solution 

implemented in the rig is a simple algorithm, illustrated in Fig. 9.14. Stator d-axis current 

reference is fixed to 1 A RMS as long as q-axis current reference is below 1 A RMS. 

Similarly, if q-axis current reference exceeds 2.5 A RMS, d-axis current reference is fixed to 

2.5 A RMS. In between, d-axis current reference is made equal to q-axis current reference.  

Thus the stator d-axis current reference value is a non-linear function of stator q-axis current 

reference value, Fig. 9.14. The q-axis current is limited to 5 A RMS. The vector control 

scheme of the five-phase synchronous reluctance motor is depicted in Fig. 9.15. 

1 2.5

1

2.5

q-axis current
reference (A)

d-axis
current

reference
(A)

 
Fig. 9.14. Relationship between stator d-axis current reference and stator q-axis 

current reference (RMS values). 

The five-phase synchronous reluctance motor is fitted with a resolver and it operates 

in sensored speed mode. The procedure of testing followed here is the same as the one 

explained in section 9.4. The results of the experimental study are illustrated once more for all 

transients by displaying the speed response, stator q-axis current reference (peak value), and 
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actual current and reference current for one inverter (stator) phase. A step speed command is 

initiated in all the cases. There is no inertia wheel fitted on the motor and it is also not coupled 

to any other machine. Hence it operates under no-load condition.  
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rje φ
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d/dt
θ

rφ θ=ω
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siα
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siβ

*
dsi

*
qsi

+

 
Fig. 9.15. Vector control scheme for the five-phase synchronous reluctance motor. 

Acceleration transients, starting from standstill, are shown in Figs. 9.16 a-d. The step 

speed command is 300 rpm, 500 rpm, 600 rpm and 800 rpm, respectively, and is applied at t = 

0.22 s. The total duration of transients, recorded here, is again 1 s. The nature of the dynamic 

response of the five-phase synchronous reluctance motor is similar to that of the five-phase 

induction motor, except for a higher ripple in the speed and stator q-axis current reference. 

The resulting higher ripple in the inverter (stator) phase current can also be observed. The 

origin of the ripple is two-fold. First of all, for all stator q-axis current references in between 1 

A and 2.5 A RMS, stator d-axis current reference varies. Hence any change of q-axis current 

reference causes change in d-axis current reference. The second source of ripple is inherent to 

synchronous reluctance machines [Jovanovic (1996)] and is due to the slotting effect and 

saliency of the rotor structure. However, measured and reference inverter (stator) phase 

current are in good agreement. Another important observation from the q-axis current 

reference plot is that the synchronous reluctance motor draws a significant amount of q-axis 

current under steady state no-load condition. It is further seen that this value increases with 

the increase in the operating speed. This phenomenon is attributed to the structure of the five-

phase reluctance motor under test. Under no-load operating condition, the motor has to 

generate sufficient electromagnetic torque to overcome the no-load losses of the machine, 

which are neglected in the vector controller development. This torque is proportional to the 

product of d-axis current, q-axis current and the difference between the d-axis and q-axis 

inductances ( ( )e d q ds qsT k L L i i= − ). Thus the amount of q-axis current drawn by the motor 
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depends upon the saliency of the rotor and the operating speed, since both mechanical and 

iron losses increase with speed. 
The second test is a deceleration transient, illustrated in Figs 9.17 a-d. The motor is 

decelerated from 300 rpm, 500 rpm, 600 rpm and 800 rpm, respectively, down to zero speed. 

The same quality of performance as for the acceleration transient is obtained. However, the q-

axis current reference is now present in the beginning when the motor is running at certain 

speed before the transient. The q-axis current reference reaches zero after the transient is over, 

because the motor reaches stand-still condition. 

Next, reversing performance of the drive is investigated. Transitions from 300 rpm to 

–300 rpm, 500 rpm to –500 rpm, 600 rpm to –600 rpm and 800 to –800 rpm are depicted in 

Figs. 9.18 a-d. Once again the same quality of performance as for acceleration and 

deceleration is observed. The change in the direction of rotation is also evident in the inverter 

(stator) phase current where the change in phase sequence is clearly seen. The q-axis current 

reference is once again seen to be present during the period of normal running at any non-zero 

speed. 

 
9.6  DYNAMICS OF THE SERIES-CONNECTED FIVE-PHASE TWO-MOTOR 

DRIVE SYSTEM (TWO INDUCTION MOTORS) 
 
 This section present the experimental results for the five-phase two-motor drive with  

two induction motors. A number of tests are performed to validate experimentlly the existence 

of decoupled dynamic control in the five-phase series-connected two-motor drive, elaborated 

in section 4.2. The two identical five-phase induction motors, discussed in section 9.3, are 

connected in series according to Fig. 4.1. The first motor which is connected directly to the 

five-phase VSI is labelled as IM1 and the second motor which is connected to the first 

induction motor with appropriate phase transposition is called IM2. Both motors are equipped 

with resolvers and operate in sensored speed mode. The resolver of IM1 is connected to the 

left DS2000 (suplying three phases) and the resolver of IM2 is connected to the right DS2000 

(suplying two phases). Operation in the base speed region only is considered and the stator d-

axis current references of both motors are constant at all times and equal to 2.5 A (RMS). The 

q-axis current reference limit is set to 5 A (RMS) for both motors. Both motors are running 

under no-load conditions. The C-code, running on the PC, performs closed loop speed control 

and  indirect  rotor flux oriented  control according to Fig. 3.10, in parallel for the two motors. 
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Fig. 9.16. Acceleration transients of the five-phase synchronous reluctance motor: a. 0 to 300 
rpm, b. 0 to 500 rpm, c. 0 to 600 rpm, d. 0 to 800 rpm.
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Fig. 9.17. Deceleration transients of the five-phase synchronous reluctance motor: a. 300 to 0 
rpm, b. 500 to 0 rpm, c. 600 to 0 rpm, d. 800 to 0 rpm.



9. EXPERIMENTAL INVESTIGATION 
 

 275

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

300

-300

Time (s)

S
pe

ed
 (

rp
m

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8

-6

-4

-2

0

2

4

speed

q-axis current reference

S
ta

to
r 

q-
ax

is
 c

ur
re

nt
 r

ef
er

en
ce

 (
A

)

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8
-6
-4
-2
0
2
4
6
8

Time (s)

In
ve

rt
er

 p
ha

se
 "

d"
 c

ur
re

nt
 (

A
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8
-6
-4
-2
0
2
4
6
8

measured

reference
In

ve
rt

er
 p

ha
se

 "
d"

 c
ur

re
nt

 r
ef

er
en

ce
 (

A
)

 
a. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-500

0

500

800

Time (s)

S
pe

ed
 (

rp
m

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8

-6

-4

-2

0

2

4

S
ta

to
r 

q-
ax

is
 c

ur
re

nt
 r

ef
er

en
ce

 (
A

)

speed 

q-axis current reference 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8
-6
-4
-2
0
2
4
6
8

Time (s)

In
ve

rt
er

 p
ha

se
 "

d"
 c

ur
re

nt
 (

A
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8
-6
-4
-2
0
2
4
6
8

measured

reference

In
ve

rt
er

 p
ha

se
 "

d"
 c

ur
re

nt
 r

ef
er

en
ce

 (
A

)

 
b. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

800

600

-600

0

Time (s)

S
pe

ed
 (

rp
m

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8

-6

-4

-2

0

2

4

S
ta

to
r 

q-
ax

is
 c

ur
re

nt
 r

ef
er

en
ce

 (
A

)

speed 

q-axis current reference 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8
-6
-4
-2
0
2
4
6
8

Time (s)

In
ve

rt
er

 p
ha

se
 "

d"
 c

ur
re

nt
 (

A
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8
-6
-4
-2
0
2
4
6
8

measured

reference

In
ve

rt
er

 p
ha

se
 "

d"
 c

ur
re

nt
 r

ef
er

en
ce

 (
A

)

 
c. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-800

0

800

1000

Time (s)

S
pe

ed
 (

rp
m

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-6

-4

-2

0

2

4

S
ta

to
r 

q-
ax

is
 c

ur
re

nt
 r

ef
er

en
ce

 (
A

)

speed 

q-axis curret reference 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8
-6
-4
-2
0
2
4
6
8

Time (s)

In
ve

rt
er

 p
ha

se
 "

d"
 c

ur
re

nt
 (

A
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-8
-6
-4
-2
0
2
4
6
8

measured

reference

In
ve

rt
er

 p
ha

se
 "

d"
 c

ur
re

nt
 r

ef
er

en
ce

 (
A

)

 
d. 

Fig. 9.18. Reversing transients of the five-phase synchronous reluctance motor: a. 300 to –300 
rpm, b. 500 to –500 rpm, c. 600 to –600 rpm, d. 800 to –800 rpm. 
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Individual stator current references of the two motors are calculated according to (4.75) and 

(4.76) and summed according to (4.77) to form inverter phase current references.  

The approach adopted in the experimental investigation is similar to the one used in 

Jones (2005). Both motors are excited and brought to a certain steady state operating speed. A 

step speed transient is then initiated for one of the two motors, while the speed reference of 

the other remains constant. If the control is truly decoupled, operating speed of the motor 

running at constant speed should not change when a transient is initiated for the other motor. 

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 motor running at constant 

speed, since this indicates absence of any speed error at the input of the speed controller. In 

addition the phase current of the motor running at constant speed should remain undisturbed 

during the transient of the other motor. Experimentally obtained traces include in all cases 

speeds, stator q-axis current references (peak values), stator phase current references (one 

phase only) for both motors, and the measured and reference current for one inverter phase. 

