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ABSTRACT 

During the past decade, there has been a considerable increase in the number of published works on 

multiphase machines and drives. This increased interest has been largely driven by a need for the so-

called green energy, i.e. energy generated from renewable sources such as wind, and also an increased 

emphasis on greener means for transportation. Some of the advantages multiphase machines offer over 

three-phase counterparts are better fault tolerance, smaller current and power per phase, and higher 

frequency torque ripple. 

This thesis examines use of a multiphase induction generator in wind energy conversion systems 

(WECS). In particular, multiphase generators that comprise multiple 3-phase winding sets, where each 

winding set is supplied using an independent 3-phase voltage source inverter (VSI), are studied. It is 

claimed that these topologies offer advantages in cases where a WECS is connected to a multitude of 

independent ac or dc microgrids, systems where a single high-voltage dc link is needed or where a 

simple fault tolerance is achieved when a complete winding set is switched off. All of these examples 

require an arbitrary power or current sharing between winding sets. 

In order to achieve arbitrary current and power sharing, the control can be implemented using multi 

stator (MS) variables, so that the flux and torque producing currents of each winding set can be 

arbitrarily set. As an alternative, this thesis uses vector space decomposition (VSD) to implement the 

control, while individual winding set flux/torque producing currents are governed by finding the 

relationships between MS and VSD variables. This approach has all the advantages of both MS and 

VSD, i.e. access to individual winding set variables of MS and the ability to implement control in the 

multiple decoupled two dimensional subspaces of VSD, while heavy cross coupling between winding 

set variables, a weakness of MS, is avoided. 

Since the goal of the thesis is to present use of multiphase machines in WECS, modelling and 

simulation of a simple multiphase WECS in back-to-back configuration has been performed at first. All 

systems relevant to machine control where considered, such as grid and machine side VSIs, grid filter, 

indirect rotor field oriented control, current control in both flux/torque producing and non-producing 

subspaces, low order harmonic elimination, maximum power point tracking control, and voltage 

oriented control of the grid side VSI. Moreover, various WECS supply topologies were considered 

where developed current and power sharing would be a necessary requirement. 

Development of the proposed current sharing control commences with an analysis of multiple 3-

phase machine modelling in terms of both MS and VSD variables. Since the actual control is 

implemented using decoupled VSD variables, VSD modelling has been studied in detail, resulting in 

an algorithm for creation of the VSD matrix applicable to any symmetrical or asymmetrical multiphase 

machine with single or multiple neutral points. Developed algorithm always decouples the machine into 

orthogonal two-dimensional subspaces and zero sequence components while making sure that all odd-

order harmonics are uniquely mapped. Harmonic mapping analysis is offered as well. Next, relationship 

between MS and VSD variables has been developed by mapping MS variables into VSD subspaces. 

Since VSD matrix creation algorithm is valid for any multiphase machine, relationship between MS 

and VSD variables is applicable to any multiple 3-phase machine regardless of the configuration 

(symmetrical/asymmetrical), number of neutral points or machine type (synchronous or induction). 

Established relationship between MS and VSD has been used to implement current sharing control 

in decoupled VSD subspaces of the machine. It is shown that in order to achieve arbitrary current 

sharing it is only necessary to impose currents in flux/torque non-producing subspaces. Hence, total 

machine’s flux and torque are not affected at all. Besides verification by Matlab simulations, two 

topologies are experimentally investigated, a parallel machine side converter configuration and the case 

when a single high voltage dc link is created by cascading dc-links of the machine side VSIs. In the first 

case the ability of arbitrary current sharing between winding sets is validated, while the second tested 

topology demonstrates use of the developed control for the purpose of voltage balancing of the cascaded 

dc links. 
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Chapter 1 

INTRODUCTION 

1.1 Preliminary Considerations 

The search for alternative energy sources is of the utmost importance for the mankind, especially 

when most of the currently generated electrical energy comes from fossil fuels such as coal and oil. 

Fossil fuel reserves are limited and their usage pollutes the air, water and soil. Renewable energy 

sources can offer a solution to many of the problems associated with fossil fuels. The energy delivered 

to the Earth from the sun is manifested in different ways. Tidal, wind and light energy are the three 

renewable energy sources most frequently used. Wind energy has become one of the fastest growing 

renewable energy sources [Wu et al., 2011]. As a consequence, the demand for efficient and robust 

wind energy conversion systems (WECS) is growing. 

Successful operation of a wind turbine depends on many factors such as the availability of the wind, 

mechanical construction of the turbine, ease of access and the electrical subsystem. Advancements in 

the mechanical subsystem are mainly related to the improvements of the gearbox design in order to 

increase its reliability. Further, it is possible to completely remove it by use of low speed high pole 

number synchronous machine. As far as the electrical subsystem is concerned, many improvements 

have been made over the years in terms of the efficiency and robustness of the electrical systems. 

Namely, in the last 20 years, there have been advancements in switching technology, digital control and 

electric generator design. 

The early WECS comprised wind turbines with 3-phase induction machines used as a generator 

[Singh et al (2006)]. These were fixed speed WECS, consequently they were able to work in a narrow 

wind speed range and the generator itself was completely uncontrolled. A small amount of control was 

achieved by pitch and stall control of the wind turbine blades. The capability of these systems to extract 

the maximum possible power from the wind regardless of the wind conditions is very low. With the 

development of high power semiconductor switches and digital signal processors (DSPs), power 

electronics started to be used in WECS. They made it possible to use variable speed drives in WECS. 

This had a huge impact on the efficiency of the WECS. The operational wind speed range was 

significantly increased and WECS became more controllable to accommodate different operating 

conditions and strict grid codes. 
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Voltage source inverters (VSI) are usually used in variable speed drives due to their simple 

construction. If high performance operation is required, such as precision speed or position control, 

usage of a digital signal processor is usually mandatory. Variable speed operation of the electrical 

machines is not beneficial only for WECS. In almost any industrial application a lot of energy can be 

saved with variable speed drives. For example, a heating, ventilation and air conditioning (HVAC) 

system has huge improvement in efficiency if its compressor has variable speed. A lot of electrically 

driven machinery has peak efficiency at different speeds depending on its operating condition. On the 

other hand, in some applications variable speed is mandatory; but, before inverter control was developed 

variable speed drives were based on dc machines which were unreliable, mainly due to the commutator 

and carbon brushes. 

Historically speaking, 3-phase machines were the first ac machines to be used in variable speed 

drives. Due to the 3-phase grid, 3-phase machines are the most researched ones and it was easy to 

implement variable speed operation once the high power switching technology and digital signal 

processors became available. One of the major issues with the 3-phase machines is that they are not 

inherently fault tolerant, meaning that when one of the phases fails usually the machine needs to be 

stopped. A special machine and/or inverter design would be needed to make a 3-phase machine fault 

tolerant. Furthermore, when a 3-phase machine is used in high power applications, due to the voltage 

and current limits a special winding construction is necessary. Furthermore, the limitations of 

semiconductor devices lead to a requirement for increasingly complex inverter structures. 

Multiphase machines offer solutions to the aforementioned issues. Usually these machines have 

multiple 3-phase winding sets or a prime number of phases greater than 3. One of the obvious 

advantages is that power is shared between more phases, meaning that power per phase is smaller and 

there is no need to use special winding designs [Tessarolo (2010b)], i.e. an expensive Roebel bars 

technology.  Moreover, simpler inverter structures with switches of a lower rating can be used, resulting 

in a cheaper system. Another huge advantage of the multiphase machines is fault tolerance. Machines 

with more than three phases can operate with reduced capacity if one or more phases are lost due to a 

fault. This is especially crucial for operation in critical applications such as more-electric aircraft. 

Regardless of the number of phases, an inverter decouples the machine from the 3-phase grid. Hence, 

the machine phase number is a design parameter available to the engineer. Initially, researchers used 2-

level voltage source inverters to supply the multiphase machine. Recently multilevel inverters have 

gained research interest [Dordevic 2013a] with the primary aim being to increase the power and quality 

of the output waveforms. Multiphase machines are particularly well suited to applications requiring 

high power, high performance variable speed drives, such as traction, ship propulsion, WECS, more 

electric aircraft and other high power industrial applications [Levi et al (2007), Levi (2008)]. 

With requirement of variable speed operation and multi-megawatt power ratings, WECS are an ideal 

candidate for multiphase machines. More than three phases will lead to less power per phase and 

inverter switches of the lower rating resulting in cheaper and easy for maintenance inverter design. 
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Fault-tolerance capability of the multiphase machines is ideal for offshore wind farms where 

maintenance is not easily available and every stop in operation is costly. Furthermore, mechanical 

gearbox which is commonly a part of the WECS, benefits greatly from the lower torque ripple of the 

multiphase machine. 

Regarding the machine type, the most frequently used machines in WECS are induction, 

synchronous with wound rotor and permanent magnet machines. Asynchronous machines with the slip 

rings are predominantly used as a doubly-fed generator where the rotor winding is supplied from a 

smaller capacity converter. In this case, the controllability of the machine during the grid fault can be 

challenging when compared to a fully controllable drive with a converter that is rated to handle the full 

power of the drive. This is the most frequent machine type used in WECS [Wu et al (2011)]. A drawback 

of this system is an expensive rotor and slip rings maintenance issues. On the other hand, both 

permanent magnet and cage induction machines benefit from the brushless operation. Both types require 

a full capacity converter, but in return their fault ride-through performance is superior when compared 

to DFIG. When compared with a permanent magnet machine, larger rotor losses of the induction 

machine are usually insignificant when the robustness and low cost construction of the induction 

machine rotor is taken into consideration. 

The connection to the main grid in the large offshore wind farms is sometimes made via a high 

voltage dc link. When a multiphase machine with multiple 3-phase winding sets is used as a generator, 

more than one 3-phase converter is used to supply the machine and a higher dc-link voltage can be 

achieved without step-up dc-dc converter. For example, in a 6-phase machine two 3-phase VSIs can be 

used with dc links connected in series [Che et al (2012b)]. As a result, the total dc voltage will be twice 

the value of the individual inverters dc-link voltages. There is always a trade-off and in this 

configuration the fault tolerance of the machine is compromised. 

1.2 An Overview of Multiphase Machines in WECS 

Due to the unavailability of the high power switches, firstly developed WECS had used constant 

speed induction motor as a generator and their speed was governed by the grid frequency [Blaabjerg 

and Chen (2006)]. This configuration has the advantage of robust and simple construction, but the lack 

of control has a consequence of very narrow operational speed range and high mechanical stress. 

With the advancement in switching devices technology and development of energy efficient 

inverters, industry has moved to the variable speed WECS. The doubly-fed induction generator (DFIG) 

offers an alternative solution to WECS requiring full capacity converters. In this configuration the stator 

windings are directly connected to the grid, while a reduced capacity converter is used to supply the 

rotor windings. The smaller converter also brings disadvantages such as: wound rotor, slip rings and 

smaller wind speed range. On the other hand, induction generator with the squirrel cage rotor needs full 

capacity converter, but in return provides superior fault ride-through performance, robust construction 

and almost maintenance-free operation. Currently, the mostly utilized variable speed WECS are doubly-
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fed or full capacity with induction or synchronous generator [Anaya-Lara et al (2009), Liserre et al 

(2011)]. 

The aim of this research is to explore the use of multiphase induction machines with full capacity 

converter in WECS. With its simple construction, induction machine is the machine of choice due to 

the robustness and low production and maintenance costs. When compared to the 3-phase counterparts, 

a multiphase machine has many benefits, such as lower power/current per phase and fault-tolerant 

operation [Levi et al (2008)]. In addition, machines with multiple 3-phase winding sets have an 

advantage of using widely available and well-understood 3-phase inverters. Furthermore, series or 

parallel connection of these inverters enables use of different topologies; hence various application 

specific requests can be accommodated. Other advantages of multiphase machines over the 3-phase 

counterparts have been reported in [Tessarolo (2010a)], where it is shown that production cost and 

complexity of the high power multiphase machines are less when compared to the 3-phase ones. This 

is mainly due the fact that multiphase machines have less current per phase and do not need special 

winding construction. On the other hand, a 3-phase machine is a very well-known and an off-the-shelf 

solution with a vast knowledge base on design and actual production process is available. Furthermore, 

adoption rate of multiphase machines in wind energy is very low and each application would represent 

a reach into unknown where design and production might be costly and challenging. Therefore, all these 

circumstances need to be taken into consideration when developing a real-world multiphase WECS. 

When modelling of multiphase machines is concerned, three modelling approaches are usually used: 

phase domain modelling, vector space decomposition and the multi stator (MS) modelling approach. 

Modelling in phase variables is the simplest and most straightforward way. Namely, n-phase machine 

is modelled in its natural n-dimensional space [Dordevic et al (2010)]. A disadvantage of this modelling 

approach is its complexity and very difficult implementation of any high performance control, i.e. 

vector control. Contrary to the modelling in phase variables, when transformation to arbitrary reference 

frame is applied machine equation are simplified. Vector space decomposition (VSD) can be applied to 

decouple machine equations into flux/torque producing and non-producing subspaces [Zhao and Lipo 

(1995)]. As a result, flux/torque producing subspace will be used for high performance vector control, 

while non-producing subspaces may be used for some specific purposes, like fault tolerance [Che et al 

(2014b)]. Of course, depending on the number of phases and whether the machine has one or multiple 

isolated neutral points, a different transformation matrix will be used [Levi et al (2007)]. The third 

modelling approach is only applicable to multiphase machines with multiple winding sets and it is based 

on applying decoupling transformation to each of the winding sets [Nelson (1974)]. As a result, each 

winding set can be independently controlled, but the disadvantage is that it is hard to explain stator 

current harmonic content since this approach does not consider flux/torque non-producing components. 