The transients examined in the experiments are acceleration, deceleration and reversal all 

under no-load condition, and step loading/unloading. The IM1 is coupled to the dc generator 

only for step loading/unloading transients. Since the two motors are identical, the transient 

results for only one motor are presented. The plots are shown in Figs. 9.19-9.22.  

 In the acceleration transient test, IM2 is held at constant speed of 500 rpm (16.67 Hz) 

and IM1 is initially at stand-still. A step speed command is then applied to IM1 at t = 0.33 s in 

all cases. The total duration of the transient recorded here is 0.9 s. The step speed commands 

are 300 rpm and 800 rpm. The resulting plots are shown in Figs. 9.19 a-b. It is evident from 

speed plots that initiation of the acceleration transient for IM1 does not affect the operational 

speed of IM2 in any way and it stays at 500 rpm. Stator q-axis current reference of IM2 shows 

no observable changes during the acceleration of IM1 indicating a practically perfect dynamic 

decoupling between the two series-connected five-phase induction motors. The inverter phase 

‘d’ reference and actual currents are in very good agreement. In final steady state inverter 

current is a complex function, containing two sinusoidal components at two different 

frequencies corresponding to the operating speeds of IM1 and IM2. Further evidence of 

undisturbed operation of IM2 is the phase current reference trace of IM2 which does not 

exhibit any change during acceleration of IM1. The quality of current control is excellent, as 

evidenced by the comparison of the measured and reference currents for inverter phase ‘d’. 
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The inverter phase current is seen to have initially a dc offset (while IM1 is at standstill), due 

to the magnetising current of IM1. 

 Comparison of the results for the five-phase single-motor drive, shown in Fig. 9.10, 

and five-phase two-motor drive, shown in Fig. 9.19, shows that the speed response of IM1, as 

well as the stator q-axis current reference, are practically identical regardless of whether IM2 

is operational or not. The duration and nature of both speed and stator q-axis current reference 

transients are the same in Fig. 9.10 and Fig. 9.19.  

 The second transient, illustrated in Figs. 9.20 a-b, is deceleration from 300 to 0 rpm 

and 800 to 0 rpm. Once again IM2 is held at 500 rpm and transient is initiated for IM1. The 

decoupled dynamic control of the two motors is again evident during deceleration transient. 

Further, by comparing Fig. 9.11 and Fig. 9.20 it can be concluded that the dynamic 

performance of IM1 in single-motor drive mode and two-motor drive mode is identical. Thus 

the series connection of two motors has no impact on the behaviour of individual motors. 

 The reversing transients of IM1 are presented for 300 to -300 rpm and 800 to -800 rpm 

in Figs. 9.21 a-b with IM2 running again at 500 rpm. The undisturbed operation of IM2 is 

once again evident from speed traces, which remain unaffected during the transients of IM1. 

A negligibly small disturbance in the q-axis current of the constant speed machine (IM2) is 

seen for speed reversal from 300 to –300 rpm. There is no noticeable change in the phase 

current reference of IM2 during the transient of IM1 due to no-load operation. Comparison of 

Fig. 9.12 and Fig. 9.21 shows identical behaviour of IM1 when used either as a single-motor 

drive or within the two-motor drive system. The results of Figs. 9.19-9.21 provide proof of 

decoupled control of two series-connected five-phase induction motors supplied from a single 

five-phase voltage source inverter and controlled using indirect rotor flux oriented vector 

control scheme. 

 Finally, step loading and unloading transients of IM1 are examined and are illustrated 

in Fig. 9.22 a and 9.22 b, respectively. The speed controller setting is kept the same as for 

other studied transients although the total drive inertia is now significantly higher than in 

previous transients, due to the coupling with the dc generator. IM1 is accelerated to 500 rpm 

from standstill and IM2 is accelerated to 300 rpm from standstill, without load. After attaining 

steady state condition, a step load is applied to IM1 while IM2 is still running under no-load 

condition. Damped oscillation is observed in the q-axis current reference of IM1. No 

disturbance is seen in either the q-axis current reference or speed of IM2. The phase current 

reference of IM2 is also constant and unaffected by loading or unloading of IM1. This 

indicates dynamic decoupling between IM1 and IM2 for step loading and step unloading 
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Fig. 9.19. Acceleration transient of the five-phase two-motor drive (two induction motors): a. 
0 to 300 rpm, b. 0 to 800 rpm.  
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Fig. 9.20. Deceleration transients of the five-phase two-motor drive (two induction motors): a. 
300 to 0 rpm, b. 800 to 0 rpm.
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Fig. 9.21. Reversing transients of the five-phase two-motor drive (two induction motors): a. 
300 to -300 rpm, b. 800 to –800 rpm.
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Fig. 9.22. Loading/unloading transients of the five-phase two-motor drive (two induction 
motors): a. step loading, IM1 at 500 rpm and IM2 at 300 rpm, b. step unloading, IM1 at 500 

rpm and IM2 at 300 rpm.
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transients. Further, comparing Fig. 9.22 with   Fig. 9.13, nothing changes due to the series 

connection of two induction machines. 

 
9.7 DYNAMICS OF THE SERIES-CONNECTED FIVE-PHASE TWO-MOTOR 

DRIVE SYSTEM (INDUCTION MOTOR AND SYNCHRONOUS 
RELUCTANCE MOTOR) 

 
 The concept of the series-connected five-phase two-motor drive supplied from a single 

five-phase inverter, developed in section 4.2, is not constrained to any particular type of ac 

machines. The possibility of using different types of ac machines with sinusoidal flux 

distribution in the multi-phase multi-motor drive has been discussed in Jones (2005) and 

experimental verification has been provided for a permanent magnet synchronous machine 

connected in series with an induction machine within the six-phase two-motor drive. This is 

further elaborated experimentally in this section for the five-phase two-motor drive. The five-

phase synchronous reluctance motor (section 9.3), which has been tested as a single-motor 

drive in section 9.5, is connected in series with the five-phase induction motor (section 9.3). 

The synchronous reluctance machine is directly connected to the five-phase VSI and 

induction machine is connected to the synchronous reluctance machine with appropriate phase 

transposition. The synchronous reluctance motor resolver is connected to the left DS2000 

(suplying three phases) and induction machine resolver is connected to the right DS2000. The 

five-phase induction motor used in this experiment is the one which has been tested in single-

motor drive and two-motor drive modes, with the results illustrated in sections 9.4 and 9.6. 

Various experimental tests are again performed in order to prove the existence of 

decoupled dynamic control among the two different types of five-phase machines. The vector 

control schemes used are those shown in Fig. 3.10 and Fig. 9.15 for the induction motor and 

for the synchronous reluctance motor, respectively. The approach adopted in the experimental 

investigation is the same as described in section 9.6. 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 machine remains constant. Both machines 

are running under no-load operating conditions. Step loading and unloading of the induction 

machine is also examined with synchronous reluctance machine running under no-load 

condition. The results of experiments include in all cases speed, stator q-axis current 

references and measured and reference current for one inverter phase. Due to somewhat 

different structure of the C-code used in this case individual phase current references for the 

two machines are not available for display purposes. 
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9.7.1 Five-phase induction motor transients 

 
This section describes the results for five-phase induction motor transients when 

synchronous reluctance machine runs at constant speed. Acceleration, deceleration, reversing 

and loading/unloading transients of the induction motor are illustrated in Figs. 9.23-9.26. 

Acceleration transients are investigated first. The synchronous reluctance motor is 

running at constant speed of 400 rpm and induction motor is accelerated from 0 to 300 rpm 

and from 0 to 800 rpm. The results are illustrated in Figs. 9.23 a-b. The decoupling of control 

is evident from the speed plots and also from stator q-axis current reference plots. The speed 
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Fig. 9.23. Acceleration transient of the five-phase induction motor (synchronous reluctance 
motor at constant 400 rpm speed): a. 0 to 300 rpm, b. 0 to 800 rpm. 
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and stator q-axis current reference of synchronous reluctance motor do not show any 

noticeable change during the acceleration of induction motor. By comparing Fig. 9.23 and 

Fig. 9.10 it can be seen that the dynamic behaviour of the induction motor is not affected by 

series connection. The measured and reference inverter phase ‘d’ current are in very good 

agreement. 

Deceleration transient of the induction motor is investigated next. The synchronous 

reluctance motor is again held at 400 rpm and induction motor is decelerated from 300 to 0 

rpm and 800 to 0 rpm. The resulting plots are shown in Figs. 9.24 a-b. The same conclusion 

as that for acceleration transient applies here as well. 
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Fig. 9.24. Deceleration transients of the five-phase induction motor (synchronous reluctance 
motor at constant 400 rpm speed): a. 300 to 0 rpm, b. 800 to 0 rpm. 
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Next, reversing transients are studied. The synchronous reluctance motor speed is at 

first set to 400 rpm and induction motor reversal is done from 300 to –300 rpm. In the second 

test synchronous reluctance machine runs at constant speed of 500 rpm while induction 

machine reverses from 800 to –800 rpm. The plots are shown in Figs. 9.25 a-b. Some rather 

small variation in q-axis current of synchronous reluctance machine is observable for speed 

reversal of induction motor from 300 to –300 rpm. Nevertheless, almost fully decoupled 

dynamic control is achieved. 