The use of this approach has also been reported for the 9-phase case in [Jung et al (2009)] where a 9-

phase machine is used in an ultra-high speed elevator. Comparison of the MS and VSD modelling 
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approaches for the 6-phase case has been presented in [Che et al (2014a)], where the currents in 

flux/torque non-producing subspaces are presented as circulating currents between winding sets. 

Due to its simplicity, the most researched inverter type is 2-level voltage source inverter. Realisation 

of modulation strategies for VSI supplied multiphase drives varies. Firstly, developed modulation 

strategies were based on 180 degrees conduction mode, but development of high speed high power 

switches has enabled pulse width modulation (PWM) strategies to be implemented, specifically, carrier 

based PWM (CBPWM) and space vector PWM (SVPWM). Since CBPWM is based only on comparing 

the references with a carrier, it is easy to implement regardless of the number of phases. On the other 

hand, SVPWM requires a complex dwell time calculation algorithm even for the 3-phase drives. When 

extended to multiphase systems, complexity of SVPWM implementation gets more pronounced 

because the number of possible switching vectors is increased and the dwell time calculations become 

increasingly demanding. 

A detailed analysis of 3-phase PWM strategies is given in [Holmes and Lipo (2003)]. For the case 

of a 6-phase induction machine with two isolated neutral points, comparison of the CBPWM with 

different SVPWM strategies has been presented in [Bojoi et al (2002)]. When the multiphase machines 

with nine and fifteen phases are concerned, work on CBPWM has been reported in [Dong et al (2008)] 

and [Benatmane and McCoy (1998)]. On the other hand, SVPWM is widely implemented in both 6-

phase [Dujic et al (2007a), Zhao and Lipo (1995), Prieto et al (2010)] and 9-phase [Dujic et al (2007b), 

Grandi et al (2007a), Kelly et al (2003)] cases. Another important parameter to consider is the dc-link 

voltage utilization. It is well known that SVPWM has 15.4% better dc-link voltage utilisation than pure 

sinusoidal CBPWM for 3-phase systems. When extended to multiphase systems, dc-link voltage 

utilisation is highly dependent on the number of phases, whether the machine is symmetrical or 

asymmetrical, and the number of neutral points [Dujic et al (2010), Levi et al (2008)]. 

To be able to fully utilise available wind power, it is mandatory that the used machine has high 

performance speed or torque control. In almost all cases of variable speed WECS where induction 

machine with cage rotor is used, control of choice is the indirect rotor field oriented control (IRFOC) 

[Wu et al (2011)]. In the case of the multiphase machines, IRFOC is implemented by obtaining the 

flux/torque producing d-q components by means of the VSD or MS modelling approaches. For the 6-

phase machine IRFOC implementation has been reported in [Singh et al (2005a)], while in the case of 

a 9-phase machine the same has been done in [Hu and Yung (2011)]. 

In any high performance control strategy, it is of the utmost importance to have high speed current 

controllers when compared to the mechanical time constants of the system. The current control 

algorithms used for multiphase machines vary. It is necessary to control currents in all subspaces. Due 

to the very low impedance in the flux/torque non-producing subspaces huge currents can be present due 

to the asymmetry of the machine phases [Jones et al (2009)]. One of the possible solutions is to have 

two PI regulators in d-q reference frame and resonant regulators in x-y planes tuned at specific 

harmonics [Che et al (2014c), Yepes et al (2013)]. Another solution to current control is proposed in 
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[Bojoi et al (2003b), Hua et al (2006)], where machines with multiple winding sets were modelled using 

the MS modelling approach and current control has been done in each of the d-q subspaces. 

Alternatively, current control of the subspaces can be achieved by the multiple resonant controllers 

[Yepes (2011)]. It was concluded in [Holmes et al (2012)] that all the investigated current regulator 

types will produce similar results when properly tuned. 

One of the benefits of the multiphase machines when used in off-shore WECS is their fault tolerance, 

meaning that they can continue to operate with reduced capacity even if one or more phases is under 

fault. This is of great importance when the WECS are located in areas where easy access for 

maintenance purposes is not possible. The detection of the faults in multiphase machines by the means 

of analysing flux/torque non-producing subspaces has been proposed in [Zarri et al (2011)]. A number 

of different solutions for operation under fault conditions have been proposed. The simplest one is to 

switch off the entire winding set containing the faulted phase in the machines with multiple neutral 

points [Alberti and Bianchi (2012)]. Other solutions propose changes in the control so the MMF is kept 

at rated value [Fu and Lipo (1994)], minimisation of the losses in the remaining phases [Apsley (2010)] 

and minimum torque oscillations [Tani et al (2012)]. Another, very popular method is to change the 

transformation matrix to accommodate lost phases [Deilmani et al (2011)]. Alternatively, the same 

decoupling matrix can be used, but references to the current controllers in x-y plane should be changed 

according to the present fault [Che et al (2014a)]. 

The converter topologies used in WECS vary depending on the configuration of the WECS itself. If 

the WECS is connected to the local dc link of a wind farm or the high voltage cable than only machine-

side inverters are used. On the other hand, if WECS is connected directly to the grid then use of the 

grid-side inverter is mandatory. Nevertheless, when a multiphase generator is used, there are many 

possible inverter configurations to accommodate specific needs. Namely, if the machine has composite 

number of phases multiple inverters can be used on the machine side. If dc links of the inverter are 

connected in parallel better fault tolerance and modularity is achieved [Sun et al (2015), Andersen and 

Birk (2007), Brisset et al (2008)]. On the other hand, if the dc links of the inverters are connected in 

series, high voltage level can be achieved which is highly desirable for offshore wind farms regardless 

of the actual connection to the mainland, i.e. HVDC or AC connection [Blaabjerg et al (2006)]. It should 

be pointed out that despite all of the advantages of HVDC, in reality there is only a handful of wind 

farms that use this technology. Series connection of the inverters has been proposed in [Duran et al 

(2011), Che et al (2012b), Che et al (2014b)]. Solutions for the grid-side inverters vary, but usually it is 

required to use multilevel inverters to accommodate strict grid codes. Due to its simple construction 

and easy control, one of the widely used multilevel inverters is of the neutral point clamped (NPC) type 

[Nabae et al (1982)]. 

Control of the grid-side inverter is usually done using the well-known voltage oriented control 

(VOC), where two PI current regulators in synchronous reference frame are used, plus one PI voltage 

regulator for dc-link voltage control [Blaabjerg et al (2006)]. Grid connected inverters require a grid 
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synchronisation which is usually achieved using a phase locked loop (PLL). PLL grid synchronisation 

techniques with regard to the grid voltage and phase unbalances are proposed in [Chung (2000a), Chung 

(2000b), Arruda et al (2001)]. 

In every WECS the outer control loop is the maximum power point tracking (MPPT) and it is related 

to the characteristics of the wind turbine. Depending on the wind speed and turbine profile, MPPT will 

provide a torque or speed reference so that the optimal tip speed of the turbine blades is achieved [Wu 

et al (2011)]. This results in the maximum power being extracted from the available wind. 

1.3 Research Objectives and Novelty 

The aim of this research is to explore the application of multiphase induction machines to wind 

energy conversion systems with the intent to develop current and power sharing between winding sets 

of multiple 3-phase machines that can accommodate rather different supply topologies and power needs. 

The aforementioned will be achieved by completing the following objectives: 

1) To develop machine model using various modelling approaches: phase variables, multi stator (MS) 

and VSD. All models should be developed for a general n-phase case, with exception of the MS 

which is developed only for multiple 3-phase machines. Furthermore, used VSD matrix should be 

generalised so that it can be applied to both symmetrical and asymmetrical configurations. Analysis 

of harmonic mapping and comparison of modelling approaches should be carried out as well. 

2) To develop a model of the complete WECS, including MPPT control, IRFOC, VOC, both grid-

side current control and synchronisation and machine-side current control including current control 

of fundamental frequency components in - and x-y subspaces and resonant current control for 

low order harmonics elimination. Furthermore, models of machine-side 2-level VSI and grid-side 

3-level NPC VSI should be implemented together with appropriate modulation techniques. 

3) To understand the relationship between VSD and MS modelling approaches, so that the benefits 

of both can be utilised. This will enable access to both MS variables, which hold information on 

currents in individual winding sets, and decoupled VSD variables, which easies control 

implementation. 

4) Use the relationship between MS and VSD modelling approaches to develop arbitrary current and 

power sharing between winding sets of multiple 3-phase winding machines so that it can be used 

in a general case. 

5) One of the possible uses of developed power sharing between winding sets is to balance voltages 

of the cascaded dc links supplying the multiphase machine with isolated neutral points. This 

application will be explored and a dc-link voltage-balancing controller developed. 

6) Develop an experimental prototype to verify proposed theoretical concepts and the developed 

control algorithms. Compare the results with the numerical simulations and analyse the 

performance. 
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The novelty of the conducted work comes from the completion of the objectives mentioned above. 

Starting with the modelling of the multiphase machines, an algorithm for the creation of VSD matrix 

for any multiphase machine has been proposed resulting in [Zoric et al (2017b)]. In addition, unbalance 

in the zero-sequence harmonics of the phase voltages in the case of asymmetrical multiphase machine 

with single neutral point is reported in [Zoric et al (2016)]. Analytical expression for unbalance in phase 

voltages that exists even if the leg voltages are balanced is found. When it comes to the current and 

power sharing technique, a review of power sharing techniques between winding sets of a multiple 3-

phase machine is presented in [Zoric et al (2017)]. The current and power sharing has been developed 

for any multiple 3-phase machine in [Zoric et al (2018a)]. Here, a relation between MS and VSD 

variables is found so that benefits of both modelling approaches can be utilised to the full extent, i.e. 

decoupled control of VSD and information on individual winding set variables of MS modelling. 

Developed current sharing has been extended so that both d- and q-axis winding set currents of any 

multiple 3-phase machine can be arbitrarily set. This allows independent control of flux/torque 

contribution of each winding set to the total flux and torque of the machine. Results are reported in 

[Zoric et al (2018b)]. The developed power sharing technique is used to balance dc-link voltages of 

cascaded VSIs supplying a symmetrical 9-phase machine resulting in [Zoric et al 2017a]. 

1.4 Organisation of the Thesis 

This thesis is divided into 8 chapters as follows: 

Chapter 1 provides an introduction to the wind energy conversion systems and multiphase machines 

in general. A brief discussion of the advantages multiphase machines possess over 3-phase ones, with 

regard to application in WECS, is offered. This chapter is completed with list of research objectives and 

discussion of novelty and organisation of the thesis. 

Chapter 2 provides a literature survey of current state-of-the-art in multiphase machine drives and 

their application in WECS. The literature covered deals with multiphase machines in general, 

modelling, modulation techniques, current control, current and power sharing between winding sets, 

fault tolerance, converter topologies and finally the control systems required for operation of a single 

WECS. 

Chapter 3 introduces WECS and sets the context of the thesis by providing the possible applications 

of the developed control strategies. All necessary subsystems, relevant to the multiphase machine 

operation in WECS, are covered, such as: wind turbine blades, pitch control, gearbox, 2-level machine-

side VSI, 3-level grid-side NPC VSI, IRFOC, VOC, PLL for grid synchronisation, MPPT control and 

various current control schemes. Different WECS topologies where a multiphase machine is used as a 

generator are covered showing applications where use of a 3-phase machine would not suffice. 

Chapter 4 deals with the modelling of the multiphase machines in phase variables, by multi stator 

modelling approach and by the use of VSD. In order to develop VSD modelling in a general case, 

creation of VSD matrix has been dealt with in this chapter as well. Most importantly, this chapter 
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provides analytical relationship between MS and VSD variables, which sets the basis for current and 

power sharing developed in the following chapters. Furthermore, it is shown here that there is an 

imbalance in zero-sequence phase voltages and currents of an asymmetrical machine with single neutral 

point even in the case of balanced leg voltages. 

Chapter 5 develops current and power sharing techniques between winding sets of a multiphase 

machine. The relationship between MS and VSD variables detailed in chapter 4 of the thesis is used as 

a starting point. Arbitrary current sharing is developed in both stationary (-) and synchronously 

rotation (d-q) coordinates. Further on in the chapter, current/power sharing in rotational coordinates has 

been verified on the example of asymmetrical 9-phase induction machine by simulation and experiment. 

Two different current sharing modes were developed and tested. The first one equally varies both d- 

and q-axis currents of each winding sets, while in the second case d- and q-axis current are 

independently changed. 

Chapter 6 explores one possible use of developed power sharing technique. A 9-phase machine with 

three isolated neutral points is supplied by triple 3-phase VSI with cascaded dc links. This topology 

provides benefits of having a single high voltage dc link which easies step-up conversion, usually 

mandatory in high power WECS. The developed power sharing technique is employed here to balance 

individual dc-link voltages. Operation of symmetrical configuration is checked by numerical 

simulation, while asymmetrical one is verified by the experiment. 

Chapter 7 summarises the work done in the thesis and provides conclusions. In addition, possibilities 

for future work are discussed in this chapter as well. 

Chapter 8 provides list of references used in the thesis. 

The last part of the thesis consists of appendices, where some important derivation and 

implementation codes are presented first (Appendix A). A description of the experimental setup, 

including hardware and software, is detailed next (Appendix B). Lastly, publications resulting from the 

thesis are listed (Appendix C). 