Finally, step loading and step unloading transient is investigated for induction 

machine, while    keeping synchronous    reluctance      machine at  constant  speed (300 rpm). 
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Fig. 9.25. Reversing transients of the five-phase induction motor (synchronous reluctance 
motor at constant speed): a. 300 to –300 rpm, b. 800 to –800 rpm. 
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Induction motor is accelerated to 500 rpm and synchronous reluctance motor is accelerated to 

300 rpm. A step load (12 Ω) is applied to the induction motor and the transients are recorded. 

The response is illustrated in Fig. 9.26a. Similarly, step unloading is done for induction 

machine and the response is shown in Fig. 9.26b. The q-axis current reference of induction 

machine shows damped oscillation. There is no appreciable change in the q-axis current 

reference of synchronous reluctance machine, which indicates good control decoupling 

between the two machines during loading and unloading transients. By comparing Fig. 9.13 

with Fig. 9.26, it can be concluded that the series connection does not affect the drive 

behaviour.
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Fig. 9.26. Loading/unloading transients of the five-phase induction motor at 500 rpm 
(synchronous reluctance motor at constant speed of 300 rpm): a. step loading, b. step 

unloading. 
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9.7.2 Five-phase synchronous reluctance motor transients 

 
 This section presents the transients of the five-phase synchronous reluctance motor. 

The five-phase induction motor runs at constant speed and the acceleration, deceleration and 

reversal transients are initiated for synchronous reluctance motor. The approach adopted is the 

same as the one used in section 9.7.1. The plots are given in Figs. 9.27-29. 

 Synchronous reluctance motor accelerations from 0 to 300 rpm and from 0 to 800 rpm, 

while induction motor runs at constant speed of 600 rpm and 500 rpm, repectively, are 

recorded. The plots are shown in Figs. 9.27 a-b. Almost perfect control decoupling between 

two series-connected machines can be observed, with a negligebly small variation in q-axis 
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Fig. 9.27. Acceleration transients of the synchronous reluctance motor (induction motor at 
constant speed): a. 0 to 300 rpm, b. 0 to 800 rpm. 
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current of the induction machine. Further comparison of Fig. 9.27 with Fig. 9.16 shows 

practically identical response of the synchronous reluctance motor in the two-motor and the 

single-motor drive mode. Thus the series connection has a negligible impact on the dynamic 

behaviour of the synchronous reluctance motor.  

The deceleration transients of synchronous reluctance motor from 300 to 0 rpm and 

800 to 0 rpm are illustrated in Figs. 9.28 a-b. The induction motor runs at 600 rpm and at 500 

rpm, respectively. The same quality of performance is observable in deceleration transients as 

seen during acceleration transients. Only a very small variation in the q-axis current of 

induction machine is observed during the synchronous reluctance motor transient. 
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Fig. 9.28. Deceleration transients of the synchronous reluctance motor (induction motor at 
constant speed): a. 300 to 0 rpm, b. 800 to 0 rpm.
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The synchronous reluctance motor speed reversals are investigated for 300 to –300 

rpm and 800 to –800 rpm. The results are shown in Figs. 9.29 a-b. The induction motor runs 

at 400 rpm and at 600 rpm, respectively, for these two transients. Once again, an excellent 

dynamic decoupling of control of the induction motor and the synchronous reluctance motor 

is evident. A negligibly small disturbance in the q-axis current of the induction machine is 

once more observed. 
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Fig. 9.29. Reversing transients of the synchronous reluctance motor (induction motor at 
constant speed): a. 300 to –300 rpm, b. 800 to –800 rpm. 

  

9.8 EXPERIMENTAL INVESTIGATION OF STEADY STATE OPERATION 
 
 The steady state behaviour of the five-phase single-motor (sections 9.4 and 9.5) and 

two-motor drives (sections 9.6 and 9.7) is elaborated in this section. Stator currents are 
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measured for all the four configurations under no-load steady state conditions. The resulting 

current waveforms and corresponding spectra are presented. The line voltages are also 

recorded for the single-motor and two-motor drives under no-load steady state conditions. The 

resulting time domain and the corresponding frequency domain waveforms are presented. 

Operating conditions are chosen to match some of the cases described in dynamic analysis.  

 The equipment used for steady state current measurement comprises TEKTRONICS 

AM6203 Hall-effect current probe, TEKTRONICS AM503 amplifier and HEWLETT-

PACKARD HP3566SA dynamic signal analyser. The range of current that can be measured 

using this probe is from 0 to 20 A with frequency from dc to 20 MHz. The amplifier is 

connected to the HP dynamic signal analyser to which it provides analogue signals up to ± 50 

mV. The current waveform and the corresponding frequency spectrum are recorded using the 

HP dynamic signal analyser. The data stored using the scope is further processed in a PC 

using Matlab code to reconstruct the current waveforms and their spectra. 

 The line voltage measurement is done using a potential divider with an attenuation 

factor of 53. A low pass filter (simple R-C network) with cut-off frequency of 500 Hz is used 

to eliminate the high frequency PWM ripple. The voltage is recorded in differential mode by 

connecting two oscilloscope probes to two attenuated and filtered phase voltage signals. The 

two voltage signals are recorded using HP dynamic signal analyser. The recorded data are 

further processed in a PC using Matlab code to reconstruct the time-domain and frequency-

domain waveforms. 

 
9.8.1 Steady state performance of the single-motor drive system 

 
 This section illustrates the steady state performance of the five-phase single-motor 

drive. At first the results for the five-phase induction motor are presented. This is followed by 

the presentation of the five-phase synchronous reluctance motor results. The machines run 

under no-load condition. 

 The speeds considered for the single induction motor drive are 500 rpm (16.67 Hz) 

and 800 rpm (26.67 Hz). The time domain current waveforms and the corresponding spectra 

for low frequency range are shown in Figs. 9.30 a-b. The low-order current harmonics in the 

spectra are negligible. This confirms the good performance of the adopted current control 

scheme. The magnitude of the fundamental stator current (in essence the d-axis current) is in 

excellent agreement with the commanded value at 500 rpm (2.5 A, RMS). However, the small 

discrepancy between the actual and the commanded current appears at higher frequency (800 
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rpm). This is an inherent feature of the ramp-comparison current control and it has been 

discussed in more detail in conjunction with six-phase two-motor drive in Jones (2005).  
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Fig. 9.30. Steady state operation of the five-phase induction motor, phase current and its 
spectrum: a. 500 rpm (16.67 Hz), b. 800 rpm (26.67 Hz). 

 
Line voltages and their corresponding low frequency spectra are recorded for the same 

operating speeds across phases ‘a-c’. The resulting waveforms are shown in Figs. 9.31 a-b. 

For voltage measurement, the second machine is removed from the circuit and the current 

controller gains are halved. This is done in order to eliminate the x-y voltage drops on the 

second machine. In five-phase system there are two possible line voltages (Chapter 3) called 

adjacent (72°, phase displacement) and non-adjacent (144°, phase displacement). Both line 

voltages are measured here. The ratio of the magnitude of non-adjacent to adjacent voltage is 

1.618 (Chapter 3). The ratio is found to be 1.603 for 500 rpm and 1.633 for 800 rpm which is 

close to the theoretical value. The low-order harmonics are almost completely eliminated 

from the voltage waveforms due to the adopted current control scheme.  

Next, the operation of the five-phase synchronous reluctance motor is investigated for 

steady state no-load conditions. The speed considered for this configuration is 800 rpm (26.67 

Hz). The resulting time-domain waveform and the corresponding low frequency spectrum for 

phase current is illustrated in Fig. 9.32. Some low-order harmonic are observed in the phase 

current spectrum. This is believed to be the consequence of saliency and slotting effects, 
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which are inherent to the synchronous reluctance motor. However, a more detailed 

investigation of this phenomenon has not been undertaken. 
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Fig. 9.31. Steady state performance of the five-phase induction motor, line voltages and their 
spectra: a. 500 rpm (16.67 Hz), b. 800 rpm (26.67 Hz). Non-adjacent line-to-line voltages in 

the upper part and adjacent lint-to-line voltages in the lower part of the figure. 
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Fig. 9.32. Steady state operation of the five-phase synchronous reluctance motor, phase 
current and its spectrum at 800 rpm (26.67 Hz). 

 

The line voltages are also recorded for the same operating speeds of the synchronous 

reluctance motor. The line voltage is measured after removing the second machine from the 

circuit and reducing the current controller gains to half the original value. Both the adjacent 

and non-adjacent line voltages are recorded and ratio of their magnitude is found to be 1.6385. 

The time-domain waveforms and corresponding spectra are presented in Fig. 9.33. Once 

more, low-order harmonics are seen in the spectra. The low-order harmonics are more 

prominent in the adjacent line voltage spectra. 
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Fig. 9.33. Steady state operation of the five-phase synchronous reluctance motor, line voltages 

and their spectra (non-adjacent left and adjacent right) for 800 rpm (26.67 Hz). 
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9.8.2 Steady state performance of the two-motor drive system 

 
 This section examines the steady state operation of the five-phase two-motor drive 

systems (section 9.6 and section 9.7). At first the results are given for the two series-

connected induction machines. The results are presented next for the two-motor drive 

consisting of the induction machine and the synchronous reluctance machine.  