 



 

Chapter 2 

LITERATURE SURVEY 

2.1 Introduction 

This literature survey is focused on the application and control of multiphase machines in wind 

energy conversion systems (WECS). The principal topics covered are modelling, modulation 

techniques, current control, current sharing between winding sets, fault-tolerant operation, and 

converter configuration possibilities. Even though this literature survey primarily deals with multiphase 

machines, it is necessary to include other aspects of WECS as well. Hence, maximum power point 

tracking (MPPT), wind turbine basic operation, voltage oriented control (VOC), rotor field oriented 

control and grid synchronisation are covered. Multiphase machines of particular interest in WECS are 

6-, 9-, 12- and 15-phase induction machines in both symmetrical and asymmetrical configurations. The 

6-phase machine is the most researched multiphase machine; hence, the majority of the literature 

discussed here considers this type of multiphase machine. To begin, it is convenient to provide a short 

review of multiphase machines and WECS in general before moving on to a more detailed examination 

of the specific topics mentioned earlier. 

One of the reasons for considering wind energy applications lays in the fact that it is one of the 

fastest growing renewable energy sources. In 2015 the annual growth of newly installed wind power 

reached 63 GW [REN21 (2016)]. The size of wind turbines has also increased with machines up to 8 

MW now being offered by major manufacturers [Siemens AG (2016), MHI Vestas (2014)]. Although 

in terms of installed capacity the majority of WECS use the 3-phase doubly fed induction generator 

[Ma et al (2015)], high power requirements and the ability to continue operating under fault conditions 

has set multiphase machines as a technologically viable solution, especially the multiple 3-phase ones 

[Vizireanu et al (2007)]. Alongside multiphase WECS, other novel solutions can be found in the 

literature. These include superconducting wind generators [Wang et al (2013), Wang et al (2014)], 

integrated ac/dc generation [Feifei et al (2012)], double 3-phase machines with dissimilar number of 

poles per winding set [Munoz and Lipo (2000)] and cascaded generator usage [Kato et al (2001)]. None 

of these systems has attracted much attention from the point of view of real-world WECS and so they 

will not be considered further. 
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The basic operating principles of WECS can be found in [Wu et al (2011)]. Both mechanical and 

electrical subsystems are considered including turbine characteristics, WECS classification, grid 

synchronisation, and machine control for different types of 3-phase generators. Some of the earliest 

applications of WECS were based on the self-excited 3-phase induction generator. Similarly, use of 

self-excited 6-phase induction generator in WECS is examined in [Singh et al (2006), Singh et al (2009), 

Nounou et al (2014)]. In these cases, considered WECS supplies isolated load, i.e. it is a stand-alone 

power system configuration. 

A comprehensive survey of multiphase machines in general is available in [Levi et al (2007), Levi 

(2008)]. Some of the covered areas are: basic characteristics of multiphase machines, advantages over 

3-phase ones, modelling, harmonic mapping, modulation techniques, current control, field-oriented 

control, voltage oriented control, direct torque control, fault-tolerant operation and multi-motor drives. 

Another survey paper [Parsa (2005)] considers the advantages of multiphase machines such as smaller 

per-phase current, lower torque pulsation and improved reliability. Benefits of multiphase machines 

regarding winding construction/manufacturing are investigated in [Tessarolo (2010b)]. In addition, 

more recent review papers discussing newly published research in multiphase machine drives have 

become available [Barrero and Duran (2016), Duran and Barrero (2016), Levi (2016)]. 

2.2 Modelling 

 Successful control of multiphase generators with multiple 3-phase windings naturally requires an 

appropriate mathematical model. The most obvious way of modelling would be to model the machine 

in phase domain [Dordevic et al (2010)]. In doing so, an n-phase induction machine is represented with 

phase variables and the resulting model consists of 2𝑛 + 1 nonlinear differential equations with time 

varying coefficients. Clearly, the problem with this approach is the model complexity, which makes the 

design and implementation of high performance control algorithms very difficult. 

To overcome the complexity, the modelling process usually employs transformations to simplify the 

equations [Nelson and Krause (1974)] and therefore the control algorithm. This kind of modelling is 

based on a method proposed in [Park (1929)] where a 3-phase synchronous machine is represented in a 

synchronous rotating reference frame d-q-0. In the case of multiphase machines with multiple 3-phase 

windings, the modelling is undertaken using multiple d-q transformations. For example, a 6-phase 

induction machine can be modelled using the so-called double d-q approach [Lipo (1980)]. This method 

considers 6-phase machine as two 3-phase machines. Two separate d-q transformations are applied to 

the double 3-phase windings equations, resulting in two separate flux/torque producing subspaces. An 

example of the double d-q modelling can also be found in [Singh et al (2005b)], where a 6-phase self-

excited induction generator is modelled using this approach. Two pairs of torque/flux producing 

currents in the double d-q synchronous reference frame are obtained. By aligning the d-axis of obtained 

reference frame with the machine’s rotor flux, independent flux/torque control is achieved. This 
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corresponds to the rotor flux oriented control (RFOC) for 3-phase machines, so the d-current 

components will control machine flux and q-current components will control machine torque in a 

decoupled manner. The added complexity is that, in the case of a 6-phase machine, two d-q current 

controller pairs are needed and there is a coupling between two sets of d-q equations; hence additional 

decoupling is required. The multiple d-q modelling approach has been also applied to machines with 

more than two 3-phase winding sets.  In [Jung et al (2009)] an ultra-high speed elevator using a 9-phase 

machine is presented. Triple d-q transformation is used to model the machine; hence, three current 

controller pairs in the d-q reference frame are used. Another example can be found in [Rubino et al 

(2016)] where a 12-phase machine is modelled and controlled by application of a quadruple d-q 

transformation. An unfortunate consequence of modelling the machine using multiple flux/torque 

producing subspaces is the presence of heavy cross-coupling between subspace equations [De Camillis 

et al (2001)]. In addition, due to the non-ideal nature of the machine and converter, low-order harmonics 

can appear in each subspace and their elimination is not easy to achieve. A solution for this is to 

introduce an additional transformation to diagonalize the inductance matrix [Kallio et al (2013)].  

Furthermore, when there are more than two 3-phase sets, d-q axes of each set are not decoupled due to 

the coupling of stator leakage flux [Tessarolo et al (2013a), Tessarolo et al (2013b)]. This will take 

effect if the current amplitudes in the 3-phase sets are different due to any imbalance between sets. 

Finally, apart from these issues, it is obvious that with multiple 3-phase d-q modelling approach, 

machines with number of phases different than multiple of three cannot be modelled. 

Multiple d-q modelling approach represents application of 3-phase Park’s transformations to a 

specific type of a multiphase machine (6, 9, 12, etc. phases), where Park’s transformation is a 3-phase 

Clarke’s decoupling transformation plus rotation to an arbitrary reference frame. However, Clarke’s 

transformation is a special case of the symmetrical components theory originally developed in 

[Fortescue (1918)]. Fortescue’s method can be applied to any n-phase machine as discussed in [White 

and Woodson (1959)]. This theory has been used to model a 6-phase induction machine in [Zhao and 

Lipo (1995)] leading to the so-called vector space decomposition (VSD) modelling approach. The VSD 

is based on transforming original n-dimensional space into new n/2 (n-even number) or (n-1)/2 (n-odd 

number) orthogonal subspaces. The machine equations are decoupled into a single flux/torque 

producing subspace, multiple flux/torque non-producing subspaces and zero-sequence components 

[Levi et al (2007)]. Electro-mechanical energy conversion takes place in the first - subspace, while 

components in other subspaces (x-y) and the zero sequences (z) only produce losses. This feature 

provides better insight into machine operation, removes the need for complicated decoupling systems 

and eases the design and implementation for the control algorithm. Obtaining a VSD transformation 

matrix for symmetrical machines is straightforward and is developed from symmetrical components 

theory [Levi et al (2007)]. However, finding an appropriate transformation matrix for asymmetrical 

machines is less straightforward and multiple solutions have been proposed in [Tessarolo (2009a), 

Tessarolo (2009b), Abbas et al (1984), Rockhill and Lipo (2009), Rockhill and Lipo (2015)]. All of 
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them produce the same or very similar transformation matrices and have in common that odd-order 

harmonics are uniquely mapped into the subspaces. 

Comparison between the double d-q and VSD modelling approaches for asymmetrical 6-phase 

induction machines is presented in [Che et al (2014c)]. It is shown that the currents in the non-

flux/torque producing subspace can be physically interpreted as circulating currents between the two 3-

phase sets. Asymmetries between the 3-phase sets will be visible as fundamental frequency currents in 

the non-flux/torque producing subspace. These currents can have different sequences depending on the 

nature of the asymmetry. This work has been extended to any symmetrical multiphase machine in [Liu 

et al (2016)]. It is shown that a pair of current controllers in each subspace can mitigate the imbalance 

originally present in phase values. 

Another, recently developed, approach to multiphase machine modelling has been reported in 

[Zabaleta et al (2016a), Zabaleta et al (2016b)]. The work is part of a parallel research stream to this 

thesis and is a PhD research project exploring multiphase PMSGs for WECS. A transformation similar 

to VSD has been obtained by use of multiple Clarke’s transformation. The flux/torque producing 

subspace is the same as in the case of VSD. However, the x-y subspaces contain information about the 

differences between flux/torque producing components in each winding set. This approach provides the 

benefits of VSD modelling, i.e. decoupled machine equations, but with the addition of having the ability 

to influence the contribution of each winding set to the total flux and torque production. However, 

unique harmonic mapping, available with VSD, is lost. 

2.3 Modulation Techniques 

In the early days of power electronics, due to the unavailability of fast switching high current 

devices, the first variable speed machines were supplied by inverters with 180 degrees conduction 

mode. One of the early examples of this supply technique applied to multiphase machines can be found 

in [Nelson and Krause (1974)]. A 6-phase induction machine was considered in both symmetrical and 

asymmetrical winding configurations. It was found that a machine in symmetrical configuration 

behaves in the same manner as the 3-phase machine, while in the case of an asymmetrical machine 

lower torque and current ripple was observed when compared to a 3-phase counterpart. Similarly, 180 

degrees conduction mode was explored for 6- and 9-phase induction machines in [Kats (1997)] and the 

results were compared with a sinusoidally excited 3-phase machine. A more detailed analysis is offered 

in [Klingshirn (1983a), Klingshirn (1983b)] where various configurations of multiphase machines were 

compared in terms of torque ripple production. The first paper deals with theoretical considerations, 

while the second provides experimental validation. In [Wei et al (2014)] effects of current harmonics 

on magneto-motive force and consequently on machine torque have been analysed. The theory was 

tested using finite element simulations. With the advent of high power high-speed switches, this type 

of modulation has become obsolete due to the high harmonic content of currents and torque. Nowadays, 

high power machines can be supplied using modulation techniques such as space vector pulse-width 
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modulation (SVPWM) and carrier-based pulse-width modulation (CBPWM), albeit at sub kHz 

switching frequencies. 

The SVPWM technique has been widely researched for multiphase machines. In combination with 

VSD modelling it provides good insight into machine operation and converter control algorithm 

development. SVPWM offers near-sinusoidal output waveforms, low harmonic distortion and increased 

dc-link voltage utilisation. An abundance of papers has been published considering SVPWM for 6-

phase machines. In [Zhao and Lipo (1995)] an asymmetrical induction machine with two isolated 

neutral points was used. By using VSD for modelling, an illustration of space vector projections in 

different subspaces has been shown. It is concluded that, by proper selection of space vectors, an 

improvement can be made over the simplest CBPWM with pure sinusoidal references and triangular 

carrier in terms of dc-link voltage utilisation. A potential advantage of the SVPWM is a possibility to 

reduce common-mode voltage in certain cases. A symmetrical 6-phase machine was investigated in 

[Correa et al (2003)] and it was shown that, by properly selecting the space vectors, the instantaneous 

common-mode voltage can be reduced, so bearing currents and therefore deterioration of bearings will 

be reduced. The SVPWM technique can produce phase voltages that are sinusoidal or near sinusoidal 

while the average common-mode voltage is kept at zero [Dujic et al (2007a)]. Further research for a 

symmetrical 6-phase machine has been conducted in [Kianinezhad et al (2005)]. It is concluded that the 

proposed multi-vector SVPWM technique using symmetrical switching sequences gives better 

performance than traditional SVPWM using asymmetrical switching sequences. Phase voltages are near 

sinusoidal and the harmonic content is lower. 

SVPWM has been considered for the asymmetrical 6-phase machines as well [Hadiouche et al 

(2006)]. The performances of various SVPWM strategies have been studied by analysing maximum 

modulation indices and current harmonics. It is shown that performance is dependent on the ratio 

between leakage inductance in the d-q and x-y subspaces. Furthermore, a comparison has been made 

between continuous and discontinuous SVPWM and it is verified by simulation and by experiment that 

both techniques can produce near-sinusoidal output currents. When SVPWM is used for 6-phase 

machines, subspaces are usually divided into 12 sectors and the dwell times are calculated accordingly. 

In [Marouani et al (2008)] subspaces are divided into 24 sectors, which yields reduced stator current 

harmonics when compared to the 12-sector SVPWM technique. Another SVPWM technique for an 

asymmetrical 6-phase machine is proposed in [Prieto et al (2010)]. By changing the distribution of zero 

space vectors, additional reduction in current and torque harmonics is achieved. 

Inverters with higher phase number (i.e. 9) offer many more possibilities for space vector selection 

and proper application of SVPWM requires careful selection to ensure that the average voltage value 

in all non-producing flux/torque subspaces will be equal to zero. In [Dujic et al (2007b)] application of 

the VSD results in four orthogonal subspaces for a symmetrical 9-phase induction machine with one 

neutral point. Eight phase voltage active space vectors are used per switching period. Low-order 

harmonic components are successfully eliminated and sinusoidal output is achieved. Another 
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implementation of the SVPWM for a 9-phase machine based on 3-phase decomposition is proposed in 

[Grandi et al (2007b)]. The modulation is achieved by decomposing the 9-phase machine into three 3-

phase machines (a triple d-q approach), and using three 3-phase SVPWM. If a machine has three 

isolated neutral points, three standard 3-phase SVPWM algorithms can be used. For the configuration 

with one neutral point, zero-sequence control for all three 3-phase SVPWM must be included. In 

[Grandi et al (2007a)] a multiple space vector approach is used to get four d-q subspaces. In order to 

get sinusoidal phase voltage output, average voltage vectors in non-producing flux/torque subspaces 

are set to zero. 