The phase current measurement is done using the same method as described in section 

9.8. The inverter phase ‘a’ current is measured at the point of connection of the inverter with 

the induction machine. Thus the measured current is the sum of phase ‘a’ current of IM1 and 

phase ‘a’ current of IM2. The operating speeds of IM1 and IM2 are 800 rpm (26.67 Hz) and 

500 rpm (16.67 Hz), respectively. The time-domain and frequency-domain plots for inverter 

phase ‘a’ current are illustrated in Fig. 9.34. The inverter phase current is essentially a sum of 

two sinusoidal components at two frequencies corresponding to the operating speeds of two 

machines, as seen in the spectrum. The current component at 16.67 Hz closely corresponds to 

the stator d-axis current setting (2.5 A, RMS), while at 26.67 Hz it is slightly higher than the 

commanded value. These current RMS values are consistent with the single-motor drive case 

(Fig. 9.30). The magnitude of the low-order harmonic components in the current spectrum is 

very small. Thus the quality of the current control is very good. 
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Fig. 9.34. Steady state operation of the two-motor drive (two induction motors), inverter 
phase current and its spectrum (IM1 at 800 rpm and IM2 at 500 rpm).  

 
 The line voltage measurement is undertaken at the point of connection of the inverter 

with induction machine IM1 across phase ‘a’ and phase ‘c’ and across phase ‘a’ and ‘b’. The 

line voltage is also measured across the phases ‘a-c’ and ‘a-e’ of IM2. The resulting time-

domain and frequency-domain plots are shown for inverter voltage and stator voltage of IM2 

in Fig. 9.35a and Fig. 9.35b, respectively. Two voltage components are expected 

corresponding to the operating frequencies of the two machines. Since IM1 is connected 

directly to the inverter and IM2 is connected to IM1, line voltage a-c on inverter side refers to 
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the non-adjacent line voltage for IM1 and adjacent voltage for IM2 and vice versa for the line 

voltage measured across ‘a-c’ on IM2 side. The line voltage measured across ‘a-b’ 

corresponds to the adjacent voltage for IM1 and non-adjacent voltage for IM2. The voltage 

across ‘a-e’ on IM2 side corresponds to the adjacent for IM2 and non-adjacent for IM1. The 

inverter line voltage across ‘a-c’ corresponding to the operating frequency of IM1 (26.67 Hz) 

is expected to be higher than in the single-motor drive case due to the additional x-y voltage 

component of IM2. The result obtained here (91.3 V) is 3.98% higher than the single-motor 

drive case (87.8 V). Similarly, the line voltage corresponding to the operating frequency of 

IM2 is expected to be higher than the single-motor drive case again due to additional x-y 

voltage drop of IM1. The value recorded here (45.5 V) is 8.85% higher than in the single-

motor drive case (41.8 V). The inverter line voltage across ‘a-b’ corresponding to the 

operating frequency of IM1 (62.5 V) is 16.6% higher than in the single-motor drive case (53.6 

V). The line voltage corresponding to the operating frequency of IM2 (69.36 V) is 3.52% 

higher than its single-motor drive counterpart (67 V).  

Consider next the line voltages measured on the IM2 end. The voltages corresponding 

to the operating frequency of IM1 (around 26.67 Hz) are only the x-y voltage drops on IM2. 

The voltages at the operating frequency of IM2 closely match with the values of the single-

motor drive case, as can be seen by comparing the results in Fig. 9.31a with those of Fig. 

9.35b.  

The measurements are undertaken next for two-motor drive system consisting of the 

five-phase synchronous reluctance machine and the five-phase induction machine. The 

inverter is directly connected to the synchronous reluctance motor and the induction motor is 

connected to the synchronous reluctance motor. The inverter phase ‘a’ current is measured at 

the point of connection of the inverter with the synchronous reluctance motor. Thus the 

measured current is the sum of phase ‘a’ current of the synchronous reluctance motor and 

phase ‘a’ current of the induction motor. The operating speeds of synchronous reluctance 

motor and induction motor are 800 rpm (26.67 Hz) and 500 rpm (16.67 Hz), respectively. The 

time-domain and frequency-domain plots for inverter phase ‘a’ current are illustrated in Fig. 

9.36. The inverter phase current is essentially a sum of two sinusoidal components at two 

frequencies corresponding to the operating speeds of two machines as seen in the spectrum. 

The synchronous reluctance motor related current component at 26.67 Hz is slightly higher 

compared to the corresponding single-motor drive case (Fig. 9.32). The increase in the current 

is believed to be the   consequence of the   higher   losses in the synchronous reluctance motor 
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Fig. 9.35. Steady state operation of two-motor drive (two induction motors), line voltages and 
their spectra (IM1 at 800 rpm and IM2 at 500 rpm): a. Inverter line voltages, b. IM2 stator line 

voltages.  
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Fig. 9.36. Steady state operation of two-motor drive (synchronous reluctance motor and 
induction motor), phase current and its spectrum (SR at 800 rpm and IM at 500 rpm). 

 
due to series connection. The current spectrum at 16.67 Hz closely corresponds to the stator d-

axis current setting for the induction motor (2.5 A, RMS). The magnitude of low-order 

harmonic components in the current spectrum is very small. Thus it follows that the quality of 

the current control method is very good. 

The line voltage measurement is undertaken at the point of connection of inverter with 

synchronous reluctance motor across phase ‘a’ and phase ‘c’ and across phases ‘a-b’. The line 

voltage is also measured across the phases ‘a-c’ and phases ‘a-e’ of induction motor. The 

resulting time-domain and frequency-domain plots are shown for inverter voltages and stator 

line voltages of IM in Fig. 9.37a and Fig. 9.37b, respectively. Since synchronous reluctance 

motor is connected directly to the inverter and induction motor is connected to synchronous 

reluctance motor, line voltage a-c on inverter side refers to the non-adjacent line voltage for 

synchronous reluctance motor and adjacent voltage for induction motor and vice versa for the 

line voltage measured across a-c on induction motor side. The line voltage measured across 

‘a-b’ of inverter corresponds to the adjacent line voltage for synchronous reluctance motor 

and non-adjacent for IM. The line voltage measured across ‘a-e’ of IM corresponds to the 

adjacent line voltage for synchronous reluctance motor and non-adjacent for IM. The inverter 

line voltage corresponding to the operating frequency of synchronous reluctance motor (26.67 

Hz) is expected to be higher than in the single-motor drive case due to the additional x-y 

voltage component of induction motor and higher current. The result obtained here (67.69 V) 

is 12.25% higher than in the single-motor drive case (60.3 V). A third harmonic component of 

voltage is observed corresponding to the operational speed of synchronous reluctance motor. 

It is negligibly small in the ‘a-c’ line-to-line voltage and just above 5 V in ‘a-e’ line-to-line 

voltage. The voltage component at 16.67 Hz is in essence identical in both line-to-line 

voltages as it was in Fig. 9.35 (two induction motors in series). Since the running speed of IM 
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is 500 rpm in both cases, this confirms repeatability of the tests. The voltage corresponding to 

the operating frequency of IM (43.18 V) is 3.3% higher than in the single-motor drive case 

(41.8 V) due to the extra x-y voltage drop on synchronous reluctance motor. The inverter 

voltage across phases ‘a-b’ also contains two voltage components. The voltage corresponding 

to the operating frequency of synchronous reluctance motor (40.6 V) is 10.32% higher than in 

the single-motor drive case (36.8 V). The voltage corresponding to the operating frequency of 

IM (68.13 V) is 1.68% higher than in the single-motor drive case (67 V). A third harmonic 

component is again observed corresponding to the synchronous reluctance motor operating 

speed.  

Consider next the voltages measured on the induction motor side. The voltage 

component corresponding to the operating frequency of the synchronous reluctance motor is 

the x-y voltage drop. This component should not exist and its appearance requires a further 

investigation, which is beyond the scope of this thesis. The voltage values corresponding to 

the operating frequency of IM closely correspond to the values obtained in the single-motor 

drive case (Fig. 9.31). 

 

9.9 SUMMARY 
 
 This chapter has detailed the experimental investigation related to five-phase single-

motor and five-phase series-connected two-motor drives. The experimental rig is described 

first. The five-phase variable voltage and variable frequency supply is obtained from two 

commercial MOOG DS2000 three-phase VSIs. The five-phase supply is used to run one five-

phase machine and two five-phase machines connected in series.  

Experiments are conducted at first on the single five-phase induction motor drive 

under indirect vector control conditions. The transients examined are acceleration, 

deceleration, reversing and disturbance rejection. Full decoupling of flux and torque control is 

achieved, thus validating the simulation results of Chapter 3. Further, a five-phase 

synchronous reluctance machine is tested for the same transients and once again very good 

response is observed. Experiments are further performed on the five-phase two-motor drive 

with two identical induction machines. The transients are initiated for one of the two 

induction machines while the other machine is operated at a constant speed. The results 

obtained show an excellent dynamic decoupling between the two machines under test. The 

results are also compared with the single-motor drive and it is concluded that nothing changes 

in the behaviour  of the machine  undergoing transients, regardless    of whether it is a single- 
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Fig. 9.37.  Steady state operation of two-motor drive (synchronous reluctance motor and 
induction motor), line voltages and their spectra (SR at 800 rpm and IM at 500 rpm): a. 

Inverter line voltages, b. IM stator line voltages. 
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motor or a two-motor drive. Thus the theoretical foundations, laid down in Chapter 4, are 

confirmed experimentally. 

 The concept of multi-phase multi-motor drive is independent of the type of ac 

machines under consideration. This is further confirmed by using one five-phase induction 

machine in series with a five-phase synchronous reluctance machines. The transient behaviour 

obtained for this configuration validates this statement. 

 Steady state behaviour of the single-motor and two-motor drive is also analysed. The 

current and voltage spectra are examined for all four cases studied previously in transient 

operation. In two-motor drive system, the current and voltage spectra show two fundamental 

components at the operating frequencies of the two machines, which is in full agreement with 

the presented theory. 
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Chapter 10 
 

CONCLUSION 
________________________________________________________________ 
 
 
 
10.1 SUMMARY AND CONCLUSIONS 

 
 This thesis deals with various aspects of the five-phase two-motor and six-phase two-

motor series-connected drive systems, fed using a single current-controlled pulse width 

modulated voltage source inverter. Modelling and control of a five-phase induction machine 

is considered first. It can be seen from the developed model that only two stator current 

components are responsible for torque and rotor flux production while other components are 

non flux/torque producing. These additional degrees of freedom are further utilized to connect 

in series the other machine in such a way that the flux/torque producing current components 

of one machine become non flux/torque producing currents for the other machine and vice 

versa. This is enabled by an appropriate phase transposition of the phases of the stator 

windings. The vector control then enables independent flux and torque control of each 

machine in two-motor drive system, as well as an independent control of two machines with 

respect to each other. 

 The major advantages of the proposed scheme are the reduction in the number of 

inverter legs, when compared to an equivalent two-motor three-phase drive system, and 

easiness of implementation of the whole control algorithm in a single DSP. The reduction in 

the number of inverter leg implies smaller number of electronic components, which translates 

into higher reliability. Use of a single DSP means simple and cheaper control. Another 

advantage of the developed scheme is the possibility for direct utilisation of the braking 

energy by the motoring machine in the multi-motor drive group. Thus the braking energy 

needs not to flow back to the inverter. Hence the proposed multi-phase multi-motor drive 

system provides full regenerative braking as long as the total braking energy is smaller than 

the motoring energy.  

 The major shortcoming of the five-phase two-motor drive system is the increase in the 

stator winding losses due to flow of flux/torque producing current of both machines through 

stator windings of both machines. As x-y components of current do not flow in the rotor the 

rotor copper losses are not affected. The higher losses mean lower efficiency of individual 
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machines and will lead to reduction of efficiency of the overall drive system, compared to an 

equivalent three-phase drive system. This drawback is significant in the five-phase two-motor 

drive system since both machines are affected. 

 This shortcoming of the five-phase two-motor drive prevents its application in 

general-purpose drives. However, one potential application area for this drive configuration 

has been identified, where it may offer considerable saving in the installed inverter power 

when compared to the standard solution with two three-phase motors and two three-phase 

VSIs. The area includes processes where the two motors are required to operate in the 

constant power mode, with opposing requirements on rotational speeds and torques. Such a 

situation arises in winders. In winder 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). Thus the situation may be such that the total 

stator copper losses remain less than or equal to the rated value, hence avoiding the need for 

de-rating of the machines. The total losses compared to the conventional three-phase two-

motor drive, would still be higher. However, the rating of the five-phase VSI may be kept 

approximately equal to the rating of just one three-phase VSI, thus enabling saving in the 

installed power.  

 A complete mathematical model of the five-phase voltage source inverter has been 

developed for operation in ten-step and PWM modes. The model is developed on the basis of 

space vector representation and the results obtained are verified using the available literature 

on modelling of five-phase inverters. Current control schemes for three-phase inverters are 

reviewed and speed and current controllers are designed for the single five-phase motor drive. 

The current control is exercised upon the phase currents of the drive. Performance of a vector 

controlled single five-phase induction motor drive, obtainable with hysteresis current control 

and ramp-comparison control methods, is evaluated and illustrated for a number of operating 

conditions on the basis of simulation results. Full decoupling of rotor flux control and torque 

control was realised by both current control techniques under the condition of a sufficient 

voltage reserve. Dynamics, achievable with a five-phase vector controlled induction machine, 

are identical to those obtainable with a three-phase induction machine. Steady state analysis 

of stator voltages and currents under no-load conditions is performed as well. 

 A novel mathematical model for two-motor five-phase series-connected drive is 

developed in Chapter 4. The model is at first constructed in phase variable form. Clark’s 

transformation in power invariant form is then applied to develop a set of decoupled 

equations. Application of appropriate rotational transformations leads to corresponding 
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models in stationary and arbitrary reference frames. Vector control scheme is developed next 

for the two-motor drive system. The simulation is done for various transients using a single 

current-controlled PWM voltage source inverter with hysteresis and ramp-comparison current 

control in stationary reference frame. Simulations were performed using both phase variable 

model and the novel d-q model in stationary reference frame, in order to validate the 

modelling procedure. Both models are found to yield the same simulation results. A 

completely independent control of two machines is observed from the simulation results. 

Finally, steady state analysis of inverter and stator voltages and inverter current is performed 

using harmonic spectrum analysis and the results obtained are found to be in full agreement 

with the theoretical predictions. 

 The second structure, analysed in the thesis, is the two-motor six-phase drive, supplied 

from a symmetrical six-phase VSI and consisting of a symmetrical six-phase machine and a 

three-phase machine, connected in series. In contrast to the two-motor five-phase drive, this 

configuration does not offer the advantage of a reduced number of inverter legs, when 

compared to an equivalent two-motor three-phase drive. The advantages related to the use of a 

single DSP for two-motor drive control and to direct utilisation of braking energy remain to 

be valid. On the other hand, the shortcoming related to an increase in the stator winding losses 

is here much less pronounced, since only six-phase machine is affected by connection to the 

three-phase machine. This is so since only the flux/torque producing currents of the three-

phase machine flow through the six-phase machine. Provided that the three-phase machine is 

of a small power rating and that the six-phase machine is a high power machine, deterioration 

in efficiency of the six-phase machine will be negligible. It is therefore believed that this drive 

structure holds good prospect for industrial applications where a six-phase high-power 

machine is used anyway. In such a case a three-phase machine can be added to the existing 

drive at practically no extra cost and it can be used to perform an auxiliary function requiring 

small power rating. 

 A complete mathematical model of the six-phase voltage source inverter is developed 

for operation in 180° conduction mode, leading to square wave output, and in PWM mode. 

The model is developed on the basis of space vector representation. In PWM mode, 64 space 

vectors are available out of which 54 are active while 10 are zero vectors. A brief summary of 

the mathematical model of a true six-phase (60° spatial phase displacement) induction 

machine is presented in phase variable form. These equations are then transformed into an 

arbitrary rotating reference frame. The model once more shows that only two components (d-

q) generate flux/torque, while the other set of orthogonal components, designated as x-y, are 
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non flux/torque producing and merely produce current distortion. Another set of non 

flux/torque components are positive and negative zero-sequence components. It is further 

seen in the simulation results that the positive zero-sequence component is completely 

eliminated while negative zero-sequence component may be present because of the true six-

phase configuration. Performance of a vector controlled single six-phase induction motor 

drive and single three-phase induction motor drive, obtainable with hysteresis current control 

and ramp-comparison control methods, is evaluated and illustrated for a number of operating 

conditions on the basis of simulation results. Full decoupling of rotor flux control and torque 

control was realised by both current control techniques under the condition of a sufficient 

voltage reserve. In essence, dynamics, achievable with a six-phase vector controlled induction 

machine, are identical to those obtainable with a three-phase induction machine. Steady state 

analysis of stator voltages and currents under no-load conditions is finally performed. 

 A novel mathematical model for two-motor six-phase series-connected drive is 

developed in Chapter 6. A three-phase induction machine is connected in series with a true 

six-phase induction machine with an appropriate phase transposition in order to enable fully 

decoupled control of two machines. The series-connected machines are fed using a single six-

phase current controlled PWM voltage source inverter. The model of the series-connected six-

phase drive system is at first constructed in phase variable state space form. Clark’s 

transformation in power invariant form is then applied to develop a set of decoupled 

equations. Application of appropriate rotational transformations leads to corresponding 

models in stationary and arbitrary reference frames. The model of the whole assembly is also 

developed in specific rotor flux oriented reference frames. The developed model clearly 

shows the coupling of the rotor of the six-phase machine with the d-q inverter currents and the 

rotor of the three-phase machine with x-y inverter currents. This dependence enables the 

torque and flux control of the six-phase machine with inverter d-q currents and the flux and 

torque control of the three-phase machine with inverter x-y currents. A vector control scheme 

is utilised to control the machines independently. The simulation is done for various transients 

using a single current-controlled PWM voltage source inverter with hysteresis and ramp-

comparison current control in stationary reference frame. Simulations were performed using 

both phase variable model and the novel d-q model in the stationary reference frame, in order 

to validate the modelling procedure. Both models are found to yield the same simulation 

results. A completely independent control of two machines is observed from the simulation 

results. Finally steady state analysis of inverter and stator voltages and inverter current is 
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performed using harmonic spectrum analysis and the results obtained are found to be in full 

agreement with the theoretical predictions. 

 Space vector PWM is one of the most popular choices to implement current control of 

a VSI in rotational reference frame because of easier digital implementation and better dc bus 

utilisation. SVPWM for five-phase VSI is investigated in Chapter 7. At first the space vectors 

of a five-phase VSI, found in Chapter 3, are further mapped into x-y plane. It is seen that the 

large space vectors of α β−  plane map into small space vectors, the medium space vectors 

remain in their positions while the short space vectors map into the large space vectors. The 

two zero vectors in α β−  plane also map as zero vectors in x-y plane. It is further noted from 

this mapping that the x-y components appear as third harmonic. The existing technique of 

utilising only large space vectors to synthesise the input reference is analysed in detail. The 

method is found to yield a significant amount of low-order harmonics especially the 3rd and 

the 7th, in output phase voltages. A possible extension of this method is to use only medium 

space vectors. The simulation is carried out for this scheme and it shows poor output phase 

voltage quality with very large amount of low-order harmonics. This is because the medium 

space vectors in x-y plane are of equal magnitude as α β−  space vectors, causing production 

of large amount of low-order harmonics. To provide sinusoidal phase voltages using SVPWM 

the x-y components have to be eliminated completely and this is possible by utilising both 

large and medium space vectors with appropriate ratio of time of application of these vectors. 