An alternative to SVPWM is carrier-based pulse width modulation CBPWM. This technique offers 

simpler implementation than SVPWM. Modulation is achieved by a simple comparison between 

reference signals and a carrier. A zero-sequence injection technique can be used to achieve the same 

dc-link voltage utilisation as SVPWM. Comparison of different SVPWM strategies and CBPWM 

including zero-sequence injection has been presented in [Bojoi et al (2002)] for an asymmetrical 6-

phase induction machine. It is shown that both modulation techniques achieve the same results 

regarding the torque/current harmonics and dc-link voltage utilisation, with the CBPWM method 

having the advantage of simpler implementation. The higher dc-link voltage utilisation of SVPWM 

reduces as number of phases is increased. An example has been reported for a symmetrical 9-phase 

induction machine [Kelly et al (2003)], where both modulation techniques were used and compared. 

Application of CBPWM technique for a 9-phase induction machine is examined in [Dong et al (2008)]. 

It is concluded that the CBPWM technique is superior to SVPWM for high phase numbers due to its 

simplicity and flexibility. While an improvement of 15.5% in dc-link voltage utilisation is possible for 

3-phase VSI, this reduces to 1.54% for 9-phase or 0.55% for 15-phase cases. It should be noted that dc-

link voltage utilisation for machines with a composite number of phases depends on the configuration 

(symmetrical or asymmetrical) and the number of neutral points [Dujic et al (2010)]. It is concluded 

that in the case of multiple neutral point configuration, maximum modulation index depends solely on 

number of phases in each winding set. On the other hand, when machine is with single neutral point, 

maximum modulation index is the same in both symmetrical and asymmetrical configurations if the 

number of phases is an odd number. However, if the number of phases is an even number and the 

machine is with single neutral point, better dc bus voltage utilisation is achieved in asymmetrical 

configuration (in the symmetrical case maximum modulation index is equal to 1). For the machines 

with a prime number of phases dc-link voltage utilisation has been analytically determined in [Levi et 

al (2008)]. It is shown that multi-frequency output voltage generation increases maximum dc voltage 

utilisation. 

Control of the machines with high phase number (twelve or more), due to the aforementioned 

research, is usually done using CBPWM. An example is given in [Benatmane and McCoy (1998)], 

where a 19MW 15-phase induction machine, used for the ship propulsion, is supplied using CBPWM 

and scalar control. A more sophisticated approach is reported in [Sun et al (2015)], where a 20MW 
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asymmetrical 15-phase (triple 5-phase) induction machine is supplied via a 3-level neutral point 

clamped (NPC) inverter in open-end configuration. CBPWM is used as modulation technique and 

advanced vector control is implemented for speed regulation. 

2.4 Current Control 

Implementation of high performance control such as IRFOC requires proper current control. When 

a standard 3-phase machine is used, one pair of current controllers is enough for independent flux/torque 

control. Whereas, in the case of multiphase machines more than one current controller pair is usually 

required. Besides the flux/torque producing subspace, multiphase machines have one or more 

flux/torque non-producing subspaces. Consequently, the multiphase drive requires current control in 

every subspace, either to minimise the losses or to implement some advanced multiphase-specific 

control strategy. Current measuring in multiphase machines requires multiple current sensors that will 

increase the cost of the system. It is shown in [Bojoi et al (2006b)] that for a 6-phase machine a reduction 

of the number of current sensors to only two is possible with proper sensor placement. 

Currently, the most common current control technique is based on proportional-integral (PI) 

regulators. It is capable of tracking a slowly varying or constant reference. In normal steady-state 

operation, the machine currents are near sinusoidal. Therefore, straightforward implementation of PI in 

stationary reference frame is not adequate since large error in current will be present during operation 

at high modulation index. In [Vukosavic et al (2005)], FOC for symmetrical 6-phase induction machines 

is presented. The VSD approach is used for modelling and current control has been implemented in the 

stationary reference frame. Since currents in the stationary reference frame are sinusoidal quantities, 

standard PI regulators require high bandwidth.  Alternatively, PI regulators can be used in the 

synchronous reference frame (SRF) with frequency tuned at fundamental frequency. As a result, current 

references will be constant, thus the PI regulators can successfully achieve zero-error tracking in steady-

state operation.  

Asymmetry in machine windings will produce currents in non-flux/torque producing subspaces. A 

solution is proposed in [Jones et al (2009)], using an additional pair of PI regulators in SRF to control 

currents in x-y subspace. [Che et al (2012a)] shows that different types of windings imbalance will 

require different rotational transformations in order to successfully eliminate currents in the x-y 

subspace. These are synchronous and anti-synchronous reference frame transformations. This means 

that two PI regulators per current component, one in synchronous and another in anti-synchronous 

reference frame, will be needed to mitigate effect of asymmetries in machine phases [Che et al (2014c)]. 

Furthermore, in the aforementioned paper a proportional-resonant (PR) regulator in SRF is also 

proposed as a solution to remove current harmonics produced by the inverter dead time. Tuning PR 

regulator at six times fundamental frequency and placing it in an anti-synchronous reference frame is 

shown to successfully remove current components at +5s and -7s. Similar results were reported in 
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[Hu et al (2014)] where a dual 3-phase permanent magnet machine is considered. A more detailed 

analysis of the application of the resonant regulators in symmetrical multiphase machines is available 

in [Yepes et al (2013)]. It has been shown that, by using multiple PR regulators in SRF, odd current 

harmonics can be effectively removed in symmetrical multiphase machines. A more generalised 

approach on asymmetry removal by use of additional current controllers in x-y subspaces is offered in 

[Liu et al (2016)]. It covers general case for the multiphase machines with symmetrical winding 

distribution. 

Current control of the machines with number of phases equal to a multiple of three can be 

implemented as in a 3-phase machine. Namely, multiple 3-phase current controllers can be used. Such 

an approach has been reported in [Hua et al (2006)] where four pairs of PI regulators in SRF were used 

for current control of a 12-phase machine. Another example of current regulation in SRF has been 

reported in [Bojoi et al (2003b)], where different solutions are proposed depending on the modelling 

approach (VSD or double d-q). FOC with two pairs of PI regulators in SRF has also been reported in 

[Singh et al (2005b)]. 

A weakness of the classical PI regulator in SRF is that it needs decoupling between current 

components [Briz et al (2000)], otherwise a loss of performance can occur. One way of decoupling is 

based on moving the pole of the load to coincide with the zero of the regulator. Another way is to 

implement a so-called vector PI regulator. In doing so, the regulator zero is moved to match the pole of 

the load. The performances of both solutions are the same. However, more than one vector PI regulator 

can be implemented in parallel to control multiple sequences or harmonics simultaneously [Yepes 

(2011)]. 

Current control by means of PR regulators has been proposed in [Yepes (2011)]. Used regulators 

are in stationary reference frame but their resonant frequency is tuned at frequency of interest 

(fundamental or harmonic). Besides, PR regulators can be represented as a sum of two PI regulators in 

synchronous and anti-synchronous reference frames. In this case, they will effectively control both 

synchronous and anti-synchronous sequences. Furthermore, it is possible to use more than one PR 

regulator in parallel, so that multiple harmonics can be controlled. An example of use of resonant current 

control has been presented in [Bojoi et al (2006a)]. A PR regulator has been used for controlling currents 

in flux/torque non-producing subspace. 6-phase machine is used, but with additional pairs of PR 

regulators. The same approach can be extended to machines with more than two 3-phase windings. 

Tuning of resonant controllers is presented in [Rodriguez et al (2012)]. Good performance is verified 

for second-order generalised integrator resonant controller. Additionally, the resonant frequency must 

be precisely set. For fixed fundamental frequency operation (grid-side converters) use of resonant 

regulators is reported in [Zmood et al (2001), Guillaud et al (2007)]. On the other hand, operation of 

PR regulators under variable fundamental frequency (machine-side converters) has not been studied to 

a great extent [Yepes et al (2012)]. 
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Another type of resonant regulators can be obtained as a sum of two vector PI regulators, one in the 

synchronous and another in the anti-synchronous reference frame. In the stationary reference frame, 

these so-called VPI regulators, tuned at the desired frequency, will act like a resonant regulator 

simultaneously controlling both synchronous and anti-synchronous sequences. VPI regulators are 

proposed and analysed in [Lascu et al (2007), Lascu et al (2009)] as current regulators for higher 

harmonics elimination in active power filter application (APF). Since the model of controlled system 

in APF has the similar form as the model of an induction machine, these regulators can be used for 

current control for both fundamental and harmonic components [Yepes (2011)]. 

Current control is essential for any field oriented machine control. When properly tuned, all 

mentioned current regulators will achieve similar performances [Holmes et al (2012)]. The selection of 

a specific controller will be governed by practical issues, such as complexity of implementation and 

sensitivity to parameter variations. 

2.5 Current and Power Sharing Between Winding Sets 

The machines with multiple 3-phase winding sets (e.g. 6-, 9-, 12-, 15-phase) are used most frequently 

since 3-phase inverters are a mature technology and widely available. Moreover, multiple winding sets 

can be isolated, a feature successfully utilised in development of an on-board charger for EVs [Subotic 

et al (2016)] and realisation of high-voltage dc link by cascading individual inverters [Sulligoi et al 

(2011)]. One of the important properties of machines with multiple winding sets is that each winding 

set can be supplied by an individual inverter. This may be used to develop arbitrary current and power 

flow between winding sets, leading to arbitrary power flow between different sources. 

Developing an algorithm for arbitrary current or power sharing between multiple 3-phase winding 

sets usually involves a requirement that total flux and torque of the machine stay the same or within the 

defined derated values. Consequently, a multiple d-q modelling approach [Jung et al (2009)], Nelson 

and Krause (1974), Lipo (1980)] is an obvious choice. By applying the generalised Clarke’s 

transformation to each winding set, it is possible to control the flux and torque production on a per-

winding set basis [Scarcella et al (2016)]. The considered machine has multiple 3-phase stator windings 

that are spatially in phase. This is not a multiphase machine in a true sense of the word, but three 3-

phase machines sharing the same rotor. Nevertheless, the same technique can be applied to multiphase 

machines with spatial displacement between 3-phase windings, as shown in [Rubino et al (2016), Bojoi 

et al (2016)]. A shortcoming of this approach is the presence of heavy coupling between winding set 

equations, leading to a requirement for more complicated current control, especially when low order 

harmonic elimination is considered. 

Alternatively, the machine can be modelled by use of VSD. This yields a decoupled machine model 

with a single flux/torque producing subspace and multiple non-flux/torque producing (x-y) ones. 

However, this modelling approach does not provide insight into individual winding set variables and 

current sharing between winding sets is not easily achievable. Nevertheless, it is shown in [Che et al 
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(2012b), Che et al (2012c), Che et al (2014b), Duran et al (2017)] that the x-y subspace of a 6-phase 

machine can be utilised to develop power balancing between winding sets. For this purpose, a 6-phase 

induction machine has been supplied by two 3-phase voltage source inverters (VSI) with dc links 

connected in series. By doing so, the total dc-link voltage is doubled. The developed power sharing 

technique has enabled balancing of individual dc-link voltages even in the presence of imbalance in 

machine parameters. When machines with more than six phases are modelled by use of VSD, relation 

between x-y currents and individual winding set currents is not so obvious. Nevertheless, a current 

sharing technique has been developed for an asymmetrical 12-phase machine [Tani et al (2013), 

Mengoni et al (2016)]. The machine has been modelled and controlled using VSD; however, by 

combining VSD and multiple d-q modelling approaches, relations between individual winding set 

currents and x-y currents have been found. It is shown that current amplitudes in each winding set can 

be arbitrarily controlled, while currents within each winding set are balanced. Applied current sharing 

does not have any influence on the total flux and torque production. 

An alternative approach to arbitrary control of power flow between winding sets of a 6- and a 9-

phase permanent magnet synchronous machine is described in [Zabaleta et al (2016a), Zabaleta et al 

(2016b)]. A transformation similar to VSD is obtained by applying multiple generalised Clarke’s 

transformation on each winding set. The machine is decoupled into a single flux/torque producing 

subspace and multiple auxiliary subspaces that define relation between flux/torque producing currents 

of individual winding sets. However, in contrast to VSD modelling, odd-order harmonics are not 

uniquely mapped within the created subspaces. Nevertheless, proposed technique combines all the 

benefits of decoupled control, a feature of VSD, and ability to influence currents in individual winding 

sets. Moreover, the developed method can be easily extended to any machine with multiple 3-phase 

winding sets. 

2.6 Fault Tolerance 

Fault-tolerant operation is of paramount importance in any critical application where electric 

machines are used, e.g. more electric aircraft or ship propulsion and generation. Similarly, in wind 

energy conversion systems uninterrupted operation is imperative, especially in the remote offshore wind 

farms where service is not readily available, so that any interrupt in operation would represent a 

significant energy and money loss. Evidently, multiphase machines represent an obvious choice in these 

circumstances due to their ability of continual operation under faults. Machine drives can become faulty 

due to the inverter or machine failure. A short or open connection of one or more machine phases is 

considered a machine fault, while an inverter fault is a failure of one or more semiconductors of the 

inverter. Open-phase machine and inverter faults can usually be regarded as an open-phase fault. 