Thus the scheme is developed using this concept and the simulation shows sinusoidal output 

phase voltages. However, this scheme is found to be applicable only up to 85.41% of the 

maximum achievable fundamental using only large space vectors. To further extend the range 

of application of SVPWM, two more methods are proposed. One of the methods drives the 

VSI along the maximum available output voltage and the second method uses a pre-defined 

zero vector application time. Both of these methods are applicable for input reference over 

85.41% of the maximum achievable fundamental and up to the maximum 

achievable ( )0.6155 DCV . It is found that both of these methods yield near sinusoidal phase 

voltages with small low-order harmonic contents. A detailed comparison of existing and 

newly developed schemes is also given and a combined method is suggested to cover the 

entire range of operation. Analytical expressions for leg voltages are derived for existing and 

developed schemes and are verified using simulation results. Further, SVPWM scheme is 

developed for a five-phase VSI feeding two five-phase machine connected in series. The aim 

of the scheme is to yield output voltage with two sinusoidal components at desired operating 
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frequencies of the two machines. α β−  and x-y references are applied sequentially to control 

two machines independently. The simulation results validate the theoretical findings. 

 SVPWM for six-phase VSI is analysed in Chapter 8. The space vector model of the 

six-phase VSI, developed in Chapter 5 is further mapped into x-y plane. It is seen that six 

large space vectors in α β−  plane map into the origin of x-y plane. Out of the total of ten zero 

vectors in α β−  plane, six zero space vectors form the large vector set in x-y plane and the 

remaining four zero vectors map into the origin of the x-y plane. The number of zero vectors 

remains ten in x-y plane and there are 54 active vectors in both α β−  and x-y plane. The 

basic principle of SVPWM is taken from Correa et al (2003a) and (2003b). The first method 

uses vectors from large and middle sets. The simulation results show a considerable amount 

of low-order harmonic content (3rd) in the output phase voltages, which remains more or less 

constant (approximately 20%) throughout. The low-order harmonic content in the output 

phase voltages is due to the presence of zero-sequence components of large vectors. The 

second method uses short and medium set of space vectors and yields approximately 40% of 

the 3rd harmonic in output phase voltages, due to the presence of zero-sequence components 

of short vectors. The operational range of this method is smaller than for the first method. 

Another analysed method utilises space vectors from large, medium and short vector sets and 

the times of application of short and large vectors are the same. This technique yields 

sinusoidal output phase voltages due to complete elimination of zero-sequence and x-y 

components. However, the range of operation of this method is still smaller than for the first 

method. To cover the entire range, a fourth method is suggested which utilises again all the 

available vectors but the times of application of short and large vectors are variable (in 

contrast to the third method where they are equal). This scheme yields variable low-order 

harmonics in the output phase voltages. Analytical expressions for leg voltages for every 

scheme are determined and are validated using simulation results. In addition to the low-order 

harmonic content, total harmonic distortion in the output phase voltages is found for all the 

discussed schemes. A detailed comparison of the existing and newly developed schemes is 

presented. Further, a SVPWM scheme is developed for a six-phase VSI feeding a series-

connected six-phase and a three-phase machine. The goal of this SVPWM scheme is again to 

provide output voltages containing only two fundamental components at desired operating 

frequencies of the two machines. α β−  and  x-y modulators are developed, which apply 

α β−  and x-y references, respectively, in an alternating manner. The viability of the proposed 

scheme is proved by simulation. 
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 The ultimate proof of the existence of means for decoupled control of two series-

connected machines is provided experimentally for the two-motor five-phase drive. At first, 

dynamic and steady state performance of a single five-phase induction motor and a single 

five-phase synchronous reluctance motor under vector control is investigated for no-load and 

loaded conditions (base speed region). Typical vector control behaviour of the drive is 

achieved. Dynamic and steady state performance of five-phase two-motor drive comprising 

two five-phase induction machines are examined for no-load and loaded conditions. The 

experimental results fully confirm the existence of full control decoupling between the two 

machines. Finally, application of two five-phase ac machines of different type in a multi-

motor drive group is examined. The five-phase two-motor drive configuration consisting of a 

five-phase induction motor and a five-phase synchronous reluctance motor is considered. 

Once more the experimental results fully verify that the control of the two series-connected 

machines is truly decoupled. 

 By comparing the work described in this thesis with the research objectives listed in 

section 1.4 it can be concluded that all the set goals have been achieved successfully.  

 

10.2 FUTURE WORK 

 

 This project explores the feasibility of independent control of five-phase and six-phase 

two-motor drive systems, fed from a single five-phase and single six-phase current regulated 

PWM voltage source inverter, respectively. Since both drive structures are novel, it is 

believed that there is plenty of scope for further research. Some possible directions are the 

following: 

 Investigation of the feasibility of using parallel connection of multi-phase machines, 

with supply coming again from one VSI. The analogy between series and parallel 

circuits implies that such drive systems should be possible. 

 Experimental implementation and testing of the SVPWM schemes developed in this 

thesis.  

 Development of different SVPWM schemes for two-motor five-phase and six-phase 

drives, using the concept of multi-dimensional space (five-dimensional and six-

dimensional, respectively), with the idea of maximising the dc bus utilisation for two-

motor drives. 

 A detailed investigation of applicability of five-phase two-motor drives in winders. 
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 An evaluation of the overall efficiency of the proposed drive systems for specific 

applications. 

 Detailed study of the rating of the power switches for five-phase and six-phase VSIs 

aimed at supplying two series-connected machines.  

 The multi-phase machine do not have perfect sinusoidal spatial distribution of 

windings, which leads to production of unwanted spatial air-gap harmonics and to the 

cross coupling between the two machines within the multi-motor drive group. This 

aspect should be addressed in order to arrive at appropriate machine designs for two-

motor drive applications. 

 Investigation into fault tolerant properties of two-motor drive systems. 

 The thesis has developed dynamic models for the two two-motor drive structures. A 

further work is required to derive from these models corresponding steady state 

models and equivalent circuit representations. 

` 
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MOTOR DATA 

 
The basis for all the simulations is a four-pole, 50 Hz three-phase induction machine, 

with magnetising inductance of 0.42 H and rated torque of 5 Nm. Due to the lack of data for 

multi-phase machines, it is assumed that per-phase parameters and ratings of the multi-phase 

induction machines are the same as for the three-phase machine. Rated rotor flux (RMS) for 

this benchmark three-phase machine is equal to 0.5683 Wb [Jones (2005)]. Due to the use of 

power invariant transformation the following values of rotor flux and rated torque are used for 

simulation: 

 
Five-phase machine: 

 
* 5 1.2707r rnψ ψ= =  Wb 

( )5 5 / 3 8.33enT = =  Nm 

 
Six-phase machine: 

 

( )

* 6 1.392 Wb
6 5 / 3 10 Nm

r rn

enT
ψ = Ψ =

= =
 

 
Per-phase stator leakage inductance ( )lsL = Rotor leakage inductance ( )lrL =0.04 H; Per-phase 

stator resistance ( )sR =10 Ω ; Per-phase rotor resistance ( )rR  = 6.3 Ω ; Mutual inductance 

( )M in the phase variable model is 50.42 / 0.168
2

⎛ ⎞ =⎜ ⎟
⎝ ⎠

 H for five-phase machine and 

60.42 / 0.14
2

⎛ ⎞ =⎜ ⎟
⎝ ⎠

 H for six-phase machine. Rated phase voltage and current (RMS) are 220 V 

and 2.1 A, respectively. 
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APPENDIX B 
 
________________________________________________________________ 
 
 
 
FIVE-PHASE INDUCTION MOTOR STATOR WINDING 
 

 The five-phase induction motors used in the experimental investigation in chapter 9 

have 4-poles and 40 slots. This means that there are 20 slots per pole-pair. Further this gives 4 

slots per phase per pole, or 2 slots per phase per pole. Thus the slot angle is 18 degrees. The 

winding used is single layer, full pitch (coil span is 10 slots), lap type and integral slot. The 

complete winding layout is shown in the Fig. B1. 

In Fig. B1, red shows phase A, blue shows phase B, yellow shows phase C, green 

shows phase D and phase E is shown by black. One group of coil is formed by series 

connection of two individual coils. Each phase winding is comprised of two groups. Thus four 

terminals of each phase winding are available: two input terminals and two output terminals. 