For successful implementation of any fault-tolerant control algorithm, machine modelling and fault 

detection must be firstly considered. The stator winding of the machine can be represented as set of 

coils [Apsley and Williamson (2006)]. Each coil is modelled individually and considered as a 
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concentrated winding so its impact on MMF and its harmonic content can be calculated. This will allow 

easy modelling of any type of fault; although possible, it is complex and impractical for real-time control 

implementation. Another approach to modelling and detection of faults in machines with an odd number 

of phases is presented in [Zarri et al (2011)]. Imbalance in machine phases, which essentially can be 

considered as a type of fault, is manifested as fundamental currents in non-flux/torque producing 

subspaces. By determining the type of the imbalance, the faulty phase can be identified. 

Machines with multiple 3-phase windings offer one of the easiest and most obvious ways of 

achieving fault-tolerant operation, due to the possibility of simple disconnection of the faulty 3-phase 

winding set. In the case of 6-phase machine, when one 3-phase winding set is disconnected, machine 

will continue to work as a 3-phase one. Depending on coil configuration different magneto-motive force 

(MMF) can be expected; hence, different performance under fault will be achieved [Alberti and Bianchi 

(2012)]. Here, an experimental verification has been conducted by suppling the machine in open loop 

configuration. Open-circuit fault has been emulated by opening one of the 3-phase winding sets, while 

the supply of the healthy winding set is unchanged. During the no-load test, phase current in the 

remaining winding set is found to be 1.8 times larger than the no-load current in healthy operation 

regardless of the coils configuration. However, when the same test is repeated while the machine is 

under 50% of the nominal load, phase current exceeds nominal 1.28 – 1.5 times depending on the coil 

configuration. Furthermore, a test where one of the winding sets is shorted while the other’s supply is 

unchanged has been performed as well. Machine load has been reduced again to 50% of a nominal 

value. It is found that not all coil configurations offer a viable solution and that the phase currents in 

the remaining winding set are 1.75 – 2.5 larger than nominal. Another concept of fault-tolerant operation 

with multiple 3-phase machines is to supply each winding sets with two paralleled VSIs [Duran et al 

(2016b), Gonzalez-Prieto et al (2016)]. In the case of the VSI leg fault corresponding phase can be 

supplied with half of the rated current. Fault-tolerant operation under set condition has been achieved 

by offline calculation of appropriate current references for each phase. Suitable current references are 

calculated by use of optimisation software. It should be noted that in these examples, only electrical 

aspect of fault-tolerant control has been considered. When one or more phases of the machine are 

switched off, absence of flux production along the stator circumference due to the faulted phases may 

produce unwanted vibrations that will decrease bearing lifetime. 

Machine control under fault can be adjusted to compensate for individual lost phases so that the 

machine MMF is kept at rated value. Naturally, currents in the remaining healthy phases will increase. 

Analysis has been performed for 3-, 5-, 6- and 7-phase machines with one open-phase fault [Fu and 

Lipo (1994)]. It is concluded that these machines can work with one phase opened (a 3-phase machine 

will require a neutral point connection) while the MMF is kept at rated value. Machines with higher 

phase number will need a smaller increase in healthy phase currents. Since currents in the remaining 

phases are increased, stator copper losses will be higher, so a technique for minimum stator losses has 

been proposed. In the case of the 6-phase machine, operation under fault has been analysed in [Apsley 
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(2010)] and two strategies were discussed: minimum stator losses and equalisation of currents in 

remaining healthy phases. In addition to the aforementioned strategies, keeping torque ripple at a 

minimum is essential for the mechanical subsystem (e.g. gearbox). A technique to keep torque ripple at 

the minimum possible value in 6-phase machine with up to three phases open is proposed in 

[Kianinezhad et al (2008)]. For machines with an odd number of phases fault-tolerant operation was 

explored in [Tani et al (2012)] where three different strategies for operation under open-phase fault 

have been presented: minimum stator losses, minimum current peak and minimum torque oscillation. 

One of the ways to model and control a multiphase machine with an open-phase fault is to discard 

faulty phases and model the machine as one with a lower phase number. This can be achieved by using 

a different transformation matrix so controls in d-q reference frame will stay essentially the same. The 

aforementioned method is used for a 6-phase machine in [Deilamani et al (2011)] and for a 5-phase one 

in [Guzman et al (2012)]. A similar technique is used in the case of the 5-phase machine where different 

transformation matrices are used depending on whether the fault is present or not [Guzman et al (2014)]. 

In this case a model-based predictive current control is used. 

An alternative way of dealing with open-phase faults is to consider that the fault will change machine 

currents, but not the construction. In this case, the same decoupling matrix can be used [Che et al 

(2014a)]. It is shown that depending on the machine construction (one or two neutral points) x-y or zero-

sequence currents will not be decoupled when a fault is present. Moreover, new flux/torque producing 

- currents should be of a smaller value so that the phase currents in the faulted machine do not exceed 

rated. Effectively, this reduces the total available power. Ratio between post-fault and pre-fault 

flux/torque producing - currents is defined as derating factor. Current control uses PI regulators in a 

synchronous reference frame, while for the post-fault operation additional anti-synchronous regulators 

are added. Two strategies were used for post-fault operation: minimum stator losses and maximum 

torque. It is concluded that a machine with a single neutral point has better performance for both 

strategies, i.e. smaller derating is needed and consequently more power is available. Similarly, post-

fault operation for the same machine type without changing the decoupling matrix has been proposed 

in [Miranda (2013)]. Namely, a faulty phase has been simulated in such a way that voltage imposed on 

the faulty phase is equal to back-EMF of that phase; consequently, the same decoupling matrix can be 

used. Since additional PI regulator in anti-synchronous reference frame was needed, a simplified one 

consisting of two PI regulators (one in synchronous and another in anti-synchronous reference frame) 

has been proposed. Furthermore, a modified resonant controller in stationary reference frame has been 

also presented as a viable solution for current control. 

Fault tolerance by utilising hybrid converter configurations and multiphase machines has been 

investigated in [Ruba and Fodorean (2012), Gonzalez et al (2014)]. In the first paper, a 9-phase 

synchronous machine has been supplied using a 12-phase VSI in such a way that all three neutral points 

are connected to separate inverter legs. This solution offers fault-tolerant operation with up to 78% of 
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the machine faulted (7 phases under open-phase fault). The second paper proposes solution with a 6-

phase induction generator with series-parallel VSIs. Namely, two VSIs per 3-phase stator winding are 

used and connected in parallel. Then these two pairs of VSIs are connected in series to form a medium 

voltage dc link. The fault is considered as an open connection of one of the legs of the VSIs. It is shown 

that imbalance in stator currents will produce different voltages on local dc links and if voltages are 

kept at the same level only 25% of power will be available. Proposed solution is based on lowering flux 

value depending on the machine torque. As a result, the available power is up to 50% of the nominal. 

Concerning non-controlled permanent magnet brushless dc generators, a solution with a 12-phase 

generator and diode rectification is proposed in [Zhuoran et al (2010)]. One diode per phase is used and 

it is connected in series with phase winding, while all phase-diode combinations are connected in 

parallel to form a dc link. Various combinations of open-circuit faults are analysed by FEM analysis 

and on the experimental prototype. Similarly, in [Tessarolo (2010a)] diode rectification has been 

explored by using diode bridges and synchronous generator that can be reconfigured as 3-, 6-, 9- and 

12-phase. 3-phase stator winding sets are connected in series to form a high voltage dc link. It is 

concluded that, when an open-phase fault is present, configurations with higher phase number will have 

smaller dc current drops. 

2.7 Converter Topologies 

Due to the presence of more than three phases, converters that supply multiphase machines can be 

configured in more than one way. Consequently, the system may have one or more desirable features 

such as better fault tolerance, higher output dc voltage and use of commercially available 3-phase VSIs. 

The configuration of the machine-side converters can vary depending on the machine type. On the other 

hand, grid-side converters are usually well-established 3-phase 2-level VSI or 3-level neutral point 

clamped (NPC) converters [Nabae et al (1981)] and so they will not be discussed further. 

There are two basic categories of machine-side converters, namely uncontrolled and controlled. 

Uncontrolled converters are used in machines with excitation on the rotor, e.g. permanent magnet or 

synchronous machine. Numerous solutions have been proposed for dc voltage generation using 

uncontrolled diode bridge rectification. For example, a 6-phase synchronous generator is used for ship-

based power generation in [Sulligoi et al (2010)]. Two sets of stator windings were connected to the 

diode bridges and then cascaded to form a medium voltage dc link. A continuation of work is presented 

in [Sulligoi et al (2011)], where an ultra-high speed (22000 rpm) 12-phase permanent magnet generator 

is used. Again, 3-phase diode bridges were used for rectification with difference that now four diode 

bridges were used to get four independent local dc links. Afterwards, these local dc links were connected 

to four cascaded dc-dc converters to form a single medium voltage dc link. Alternatively, for a grid-

connected system, VSI was used on grid side and two 3-phase diode bridge rectifiers were employed 

with 6-phase axial-flux synchronous generator on the machine side [Di Gerlando et al (2012)]. In 

addition, both parallel and series connections of diode bridges were explored. Research involving 
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uncontrollable rectifiers was conducted for aircraft applications in [Jordan and Apsley (2011)]. On the 

one hand, advantages of diode bridge rectification are high robustness, efficiency and simple structure, 

but on the other hand the machine cannot be fully controlled and this will lead to non-optimal machine 

operation. 

When controlled machine-side converters are considered, there are several available configurations: 

one multiphase converter, parallel connection of multiple VSIs to form one dc link, back-to-back 

design, series connection for high voltage dc link or hybrid approach when combination of series and 

parallel connections is used. Additionally, there are some application specific topologies of multiphase 

drives. For example, a single inverter is used to supply multiple multiphase machines connected in 

parallel [Jones et al (2009b)] or series [Duran et al (2005)]. By use of additional degrees of freedom 

available with multiphase machines independent flux and torque control over each machine is achieved. 

Another application specific example can be found in [Subotic et al (2016)], where a six phase machine 

drive doubles as propulsion and charger unit for electric vehicle. 

A single multiphase converter is the most usual solution for systems where the number of phases is 

a prime number. When the machine has a composite number of phases, instead of one, multiple inverters 

connected in parallel with the dc link can be used. This approach was applied in [Sun et al (2015)] for 

a 15-phase machine where three 5-phase VSIs were connected in parallel. Doing so allows a modular 

design to be achieved and in the case of fault or service needs, one VSI can be disconnected while the 

others are still in operation. Another use of parallel VSIs can be found when the system is connected to 

the grid and multiple parallel back-to-back inverters are used [Andresen and Birk (2007)]. In this case, 

six 3-phase back-to-back VSIs where used to connect an 18-phase machine to the grid. This 

configuration permits independent VSIs to be switched off when the power level is below rated, giving 

rise to increased overall system efficiency. A similar solution has been presented in [Brisset et al 

(2008)], where a 9-phase axial-flux permanent magnet synchronous generator was connected to the grid 

using three 3-phase back-to-back converters. 

Alternatively, VSI dc links can be connected in series to form one single high voltage dc link. This 

solution is of great interest in offshore wind farms where high dc voltage is usually used for energy 

transfer [Blaabjerg et al (2006)]. The main benefit is possibility to use low voltage generation in a high 

voltage dc system. This approach has been presented in [Duran et al (2011)] where a 6-phase permanent 

magnet synchronous generator is connected to the two 3-phase VSIs with dc links connected in series 

to form a high voltage dc output. The grid-side connection in presented solution has been achieved with 

3-level NPC inverter. Similarly, in [Che et al (2012b), Che et al (2014b)] two 3-phase VSIs with series-

connected dc links were used for an asymmetrical 6-phase induction generator. An innovative approach 

for controlling voltages in series connected dc links is presented. Namely, non-producing flux/torque 

subspace currents were used to balance the dc-links voltages. Another solution to creation of high 

voltage dc link is analysed in [Yuan et al (2012), Ng et al (2008)]. Each machine-winding coil is 
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supplied by a single full bridge inverter with inverter dc links connected in series. By doing so, a high 

voltage dc link is produced. 

There are hybrid configurations that do not strictly fall into any of the aforementioned categories. 

An example of this type of topology can be found in [Xiang-Jun et al (2012)] where a 12-phase 

permanent magnet synchronous generator is connected to four 3-phase Vienna rectifiers. Two parallel-

connected pairs of rectifiers are connected in series to form a high voltage dc link, while connection to 

the grid was achieved with two parallel-connected NPC converters. Another hybrid configuration is 

proposed in [Gonzalez et al (2014)] where four 3-phase VSIs are used to supply a 6-phase induction 

generator. To increase fault tolerance, a pair of parallel-connected VSIs is connected to each 3-phase 

stator set. Later on, the dc links of these pairs are connected in series to form a medium voltage dc link. 

2.8 Control Systems of WECS 

Wind energy control is a complex system with a number of control loops. In addition to the machine 

current control, in the back-to-back configuration there are three more major control subsystems: 

maximum power point tracking (MPPT), vector control for the machine-side converter and voltage-

oriented control (VOC) for the grid-side converter [Liserre et al (2011)]. Furthermore, it is mandatory 

to implement a grid synchronisation system such as a phase locked loop (PLL). 

When the wind is below the rated speed, the WECS needs to extract the maximum available power. 

This is done by the use of MPPT control that measures (directly or indirectly) wind speed and adjusts 

shaft rotation speed to obtain optimal tip speed ratio [Wu et al (2011)]. There are three different methods 

for implementation of MPPT: turbine power profile, optimal tip speed and optimal torque control. Input 

of the first and second MPPT methods is wind speed, while the output is the required power or speed. 

The optimal torque control is based on measuring the shaft rotational speed and calculating the optimal 

torque. All three methods provide optimal references (power, speed, and torque) required for maximum 

available energy extraction. The task of the machine-side converter is to set the machine operation to 

track the given references. This is usually achieved by implementing (RFOC). Moreover, additional 

control is required (speed regulator, power profile analyser) depending on the chosen MPPT control. 

Two types of RFOC are used: direct RFOC (DRFOC) and indirect RFOC (IRFOC). The rotor field 

position can be obtained using flux sensors, or it can be estimated based on measurement of the rotor 

position, the stator voltages and currents. The RFOC for multiphase machines is the same as for the 3-

phase case. Namely, VSD approach will result in only one flux/torque producing subspace and in the 

case of multiphase machines with multiple 3-phase windings, multiple 3-phase modelling can be 

applied. In both cases, the implementation is similar as for the standard 3-phase machine, the notable 

difference being the required transformation. An example of DRFOC applied to an asymmetrical 6-

phase induction machine is presented in [Bojoi et al (2003a)]. The machine model is obtained by VSD, 

while carrier-based PWM with zero-sequence injection was used as a modulation strategy. It is shown 

that standard DRFOC control by use of single pair of PI regulators in rotational reference frame is not 
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sufficient to remove asymmetries between machine winding sets. Hence, the control strategy is 

modified so each winding set is controlled by single pair of PI regulators in rotational reference frame, 

called there a double synchronous frame current control. Applied rotational transformations are adapted 

to accommodate phase shift of the corresponding winding set, while standard 3-phase Clarke’s 

transformations have been used to produce - currents as an input to the implemented rotational 

transformations. 

When IRFOC is used, the rotor flux position is estimated by using the measured rotational speed or 

position of the shaft [Singh et al (2005a)]. In this paper, a 6-phase asymmetrical machine with arbitrary 

angle between stator winding sets is used. The machine model is obtained by using double d-q 

modelling approach, while current control is done with two pairs of PI regulators (one pair per 3-phase 

winding set). This current control approach can be extended to any number of 3-phase winding sets. 

Similarly, for the 9-phase case, IRFOC was applied in [Hu and Yang (2011)]. The machine was 

modelled using VSD so four subspaces were obtained. Two cases were explored: with and without 

current harmonics control. Hence, in the first case only currents in flux/torque producing subspace were 

controlled, while in the second case currents in all subspaces were considered. It is clearly seen in 

experimental results that current ripple is much smaller when currents in all subspaces are controlled. 

Well-known VOC is used for the grid-side converter control in back-to-back configuration. This 

control is very simple and it is based on inner current control loop and voltage control [Blaabjerg et al 

(2006)]. The main task of VOC is to regulate the dc-link voltage by changing the current flow to the 

grid. Obviously, for the successful operation VOC needs to be synchronised with the grid. This is 

achieved by using one of the grid synchronisation techniques. 

Grid synchronisation can be achieved using a zero-crossing detection method, filtering grid voltages, 

or by using phase locked loop (PLL). The first technique has the simplest implementation but poor 

performance when grid voltage variation is present. Filtering grid voltages gives better results, but the 

delay is present, which also leads to non-optimal operation. Current state-of-the-art synchronisation 

techniques are based on the 3-phase PLL [Blaabjerg et al (2006)]; this gives better performance than 

the first two techniques. This type of PLL consists of two main parts: phase detection device and the 

loop filter [Chung (2000a), Chung (2000b)]. Phase detection is achieved by using the d-q transformation 

and the loop filter is characterised with two parameters: damping factor and natural frequency. These 

parameters will define the dynamic characteristic of the system. It is shown that a trade-off between the 

filtering abilities and the speed must be made to accommodate voltage/frequency imbalances of the grid 

voltage. Furthermore, other types of PLLs have been analysed in [Arruda et al (2001)]. Besides 3-phase 

PLL structure, single-phase PLL and zero-crossing method were analysed. Another solution for 3-phase 

PLL based on the PID regulator is presented in [Martinez-G. et al (2013)]. This technique gives 

improved overshoot when cascaded lead compensators are used. Moreover, feed-forward can be 

implemented to improve PLL tracking performance [Liccardo et al (2011)]. 
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2.9 Summary 

A literature survey of the available research in areas relevant for this thesis has been presented in 

this chapter. Advantages of the multiphase machines over 3-phase ones are briefly explained. 

Furthermore, it is shown that these advantages can be beneficial in WECS. Different types of modelling 

approaches for multiphase machines have been reviewed, followed by the various modulation 

techniques including both CBPWM and SVPWM. Numerous current control techniques were surveyed 

and special attention has been devoted to resonant VPI current regulators. Next, section deals with the 

current and power sharing between winding sets. Since fault tolerance is one of the greatest advantages 

of the multiphase machine, many fault-tolerant operation strategies were considered. Depending on the 

type of the WECS one or more VSIs can be employed, so different VSI configurations have been 

reviewed. Since WECS requires some advanced control strategies, it is necessary to include a brief 

survey of MPPT and RFOC. Furthermore, grid-side converter topologies (2-level and 3-level) have 

been briefly surveyed followed by the grid synchronisation techniques, where a PLL is considered as 

current state-of-the-art. 

Although adaption of multiphase machines in real world WECS is scarce, reviewed literature shows 

that abundance of research exists in the field of multiphase machines and that they offer multiple 

advantages over 3-phase ones for the WECS with fully rated converters. Further, it is shown that the 

most promising candidate for the use in WECS are multiple 3-phase machines. However, it was found 

that modelling and control of these machines is mainly done by use of either MS or VSD, governed by 

the requirements of the system at hand. Use of any modelling approach constrains design to benefit the 

advantages of the either a VSD (a decoupled machine model), or MS (an access to individual winding 

set variables) only, but not from both. Therefore, this thesis explores modelling and control of multiple 

3-phase machine by considering both MS and VSD and bridging the gap between them, so that benefits 

of both can used. Thus, the machine can be modelled and controlled in decoupled subspaces of VSD, 

while access to individual winding set variables of MS is still possible. Subsequent chapters of this 

thesis will analyse the complete WECS with a multiphase machine. Different solutions will be 

considered for current control, fault tolerance, VSI configuration, grid-side VSI and grid 

synchronisation. 

 



 

Chapter 3 

WIND ENERGY CONVERSION SYSTEM 

3.1 Introduction 

The multiphase machine control methods developed in this thesis are targeted towards wind energy 

conversion systems (WECS). Throughout the thesis the developed control techniques are used in 

conjunction with well-known control techniques, usually applied in multiphase machine drives, such as 

carrier-based pulse width modulation, indirect rotor field oriented control and low order harmonic 

elimination by use of resonant controllers. Therefore, it is necessary to dedicate a single chapter of the 

thesis to explain all major control mechanisms used in WECS, so that the rest of the thesis can focus on 

work that is more novel. Furthermore, it is convenient to add a review of WECS topologies with 

multiphase machine used as a generator in the same chapter, with the aim of setting the context of the 

thesis and providing the reader with possible applications for the developed control techniques. 

Here the basic WECS is considered to be the grid connected one with back-to-back inverter 

configuration; hence, all of its components relevant for the electrical domain will be considered. The 

complete systems will contain: 

• Wind turbine model with gearbox and pitch control 

• Maximum power point tracking (MPPT) control 

• Multiphase machine model 

• Indirect rotor field oriented control (IRFOC) for machine-side converter control 

• 2-level and 3-level inverters in back-to-back configuration 

• PLL for grid-side inverter synchronisation 

• Voltage oriented control (VOC) for grid-side inverter control 

A block diagram of the WECS with all aforementioned elements can be seen in Fig. 3.1. It should 

be noted that this is a simplified model with emphasis on converter control. Mechanical components 

are disregarded since they have little effect on the electrical subsystem. Since the generator is a 

multiphase machine, different control strategies can be utilised to minimise torque or current ripple; 

hence two-level inverter is used on the machine side. On the other hand, 3-phase grid provides very 

little possibilities to minimise current ripple since the switching frequency is usually very limited here 
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Figure 3.1 – Control systems of a WECS with back-to-back VSIs. 

 

 
Figure 3.2 – WECS in back-to-back configuration. 

 

due to the high switching losses in high power drives. Therefore, three-level, or any other multilevel, 

inverter is used on the grid side to abide to the strict grid code. 

3.2 Topologies of WECS with Multiple Three-phase Machine as a 

Generator 

In the back-to-back (B2B) configuration, shown in the Fig. 3.1, the use of a multiphase machine as 

a generator provides additional degrees of freedom so that different load requirements can be 

accommodated by having different converter configurations. It is safe to say that multiple 3-phase 

machines (i.e. 6-, 9-,… 12-phase) are by far the most used multiphase machine type. The reason is that 

they can be supplied using standard 3-phase VSIs, a case that is considered in this thesis. The simple 

back-to-back configuration, shown in Fig. 3.1 for a general case when a multiple 3-phase machine is 

used, is illustrated in Fig. 3.2. 

The machine-side converter consists of multiple 3-phase VSIs with the dc links connected in parallel, 

forming a single dc link. The single dc link is connected to a 3-phase grid-side inverter. This 

configuration offers a fault-tolerant capability possible by use of a multiphase machine. If the 

multiphase machine has a single neutral point configuration, even better fault tolerance is possible, 

while the topology with multiple neutral points provides galvanic isolation between winding sets. 

Limitations of this topology are the voltage ratings of the inverters (i.e.  power switches and capacitors) 

and insulation ratings of the machine. Namely, high-power transfer usually requires high voltage that 

is in this case limited by the dc-link voltage. Therefore, use of step-up transformer is necessary. 

In order to partially mitigate this limitation, the configuration with multiple neutral points can utilise 

 



 

Wind Energy Conversion System Chapter 3 

29 

 

 
Figure 3.3 – WECS with cascaded machine-side VSIs. 

 

 
Figure 3.4 – WECS with modular back-to-back 3-phase VSIs. 

 

the benefits of galvanic isolation of the machine-side VSIs. Dc links of the machine-side VSIs can be 

connected in series to form a single high-voltage dc link. By doing so, machine-side inverters can have 

l times smaller voltage rating, where l is the number of the winding sets. This configuration is shown in 

the Fig. 3.3. Having a larger dc link, step up conversion might not be needed or at least is made easier 

due to the smaller step-up ratio. It is noted that even though the machine-side inverter ratings are 

smaller, the machine’s insulation still needs to withstand the total dc-link voltage, unless special 

SVPWM methods are used to restrict the application of zero vectors [Che et al (2014b)]. On the other 

hand, by far the largest drawback in this topology is the loss of fault-tolerant capability of the drive. If 

one of the inverters is lost due to the fault, the whole system needs to be shut down. In other words, this 

topology represents a trade-off between the higher dc-link voltage and fault-tolerant operation. 

If high modularity is required, it is possible to build the power stage using isolated 3-phase back-to-

back inverters, as shown in the Fig. 3.4. This configuration provides fault-tolerant operation with 

additional benefits of having the power stage composed of widely available 3-phase inverters in back-

to-back configuration. Although a somewhat complicated step-up transformer needs to be designed in 

order to accommodate multiple inputs, having the galvanic isolation between B2B blocks can greatly 

improve fault tolerance and make maintenance easier since power stage building blocks are standard 

B2B 3-phase VSIs. 

Until now, it was assumed that the system is supplying an ac grid. However, dc grids are also in use, 

especially in offshore wind farms where high voltage dc transmission can have benefit of smaller 

transmission losses. In this case, machine-side VSIs are the same as shown in Fig. 3.2 – 3.3, while the 

grid side is replaced with step up dc-dc converter. The system possesses the same features as in the case 

of the ac grid. 

Another system where use of a multiple 3-phase machine may be advantageous is where the WECS 

supplies multiple ac or dc micro-grids [Duran et al (2017)], as illustrated in Fig. 3.5a – 3.5b. Each 
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 a) WECS supplying ac micro-grids. b) WECS supplying dc micro-grids. 

Figure 3.5 – WECS supplying the isolated micro-grids. 

 

winding set can supply an isolated ac micro-grid by the means of B2B inverter, or dc micro-grid, in 

which case there are only machine-side converters, and dc micro grids connect directly to the dc links. 

In both cases the machine-side control can be made such that it effectively satisfies potentially rather 

different power needs of the individual ac or dc micro-grids. Further, it is possible to use the machine 

as a means of transferring the energy between micro-grids, depending on whether the individual micro-

grid acts as a load or as a source. 

3.3 Wind Turbine with Gearbox and Pitch Control 

Regardless of the load requirements and the topology of the WECS detailed in the previous section, 

majority of the wind turbines used today are horizontal-axis wind turbines; hence, they are considered 

in this chapter. Usually, modelling of the wind turbine is associated with the amount of wind energy 

generated by air mass of density  flowing at the speed vw through an area A [Wu et al (2011)]. If Cp is 

wind turbine efficiency, equation for captured wind power by the turbine is: 

  pwt CAvP 3

2

1
  (3.1) 

Turbine efficiency Cp is highly dependable on the approaching angle of the wind and blade pitch. 

Systems controlling these parameters are yaw and pitch control. Yaw mechanism directs the turbine 

blades to perpendicular position to the wind direction, while pitch limits captured wind power when 

wind speed is above nominal. Yaw control is omitted from the turbine model since it does not have any 

impact on the electrical subsystem, i.e. it is assumed that turbine blades are always perpendicular to the 

wind. 