In Fig. B1, the index 1 and 2 indicates the coil numbers while prime quantities referred to the 

second coil group. The phase shift between two groups of same phase winding is zero degree 

(displaced by 20 slots) so they can be connected either in series or in parallel. In the 

experimental investigation these coils are connected in parallel as shown in Fig. B2. 
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B1 C1 D1 E1 A1' B1' C1' D1' E1'-D2' -E2' -B2 -B2'-C2 -D2 -E2 -A2' -C2'  

Fig. B1. Stator winding layout of five-phase induction motor. 
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B 1 ' C 1 ' D 1 ' E 1 '

- A 2 ' - B 2 ' - C 2 ' - E 2 '- D 2 '

I N P U T S

O U T P U T S  

Fig. B2. Stator winding coils arrangement of five-phase induction motor.  
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1.1 PRELIMINARY CONSIDERATIONS 

 

Numerous industrial applications such as textile industry, paper mills, robotics, railway 

traction and electric vehicles require more than one electric drive. Multi-machine drives 

are available in two configurations. The first one comprises n three-phase machines fed 

by n three-phase inverters, while the second one is the system with n three-phase motors 

fed from a single voltage source inverters (VSI) [Kuono et al (2001a, 2001b), Matsumoto 

et al (2001)]. In the first method the power electronics include n voltage source inverters 

(VSIs), that are fed from a single common dc link. This allows the speed of each motor to 

be controlled independently using its own VSI with an appropriate control algorithm. The 

second method uses one inverter to feed parallel-connected three-phase motors. In this 

structure motors, that have to be identical and loaded with the same load torque, will run 

at exactly the same angular speed. These are the major disadvantages of this system. 

However, the approach is useful in traction applications such as locomotives, buses and 

electric vehicles, where it is currently considered as a potentially viable solution. A 

method that enables independent control of at least two machines, of the same or 

different types and ratings, while using only one VSI does not exist at present. The 

proposed research will attempt to change this situation by utilizing drives with a phase 

number greater than the traditional three phases.  

The research to be undertaken is intended to further advance the concept that has been  
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PhD research project [Jones (200 
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2) and Jones (2004)]. The research of Jones (200 

 

Page 319: [4] Deleted School of Engineering 2/9/2005 10:12:00 AM 

4) considers this concept on a conceptual level for an arbitrary number of phases using an 

appropriate series connection of stator windings of multi-phase machines. All the 



simulation studies are done under the assumption of idealised sinusoidal supply 

conditions, assuming ideal current control in the stationary reference frame for the series-

connected system. This project, in contrast, deals with a detailed analysis of modelling 

and control aspects for two specific drive configurations: five-phase two-motor drive 

(two five-phase machines connected in series) and six-phase two-motor drive (a six-

phase machine connected in series with a three-phase machine). In both cases the drives 

are fed using realistic supply, a current controlled PWM voltage source inverter. One 

especially important aspect of this project, not covered in Jones (2002) and Jones (2004) 

in any depth, is the modelling and control of five-phase and six-phase voltage source 

inverters. The research at first develops appropriate mathematical models for multi-phase 

inverters along with PWM strategies and current control schemes as applicable to the 

case of single multi-phase motor drives and also series-connected stator windings of 

multi-phase machines. The emphasis has been put on specific case of five-phase and six-

phase VSI.  
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Current control algorithms to be used are hysteresis and ramp-comparison methods in 

stationary reference frame. The appropriate  
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space vector PWM for multi-phase VSIs has to be developed to be used in conjunction 

with  
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current control in rotating reference frame.  
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space vector PWM. On the basis of preliminary studies, it appears that current control in 

rotating reference frame will require a substantial modification when compared to the 

existing vector control scheme for three-phase machines.  
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The drive systems consisting of induction machines will be investigated.  

 

1.2 STRUCTURE OF THE ANALYSED MULTI-MOTOR DRIVE SYSTEMS 

 

In conventional electric drives, three-phase machines are used because of the economic 

factor as three-phase power supply is readily available. However, a variable speed drive 

application invariably requires a power electronic converter to supply an electric 

machine. In ac machine (induction machines, permanent magnet synchronous machines, 

synchronous reluctance machines) drive applications, inverters are the best choice. If 

power inverters are used to supply the machines then any number of phases can be used 

just by adding additional legs. The advantages of using multi-phase machines over three-

phase counterpart are discussed in Levi et al (2003 c), Jones et al (2003 a) and Jones et al 

(2003 b).  

 This project deals with two specific series-connected two-motor drives. The first one 

comprises two five-phase machines connected in series with an appropriate phase 

transposition supplied from a single five-phase VSI. The second one consists of a six-

phase machine connected in series to a three-phase machine with supply coming from a 

six-phase VSI. The basic idea behind the concept was explored by Jones (2002) and 

Jones (2004). It was concluded that, regardless of the number of phases, only two stator 

currents are required for decoupled dynamic flux and torque control (vector control) of an 

n-phase ac machine. This means that the remaining currents can be used to control the 

other machines, provided that the stator windings of all the machines are connected in 

series. However, in order to enable decoupling of flux/torque control of one machine 

from all the other machines in a group, it is necessary that flux/torque producing currents 

of one machine do not produce a rotating field in all the other machines. This requires 

introduction of an appropriate phase transposition in series connection of stator windings. 

Thus by series connection of the motor with an appropriate phase transposition and using 

vector control principle it is possible to control independently all the machines in the 

group.  



Current controlled PWM inverter is the most frequent choice in vector controlled ac 

drives as decoupled flux and torque control by instantaneous stator current space vector 

amplitude and position control is achieved relatively easily. One can use either a current 

regulated voltage source inverter or a current source inverter (CSI). In CSIs a large 

inductor is used at the dc side, thus limiting the available rate of change of current. It is 

for this reason that a standard solution for vector controlled drives utilises current 

regulated voltage source inverter. All the current control techniques for voltage source 

inverters essentially belong to one of the two major groups.  
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The first group encompasses the current control methods that operate in the stationary 

reference frame while the second group includes current control techniques with current 

controllers operating in the rotational frame of reference.  This thesis 
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 will examine applicability and features of two current control techniques in the 

stationary reference frame, namely hysteresis PWM and ramp-comparison PWMsingle 

five-phase, single six-phase, 
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. The existing SVPWM technique for five-phase and six-phase VSIs will be analysed 
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 and reported here. Few novel SVPWM techniques will be developed and will be 

compared with the existing methods and the detail comparison will be presented. An 

experimental investigation for indirect rotor field oriented control of single five-phase 

motor drive will be done. The decoupled and independent control of two-motor five-

phase drives fed using single five-phase inverter will be examined experimentally. Both 

five-phase machines will be of induction type in two-motor five-phase drive. The ramp-

comparison current control technique in stationary reference frame will be utilised 

throughout the experimental investigation to control the five-phase VSI. The feasibility of 



connecting permanent magnet synchronous reluctance machine in series with induction 

machine and their independent control will be explored experimentally.  
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as well as current control in rotational reference frame using ramp-comparison PWM and 

space vector PWM  
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for both two-motor five-phase and six-phase drives.  
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This report contains only the results and discussion related to current control in the 

stationary reference frame using hysteresis and ramp-comparison PWM for single five-

phase and two-motor five-phase drives. The work will be extended further to  current 

control in rotational reference frame for five-phase two-motor drive and current control in 

stationary and rotational reference frame for six-phase two-motor drive and results will 

be reported in the PhD thesis. 
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1.3 MAIN FEATURES OF THE INVESTIGATED DRIVE CONFIGURATIONS 

 The main objective of the research is to obtain completely independent control of 

all the machines within a multi-motor system, while feeding the whole assembly from a 

single multi-phase inverter, using vector control techniques. The work undertaken here 

discusses five-phase two-motor drives and six-phase two-motor drives. The scheme of 

the five-phase two-motor drive offers three main advantages. The first one is the saving 

in the number of inverter legs from six to five compared to an equivalent three-phase 

two-motor drive system. This smaller number of legs leads to the use of smaller number 

of semiconductor power switches and associated control circuit components, which 

ultimately enhances the reliability of the overall system. The second advantage is the 

easiness of the vector control algorithm implementation for the whole system within a 

single low cost Digital Signal Processor (DSP). The new class of DSPs integrate all the 

important power electronics peripherals in addition to traditional mathematical functions. 

The integration of power electronics functions simplifies the overall system 



implementation, lowers overall part count and reduces the board size. A detail review of 

the development of DSPs and their real time processing capabilities from 1980 onward 

has been summarised by Doncker (2003). The use of a single DSP controller 

TMS320F240 is demonstrated by Shireen et al (2003) in controlling two inverters which 

supply independently two three-phase induction motors in HVAC application. The third 

advantage is related to the possibility of direct regenerative braking of the system. As 

long as the braking energy of the decelerating machine is smaller than the motoring 

energy required by the other machine, braking energy will be supplied directly to the 

machine that is motoring. This means that the braking energy does not circulate through 

the inverter and moreover, full regenerative braking takes place since the energy is used 

by the other machine in the group. As far as the six-phase two-motor drive is concerned, 

only the second and the third of the described three advantages remain to hold true. The 

first one does not exist, since the supply comes from a six-phase inverter. However, since 

multi-phase machines are in general used for high power applications, the six-phase two-

motor drive system offers the possibility of adding to the existing high-power six-phase 

drive an additional low-power low-voltage three-phase drive at no extra cost. 

 The major disadvantage of the proposed two-motor drives is the increase in stator copper 

losses due to flow of the non-flux/torque producing currents through 
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 stator windings. However, the rotor copper loss are not affected. This increase in the 

losses will reduce the overall efficiency of the drive system when compared to an 

equivalent three-phase counterpart. This shortcoming will be more pronounced in the 

five-phase two-motor drive since both machines affect each other in this sense. In the six-

phase two-motor drive configuration three-phase machine does not carry the current of 

the six-phase machine and thus the copper losses will remain the same in the three-phase 

machine. The six-phase machine still carries the current of the three-phase machine and 

the copper losses in the six-phase machine will be increased. However, if the three-phase 

machine is of low power rating while the six-phase machine is of high power rating, this 

increase in losses of the six-phase machine will be very small, leading to an insignificant 

reduction in efficiency. 
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1.4 RESEARCH OBJECTIVES 

The principal objectives of the proposed project are: 

 

To carry out a comprehensive investigation of the modelling procedure for five-phase 

and six-phase two-motor series-connected drive systems, which will result in phase 

variable and d-q variable models of the complete two-motor drive systems. 