On the other hand, it is necessary to implement pitch control, so that a proper MPPT algorithm can 

be developed. Here the pitch mechanism is simplified and it keeps turbine efficiency at maximum while 

the captured power and consequently wind speed are below rated values. When the wind speed is above 

rated, captured power is limited to the nominal value by the pitch mechanism. This has been modelled 

by a simple limiter. Since the turbine torque value is necessary for the rest of the system, it is obtained 

by division of the turbine-produced power with the shaft speed. However, a problem with this approach 

is division by zero. To overcome this, turbine shaft speed has been limited to be larger than 10-6, which 

has a negligible impact on system operation. 
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Figure 3.6 – Wind turbine model with gearbox and ideal pitch control. 

 

Angular speed of large wind turbine shafts is usually very low. When generators do not have large 

pole number and their rated speed is high, a gearbox is used to connect wind turbine and generator 

shafts. In the developed model, the gearbox is considered ideal. Therefore, gearbox inertia and 

efficiency are disregarded and the only settable parameter is gearbox ratio. 

Wind turbine inertia should be considered as well. Since there is a gearbox in the system it can be 

added to the model before or after the gearbox. In this case, the latter approach has been implemented, 

i.e. it has been added as an additional inertia of the generator. Hence, the value of the additional inertia 

is m2 times smaller than the actual turbine inertia, where m is the gearbox transfer ratio. Complete wind 

turbine model is shown in the Fig. 3.6. 

3.4 Maximum Power Point Tracking 

The conversion efficiency of a horizontal axis wind turbine is dependent on two parameters, blade 

pitch angle and tip speed ratio [Wu et al (2011)]. 

The blade pitch angle is governed by a pitch mechanism. When the wind speed is below rated, the 

pitch mechanism should keep blade pitch at the optimal value so that maximum conversion efficiency 

can be achieved. On the other hand, when wind speed is above rated, blade pitch angle is decreased. 

Therefore, conversion efficiency is reduced and captured wind power is kept at the nominal value. 

Tip speed ratio is defined as a ratio between blade tip speed and the speed of the wind. If t is 

rotational speed of the turbine blades and rt is turbine rotor radius, tip speed ratio is defined as follows: 

  
w

tt

v

r
   (3.2) 

Maximum turbine conversion efficiency will be achieved when both blade pitch angle and tip speed 

ratio are at their optimal values. If optimal tip speed ratio is opt and blade pitch angle is kept at the 

optimal value, maximum conversion efficiency is achieved at the rotational speed: 

  
t

w
optt

r

v
   (3.3) 

This means that, when the wind speed is variable and below rated, rotational speed of the wind turbine 

should be also variable so maximum power conversion efficiency can be achieved. A control 

mechanism that keeps WECS in maximum power conversion mode is the maximum power point 

tracking (MPPT) algorithm. There are many ways in which MPPT can be realised [Wu et al (2011)]. 
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Figure 3.7 – Maximum power point tracking controller. 

 

All of them use the turbine power characteristic given by the manufacturer and, depending on the wind 

speed, appropriate power, speed or torque is calculated. The MPPT method chosen here measures shaft 

speed and calculates optimal torque. 

By analysing the turbine power characteristic, it can be noted that maximum power point dependence 

on shaft rotational speed is defined as follows: 

  3~ ttP   (3.4) 

Considering the gearbox as ideal, the power available at the machine shaft Pm is equal to the captured 

power by the wind turbine Pt. Relationship between power and torque available on the machine shaft is 

given with: 

  mmm TP   (3.5) 

Considering the above, MPPT can be realised by keeping the machine’s torque at the value 

proportional to the square of the shaft speed: 

  2~ mmT   (3.6) 

Of course, the exact equation of an MPPT controller will be governed by the used wind turbine 

power characteristics and coefficient Kopt will be chosen accordingly. MPPT control block diagram is 

very simple and is illustrated in Fig. 3.7. 

In this case, Kopt is chosen so that when the extracted power from the wind turbine is at nominal 

value, resulting torque reference sets the machine speed and power to their nominal values, respectively. 

One of the reasons for choosing this type of MPPT control is that it is very easy to regulate the machine 

torque when IRFOC is implemented, i.e. machine torque is proportional to the stator q-axis current. 

Therefore, there is no need to use any other controller, as would be the case when a MPPT controller 

provides the speed reference. 

3.5 Indirect Rotor Field Oriented Control 

Operation of WECS requires highly controllable speed or torque values of the generator. This 

requirement is achievable with high performance machine control. Since the machine used is an 

induction machine, rotor field oriented control (RFOC) will be used. 

Successful implementation of RFOC requires that the machine is represented in a synchronously 

rotating reference frame, i.e. d-q variables [Singh et al (2005a)]. In chapter four, vector space 

decomposition (VSD) will be used to obtain a model in flux/torque producing - and non-producing 

x-y-z variables, where definition of all variables can be found as well. Since RFOC considers only the 

control of flux and torque, only equations in - subspaces are needed. Other machine subspaces are 

disregarded in this section. One of the advantages of the VSD modelling approach is that equations in 
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flux/torque producing subspace are always the same regardless of the phase number or whether the 

machine is symmetrical or asymmetrical. The number of neutral points is also irrelevant in establishing 

equations in the - subspace. In order to obtain equations in d-q variables, rotational transformation 

by arbitrary angle a needs to be applied to the machine equations in stationary reference frame [Hu 

and Yang (2011)], as follows: 
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Matrix [Ta] is rotational transformation for arbitrary angle a and is governed with: 
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Resulting equations in rotating d-q reference frame are divided in voltage and flux linkage equations 

for better interpretation and are as follows: 
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Torque equation for the n-phase machine is as follows: 

  dqqde iiP
n

T  
2

 (3.10) 

Angular speeds a, e and sl are arbitrary reference frame rotational speed, rotor electrical rotational 

speed and rotor slip speed respectively. Together with rotor flux rotational speed el and angle el they 

are defined as follows: 

 esslslsleleleeaa dtdtdtdt    ,,,,  (3.11) 

s in equation (3.11) is the angular frequency of the stator variables. 

 To implement any high performance control it is necessary to have independent control over the 

machine’s flux and torque, or in other words a control over the machine currents in the considered 

reference frame. In the case of an induction machine, independent control of flux and torque is achieved 

by aligning rotor flux vector with the d-axis of the arbitrary reference frame [Krishnan (2001)], i.e. 

a = el. Consequently, q component of the rotor flux vector qr is zero. Stator voltage, current and rotor 

flux space vectors together with stator, rotor and arbitrary reference frames are shown in Fig. 3.8. 
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Figure 3.8 – Machine stator voltage, stator current and rotor flux space vectors. 

 

From Fig 3.8 it can be seen that, when the arbitrary reference frame is aligned with rotor flux, s is 

equal to the arbitrary reference frame rotational speed a. In other words, s and a are equal to the 

rotor flux speed el. Consequently, all stator variables will have dc values, allowing the use of standard 

PI controllers for current control. 

Applying qr = 0 to the machine equations (3.9) - (3.10), the expressions for machine flux and torque 

become: 

 dm
dr

r

r
dr iL
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d
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L



  (3.12a) 
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r

m
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L
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P

n
T 

2
  (3.12b) 

Usually, in RFOC pre-fluxing is used, meaning that flux is kept constant during operation in the base 

speed region. Therefore, differential part in the (3.12a) can be omitted. To simplify the model further, 

it is assumed that the machine is not required to work in the field-weakening region. Hence, new rotor 

flux equation is now given with: 

 dmdr iL  (3.13) 

Equations (3.12b) and (3.13) show that the machine flux and torque control are decoupled when dr 

is considered constant. The torque is controlled by the q component of the stator current, while flux is 

controlled with the d component of the stator current. References for stator current are given with: 

 ** 1
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m

d

L
i   (3.14a) 
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  (3.14b) 

 For successful implementation of RFOC it is necessary to know the instantaneous rotor field angle. 

If this angle is directly obtained, e.g. flux sensors and measured stator currents, then direct rotor field 
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Figure 3.9 – Schematic of indirect rotor field oriented control. 

 

oriented control (DRFOC) results. The problem with this solution is operation at zero speed. Another 

approach is indirect rotor field oriented control (IRFOC), where rotor mechanical position is measured 

with a resolver or optical encoder and slip is estimated. From Fig. 3.8 it can be seen that arbitrary 

reference frame angle needed for RFOC is a sum of rotor electrical angle e and slip angle sl. When 

stator variable angular frequency s equals the arbitrary reference frame speed a, slip angular 

frequency sl can be estimated as: 
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*
*
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  (3.15) 

Finally, angle of rotor flux oriented reference frame (rotor flux angle el) can be calculated as follows: 
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Schematic of an IRFOC is illustrated in the Fig. 3.9. 

To complete the machine-side flux and torque control, it is necessary to implement current 

controllers as well. Since only flux and torque producing components will be considered, two current 

controllers are used, one for each of the d-q stator currents. Transformation from phase variables to d-

q domain using VSD and rotational transformation will be explained in detail in the following chapter 

and will not be discussed further here. 

The references produced by IRFOC control are current references. In this case, machine-side 

converter is voltage source inverter and it is necessary to provide appropriate voltage references. 

Therefore, machine stator equations (3.9a) – (3.9b) should be taken into account in designing current 

controllers. When IRFOC is applied, angle el from (3.16) is used for transformation of the stator 

currents to rotor flux oriented reference frame. Now, rotor flux is aligned with d-axis and machine 

equations for stator currents can be rewritten in the following form: 
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 (3.17b) 

From (3.17a) and (3.17b) it can be seen that d- and q-axis voltages are not decoupled, since there is 

a mutual dependency on currents in d and q-axis. Consequently, the current controller needs to be 
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Figure 3.10 – Proportional-integral regulator with cross-coupling decoupling (PIccd). 

 

complemented with the decoupling terms. Controlled variables and decoupling terms, which should be 

added to the current regulator outputs so that decoupled control can be achieved, are governed with: 
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 dselq iLe   (3.19b) 

Finally, from (3.18a) and (3.18b) it can be seen that proper current control can be achieved with 

proportional-integral (PI) regulators. If P and I are proportional and integral constants, transfer function 

of the standard PI controller is as follows: 

  
s

I
PsGPI   (3.20) 

Integrator windup is one of the problems inherent to the integral control. When the output of 

regulator is saturated and there is still an error in the controlled variable, integrator will continue to sum 

up the error value. This will result in overshoot and oscillations of the controlled variable when the 

system returns from saturation. To avoid this, a simple anti-windup mechanism is implemented to stop 

integration once saturation occurs. 

When decoupling parameters are taken into consideration, PI with cross-coupling decoupling 

(PIccd) regulator is created, illustrated in the Fig. 3.10. PIccd enables independent control over idq 

currents. Consequently, independent flux and torque control is achieved, which enables implementation 

of high performance speed or position control (so called servomechanism). In this case, implementation 

of servomechanism is not needed, since chosen MPPT regulator has torque reference as output variable. 

3.6 X-y Current Control and Low Order Harmonic Elimination 

Until now, only flux and torque control has been considered. Hence, it was only required to control 

flux/torque producing currents (- / d-q) and for that PIccd current controller has been used. However, 

as it will be shown later throughout the thesis, current control in x-y subspaces is necessary as well, 

either to produce imbalance between machine phases, or to eliminate low order harmonics induced by 
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non-ideal machine construction or inverter dead-time. A proper realisation of the control in both cases 

requires machine equations in x-y subspaces [Hu and Yang (2011)], which are for the convenience given 

here in complex domain in both stationary x-y and rotating d-qx-y reference frames as follows: 

  
xylssxy

isLRv   (3.21a) 

 dqxylseldqxylsdqxysdqxy
iLjisLiRv   (3.21b) 

Although the index d-qx-y used here is at the first glance very complicated, it is found to be convenient 

for distinguishing stationary VSD coordinates (-, x-y) and rotational ones (d-q). This nomenclature 

will be used throughout the thesis, while more details is available in chapter 4. Transformation to the 

rotational reference frame is done by simple Park transformation for the angle of rotor flux position el. 

Since both (3.21a) and (3.21b) are of the same form as are the equations of an inductive filter, the chosen 

controller types are Complex Vector Proportional-Integral (cvPI) and its resonant variant, Vector 

Proportional Integral (VPI) [Lascu et al (2007), Lascu et al (2009), Yepes (2011)]. 

For the control of x-y currents of fundamental frequency cvPI controllers are chosen since they are 

internally decoupled and less sensitive to error in parameter estimation when compared to PI with cross-

coupling decoupling (PIccd). Another advantage over PIccd is a possibility to use multiple cvPI 

controllers in parallel. Furthermore, when cvPI are properly tuned, there is no overshoot in current step 

response. If 1 is fundamental frequency, h is the controlled harmonic, kPh and kIh are regulator 

constants, the general form of the used cvPI controllers is as follows: 

  
s
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PhIhPh
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1
  (3.22) 

Since only components at the fundamental frequency are controlled, term h1 is equal to el and 

controller constants become kP and kI. Furthermore, to compensate for the complex pole added by 

decoupling terms, cvPI regulator is tuned as follows: 
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The constant k represents regulator bandwidth and it is the only parameter requiring tuning in order to 

get fast enough controller response, while at the same time avoiding influence of the switching noise 

on the controller performance. Schematic diagram of the tuned cvPI controller is given in the Fig. 3.11 

and its transfer function is as follows: 
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
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Since the machine is inverter supplied, low order harmonics are induced by the inverter dead time 

[Yepes et al (2013)] and their elimination is a mandatory step when it comes to implementation of 

current control. Resonant controllers are chosen for this purpose, more specifically VPI type. The 

transfer function is as follows: 
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Figure 3.11 – Complex Vector Proportional-Integral controller. 

 

 
Figure 3.12 – Vector Proportional-Integral resonant controller. 