To examine and model the operation of five-phase and six-phase voltage source inverters 

in 180° conduction mode and PWM mode. 

To investigate current control methods for five-phase and six-phase inverters and to 

develop appropriate strategies for current control in the stationary reference frame, in 

conjunction with vector control of the two motors. 

 To evaluate the performance of the series-connected five-phase and six-phase two-motor 

drives by performing detailed simulation studies. 

To develop space vector pulse width modulation (SVPWM) techniques for five-phase and 

six-phase VSIs for use in single five-phase and single six-phase motor drive and to 

compare the developed schemes with the existing methods. 

To develop an appropriate SVPWM technique for five-phase and six-phase VSIs for  
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the possibility of application of current control in the rotating reference frame in 

conjunction with series-connected five-phase and six-phase two-motor drives. The 

emphasis will be placed to provide sinusoidal output phase voltage from the VSIs to feed 

two-motor drive configuration 
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on the multi-phase equivalents of sinusoidal PWM and voltage space vector PWM for 

three-phase drives 
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To evaluate the performance of the series-connected five-phase and six-phase two-motor 

drives by performing detailed simulation studies. 

To investigate the possibilities of using machine parallel connection instead of the series 

connection, within multi-phase multi-motor drive systems. 
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To participate in the realization of an experimental rig that will incorporate multi-

machine drive system1 and to verify some of the theoretical investigations experimentally. 
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This report summarises the progress so far.  
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This thesis is organised in thirteen different chapters. Chapter 1 gives brief introduction 

to the research to be undertaken highlighting its main features in addition to the 

advantages and disadvantages of the proposed system. A brief overall structure of the 

system to be investigated has been presented in this chapter. The research objectives has 

been set and presented in chapter 1.  

Chapter 2 presents a literature survey in the areas of multi-phase and multi-phase drives 

with an emphasis on references published since Jones (2002). The modern developments 

in the areas of the proposed research work have been studied and are summarised in this 

chapter. The potential application field of the multi-phase machine drives are considered 

as ship propulsion, more electric aircraft and safety critical application areas. The 

research carried out in these areas are reviewed and presented in this chapter. The present 

development in quasi six-phase and five-phase machine drives are also analysed in this 

chapter. The other relevant aspect related to the proposed research is the development in 

the control of multi-phase VSIs, are studied and outlined in this chapter. Further, the 

research focussing on the reduced inverter switch rating and switch count have been 

surveyed in this chapter.  

                                                 
1 Experimental rig will be realized within the EPSRC project GR/R64452/01, on which a 
post-doctoral research associate is working. The work on this project includes myself and 
another PhD student, Mr. M. Jones. 



Chapter 3 is devoted to the modelling and analysis of single five-phase induction motor 

drive and it constitutes the basis for the discussion of the modelling and control of the 

series-connected five-phase two-motor drive system in Chapter 4. A detail model of five-

phase VSI for 180° conduction and PWM modes, based on space vector representation is 

discussed in this chapter. The model of five-phase induction machine in phase variable 

form and in arbitrary common reference machine is further elaborated in this chapter. The 

basic design of the vector controller is presented which is then used in dynamic 

simulation of drives system further on in this chapter and subsequent chapter in 

conjunction with five-phase two-motor drives system. A brief review of different current 

control schemes utilised in three-phase VSI is also presented. The design of analogue 

form of speed controller is also reported. The procedure of current and speed controller 

parameter tuning in their discrete form is outlined in the chapter. The same speed and 

current controller are used in single five-phase, single six-phase and five-phase and six-

phase two-motor drives in subsequent chapters. A detailed dynamic simulation results for 

single five-phase induction motor drive is presented and analysed. The harmonic 

spectrum analysis is done for single five-phase induction motor drive which is of 

paramount importance in five-phase two-motor drive which is discussed in chapter 4. 
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The original research results are reported in section 3.7 of Chapter 3 and throughout 

Chapter 4. 
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Chapter 4 is dedicated to the modelling and control of five-phase two-motor drives 

system. The major aim of this chapter is to investigate the possibility of independent 

control of two five-phase induction machines connected in series and fed using a single 

five-phase VSI. A novel mathematical model in state space form is developed for the 

assembly of two five-phase induction machine connected in series. The model is first 

developed in the phase variable form which is then transformed using decoupling 

transformation matrix in its power invariant form to obtain set of decoupled equations. 

These set of decoupled equations are then transformed into stationary common reference 

frame which is then further transformed into arbitrary and to rotor flux oriented reference 



frames. The principle of vector control of series connected five-phase two-motor drive is 

discussed in this chapter. The simulation results of dynamic behaviour of indirect rotor 

field oriented controlled five-phase two-motor drive system is given in this chapter. Two 

different current control scheme in stationary reference frame namely hysteresis and 

ramp-comparison is utilised to control the current regulated PWM VSI feeding the whole 

drive assembly. To elaborate further the concept of decoupled control of five-phase two-

motor drive system, harmonic analysis is done using Fast Fourier Transform.  

The foundation of six-phase two-motor drive is laid down in chapter 5 by looking into a 

six-phase and a three-phase induction motor drive individually. Since the intention is to 

use a true six-phase induction machine (60° spatial phase displacement) a six-phase VSI 

model is developed to provide the required supply voltage. The model of six-phase VSI is 

developed at first in 180° conduction mode and then in PWM mode. The mathematical 

model development is done using space vector representation. A number of interesting 

feature of six-phase VSI is highlighted. The model of true six-phase induction motor is 

briefly discussed. The principle of indirect rotor field oriented control for six-phase and 

three-phase induction motor drive is investigated. The dynamic performance of a true six-

phase and a three-phase induction machine is evaluated individually by simulation. The 

harmonic analysis of both six-phase and three-phase induction machine drive is also done 

and reported in this chapter. 

Chapter 6 discusses the independent and decoupled control of six-phase two-motor drive 

system fed using a six-phase current regulated PWM VSI. The six-phase two-motor drive 

assembly consist of a true six-phase and a three-phase induction machine with 

appropriate phase transposition. A novel state space mathematical model of six-phase 

two-motor drive system is developed in phase variable form which is then transformed to 

obtain decoupled set of equations. These decoupled set of equations are further 

transformed to stationary, arbitrary and rotor field oriented frame of references. The 

developed set of equations is then used to simulate the drive system in Matlab/simulink 

platform to evaluate its performance and results are reported in chapter 6. The current 

regulation method used to control the six-phase VSI feeding two-motor drives are 

hysteresis and ramp-comparison methods in stationary reference frame. To further 



explain the concept of decoupled control of the six-phase two-motor drive, harmonic 

analysis is done and presented in this chapter. 

Chapter 7 discusses the space vector PWM (SVPWM) implementation for five-phase 

VSI. The intention is to use the space vector decomposition technique and thus the 

mapping of the space vectors associated with five-phase VSI is done in x-y plane. The 

review of the literature concerning the SVPWM is given at first in this chapter. The 

existing technique which utilises only two outer large space vectors to synthesise the 

input reference is analysed and reported. The same concept is extended and two medium 

vectors are used to implement SVPWM and the results are reported in this chapter. Few 

more schemes are investigated aiming at production of sinusoidal output voltages. The 

feasibility of each method is validated by simulation throughout the chapter. A detailed 

comparison of performance of developed and existing schemes is also given. Further, a 

SVPWM scheme is developed to provide sinusoidal output to be utilised in decoupled 

control of five-phase two-motor drives fed using a single five-phase VSI. The viability of 

the proposed scheme is proved by simulation results. 

The emphasis of Chapter 8 is to investigate into the principle of SVPWM for six-phase 

VSI. The literature related to SVPWM of even phase number VSI is reviewed and 

presented in this chapter. Some of the existing techniques exploiting the basic principle of 

SVPWM is further analysed in this chapter. One novel scheme is suggested to extend the 

range of application of the existing method and the results are presented in the chapter. A 

detailed comparison of performance of developed and existing schemes is also 

eloborated. A SVPWM scheme is developed focussing on production of sinusoidal output 

for use in decoupled control of six-phase two-motor drives. The simulation results are 

presented throughout to support the theoretical findings.  

Chapter 9 discusses the results of experimental investigation. Some of the theoretical 

findings of the preceding chapters are implemented practically. The detail of the 

experimental rig is reported. Indirect rotor field oriented control of a five-phase induction 

motor drive is investigated using DSP based control system. The two-motor five-phase 

drive with decoupled control of each induction motor fed using a single five-phase VSI is 

implemented and the results are presented. The feasibility of using different types of ac 

machines in five-phase two-motor drive system is validated by using one five-phase 



induction motor and one permanent magnet synchronous reluctance motor. The 

independent control of these two type of machines are successfully implemented using a 

single DSP based control system with indirect rotor flux oriented control and the dynamic 

performance is presented. To further elaborate the concept of decoupled control of two 

five-phase machines, steady state no-load performance is carried out and the results are 

reported in this chapter. The load test is also performed on five-phase induction motor 

where the load used is a dc generator and the dynamic and steady state performance is 

investigated. To investigate the load torque profile a torque transducer is installed on the 

five-phase motor drive and the resulting performance is presented. 

Conclusions are given in Chapter 10 
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11 summarises further work. Finally, references and drive data are listed in Chapter 12 
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