 

VPI controllers are tuned according to the equations in the x-y subspace (3.21a) in the same manner 

as cvPI, i.e. as shown in (3.23). Transfer function of the tuned VPI is as follows: 

  
2
1

22
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hs

RsLs
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sls
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


  (3.26) 

Implementation of the VPI regulator is done by means of two integrators as shown in Fig. 3.12. Once 

again, it is only necessary to tune the controller bandwidth by setting the parameter kh. 

During the experimental validations, low order harmonic elimination was found to be necessary. 

Namely, the +5th and +7th harmonics are present due to the inverter dead time, while -29th and -31st 

harmonics are present due to the non-ideal machine construction. Harmonic elimination strategy by use 

of resonant controllers in synchronous reference frames, applicable to asymmetrical multiphase 

machines [Yepes et al (2016)], has been adopted here. In this particular case, not all low-order 

harmonics are present. Consequently, resonant controllers and synchronous reference frames are tuned 

to different harmonic orders than the optimal ones proposed in [Yepes et al (2016)]. Harmonic orders 

to which synchronous reference frames and VPIs are tuned are given in the Table 3.1. To further reduce 

harmonic content of phase currents, eight different harmonics are eliminated in total, as per Table 3.1. 

Table 3.1 – Configuration of implemented resonant controllers. 

Resonant 

Controller 
Subspace Rotation 

Harmonic 

order 

Controlled 

harmonics 

VPI 1 
x1-y1 -4 

9 +5 / -13 

VPI 2 27 +23 / -31 

VPI 3 
x2-y2 -2 

9 +7 / -11 

VPI 4 27 +25 / -29 

In order to demonstrate the effectiveness of the VPI current controllers, experimental results are given 

in Fig. 3.13. Full description of the experimental setup, including both hardware and software, is 

available in the Appendix B of the thesis, while control implementation is detailed in the following 

chapters. The machine operates with IRFOC at 1000 rpm without harmonic elimination. One period of 

the phase current (ia1) with the corresponding spectrum is shown in the two upper plots of the Fig. 3.13. 

It can be seen that, in addition to the fundamental frequency component, the 5th and the 29th harmonics 

are significant. The 7th, 11th, 23rd, 25th, and 31st harmonics are also present but to a lesser extent. 
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Figure 3.13 – Phase currents with the harmonic control switched off and on. 

 

 
Figure 3.14 – Back-to-back inverter configuration. 

 

The same experiment is repeated, but with activated VPI resonant controllers. The phase current and 

the spectrum are given in the lower plots of Fig. 3.13. The spectrum shows that the low-order harmonics 

are successfully eliminated. 

3.7 Two-Level and Three-Level Voltage Source Inverters in Back-to-Back 

Configuration 

To implement any control technique, it is mandatory to have a supply which is capable of providing 

variable frequency near-sinusoidal voltages. Two types of the supplies are typically used for driving the 

machines: voltage source inverters (VSI) and current source inverters (CSI). Since the majority of 

WECSs are connected to the grid, in addition to the requirement of full controllability and bidirectional 

power flow use of a back-to-back configuration is necessary. Keeping in mind that the goal of this 

chapter is modelling of the WECS in general, the simplest two-level VSI will be used on the machine 

side. However, it should be noted that in the high power applications, multilevel inverters are common 

due to the lower current ripple and smaller stress on the switches. 

Due to the strict grid code, grid-side inverters usually have three or more levels to achieve lower 

current ripple with the smaller inductance values. Here a 3-level NPC inverter is used; block diagram 

of the inverter configuration is shown in Fig. 3.14. 

Control of the machine-side inverter is done by pulse width modulation (PWM). As noted in chapter 

2, two modulation strategies are predominantly used: space vector PWM (SVPWM) and carrier based 
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Figure 3.15 – CBPWM diagram for one of the phases. 

 

PWM (CBPWM). SVPWM is based on selecting different voltage vectors and calculating appropriate 

application times in-order to produce desired waveforms. As the number of phases increases SVPWM 

becomes more complicated and requires more computational resources for implementation. On the 

other hand, CBPWM is simple and its complexity is not increased as the number of phase’s increases. 

Since the controlled machine has nine phases, CBPWM is used. 

CBPWM modulation strategy is based on comparing the reference signals with triangular carrier 

signal and switching the output voltage to zero or dc-link voltage value. Consequently, average value 

of the output voltage over one carrier period will be equal to the reference signal value. Diagram of 

CBPWM for one of the phases is illustrated in Fig. 3.15. Detailed analysis of CBPWM can be found in 

[Holmes and Lipo (2003)]. 

Signals vi
* and ci are references and the carrier respectively, where i represents phase number. 

References vi
* are obtained by scaling phase voltage references vi ph

*  by dc-link voltage value Vdc, as 

shown in the Fig. 3.15. Therefore, references vi
* are in range [0, 1], the same as the carrier signal. Digital 

signals SHSi and SHSi are the high-side and low-side transistor gating signals. Due to the required 

semiconductor turn-off time, dead time is implemented so both switches in one inverter leg cannot be 

switched on at the same time. Otherwise, dc link will be shorted at each switching. 

Carrier signal ci is the same for all of the phases and it has triangular waveform ranging from 0 to 1. 

References vi
* are governed by the current controllers. Depending on the machine configuration, 

whether it is symmetrical or asymmetrical or with one or three neutral points, different dc-bus voltage 

utilisation can be achieved by zero-sequence injection [Dujic et al (2010)]. It is concluded that the dc-

bus voltage utilisation in the machines with multiple neutral points depends on the number of phases in 

the winding sets. On the other hand, multiphase machines with a single neutral point and odd number 

of phases have the same dc bus voltage utilisation for both symmetrical and asymmetrical 

configurations, while asymmetrical ones with even phase number have better dc bus voltage utilisation 

when compared to the symmetrical machines. Maximum dc bus voltage utilisation of the 9-phase 

machine depending on the configuration is given in the Table 3.2. 

Table 3.2 – Maximum dc bus voltage utilisation of the 9-phase machine. 

NP number Symmetrical Asymmetrical 

1 1.0154·Vdc 1.0154·Vdc 

3 1.1547·Vdc 1.1547·Vdc 
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Figure 3.16 – Carrier, reference and leg voltage of one period of sinusoidal reference. 

 

 
Figure 3.17 – One leg of a three-level NPC inverter. 

 

In this thesis, only continuous PWM in the linear modulation region is considered. Discontinuous 

PWM schemes are out of the scope of this research. When the dc-link voltage is 600 V, one period of a 

sinusoidal reference and corresponding leg voltage are illustrated in Fig. 3.16. 

Due to the strict grid code it is usually mandatory to use a multilevel voltage source inverter when 

connecting to the 3-phase grid. Among many possible types of these inverters, three structures are 

mostly used in medium voltage industrial drives [Rodriguez et al. (2007)]: 

1. Neutral point clamped voltage source inverter 

2. Flying capacitor voltage source inverter 

3. Cascaded H-bridge voltage source inverter. 

Three-level neutral point clamped (3L-NPC) will be used for the grid connection here due to 

simplicity. One leg of the 3L-NPC inverter is shown in Fig. 3.17. 

Instead of one capacitor, as in the standard two level inverters, two capacitors in series are used here 

to split the dc link, so that one-half of the dc-link voltage can be obtained. Capacitor connecting point 

is called dc-link mid-point or neutral point. Diodes are used to clamp dc-link neutral point to the output 

voltage. Using the switches S1, S1, S2 and S2 four different values of the output voltage can be achieved: 

0 V, Vdc/2, Vdc and high impedance. The truth table is given in Table 3.3. 

The same as for the two-level inverter, 3L-NPC inverter switching can be governed by carrier based 

or space vector modulation. Due to the simplicity carrier based PWM has been chosen. In the case of 

3L-NPC two carrier signals are needed for proper operation. If the reference signal is in the range [0, 1], 

 



 

Wind Energy Conversion System Chapter 3 

42 

 

 
Figure 3.18 – Two carriers, reference, and leg voltage of one period of sinusoidal reference of 3L-CBPWM. 

 

 
Figure 3.19 – Min-max injection. 

 

Table 3.3 – Truth table of a three-level NPC inverter. 

S1 S1 S2 S2 Leg voltage 

0 1 0 1 0 

0 1 1 0 High Z 

1 0 0 1 Vdc/2 

1 0 1 0 Vdc 

to achieve linear operation, the first carrier is in range [0, 0.5] while the second carrier is in the range 

[0.5, 1]. Instead of one carrier, as shown for two-level operation in Fig 3.16, two are needed. Gating 

signals for the switches S1 and S1 are obtained by comparing the reference with the first carrier spanning 

[0, 0.5], while comparison of the reference with the second carrier spanning [0.5, 1] produces gating 

signals for the switches S2 and S2. When the dc-link voltage is 600 V, one period of a sinusoidal 

reference, both carriers, and leg voltage waveforms are shown in Fig. 3.18. 

In a balanced 3-phase system the maximum dc-link voltage utilisation is achieved when peak value 

of the line voltage becomes equal to the dc-link voltage. If modulation index is defined as a ratio 

between phase voltage amplitude and half of the dc bus voltage, maximum modulation index in standard 

CBPWM is equal to 1. For SVPWM maximum modulation index is 1.15, while in the case of CBPWM 

the same maximum modulation index is achievable by applying the min-max injection. Complete 

equivalence between SVPWM and CBPWM for the 3-level case is achieved by use of double min-max 

injection. However, for the sake of simplicity the same min-max injection as for the 2-level case is 

adopted. This technique is based on positioning references in a way that their minimum and maximum 

values at each instant of time will be centred around mid-point. Effectively, this is done by applying 

 
   

2

maxmin **
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maxmin
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phiphi

vv
vv


  (3.27) 

to all phase voltage references. Implementation is shown in Fig. 3.19. 
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Figure 3.20 – 3-phase references before and after min-max injection. 

 

 
Figure 3.21 – NPC capacitor voltage balancing controller. 

 

References used in the min-max injection are governed by the grid-side control and they will have 

sinusoidal waveforms if the grid voltages are balanced. Hence, sinusoidal 3-phase references, before 

and after min-max injection, are shown in Fig. 3.20. It can be seen that application of min-max injection 

has flattened the tops of the reference signal, thus allowing the fundamental to be increased by 15.5% 

without the references going outside of the carrier range [0, 1]. 

When a three-level NPC inverter is used, another issue to consider is the capacitor voltage balancing. 

Due to the non-ideal switches in the converter, voltage difference in the series capacitors may occur. 

Since CBPWM is used, simple capacitor balancing technique can be implemented by controlling the 

homopolar component added to all three references [Pereira and Martins (2009)]. Block diagram of the 

voltage balancing controller is shown on the Fig 3.21. vCp and vCn are voltages of the upper and lower 

capacitors, respectively. 

3.8 Voltage Oriented Control of the Grid-Side Inverter 

When a WECS is connected in the back-to-back configuration, the grid-side inverter needs to be 

independently controlled so the system can be interfaced with the grid. Usually there are two main tasks 

that grid-side inverter control needs to achieve: 

1. Keep the dc-link voltage at the set level. 

2. Deliver to the grid arbitrarily set reactive power. 
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Figure 3.22 – Simplified schematic of the grid-side inverter. 

 

Beside these two main tasks it is also required that the grid-side inverter complies with all grid codes 

regarding total harmonic distortion of the currents, ride-through-fault operation and sometimes change 

of the direction of power flow. These additional tasks are out of the scope of this research and they will 

not be considered further. One of the most popular ways of achieving the aforementioned main tasks is 

voltage oriented control (VOC). Grid voltage angle is detected and control is implemented in grid-

synchronised rotating reference frame. Simplified schematic of the dc link, grid-side inverter and grid 

filter is shown in Fig. 3.22. 

Dc side of the inverter consists of a dc-link capacitor and current source to emulate dc load. On the 

other side, connection of VSI to the grid requires grid filter. In this case simple inductive filter with 

inductance Lg and resistance Rg is chosen. Grid voltages have index g, while grid-side inverter voltages 

have index i. Equations of the grid currents are as follows: 

 











































































T

S

R

dt
d

gg

dt
d

gg

dt
d

gg

Tg

Sg

Rg

Ti

Si

Ri

i

i

i

LR

LR

LR

v

v

v

v

v

v

00

00

00

 (3.28) 

Grid current control can be easily realised in the grid synchronous reference frame. Firstly, grid 

voltage angle needs to be detected. There are many ways of doing this, but the current state-of-the-art 

technology is the utilisation of a phase locked loop (PLL), which will be explained in the following 

section. After detection of the grid voltage angle, decoupling and rotational transformations are applied 

to the currents of (3.28). For the purpose of this chapter, the grid voltages are considered balanced, so 

zero sequence can be omitted. Grid voltage angle is g. Decoupling and rotational transformations are 

given with: 
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while the grid currents in synchronously rotating d-q reference frame are governed with: 
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Equation (3.31) is of the same form as the equation for machine x-y currents in rotational reference 
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Figure 3.23 – Voltage oriented control of the grid-side inverter. 

 

frame (3.21b). However, difference in sign due to the chosen grid currents orientation should be noted, 

so that it can be included in the regulator design. A cvPI regulator of the same form as the one used for 

the machine x-y current control can be utilised as a grid current controller as well. Furthermore, the 

same controller tuning as in (3.23) applies, so that the grid-side cvPI constants are as follows: 
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In the applied synchronously rotating reference frame the grid voltage vector is aligned with the d-

axis. Consequently, q-axis component is equal to zero. As a result, expressions for the active and 

reactive power are simplified and they are as follows: 

 dgdgg ivP
2

3
  (3.33a) 

 qgdgg ivQ
2

3
  (3.33b) 

When implementing grid-connected WECS it is usually required that reactive power can be 

arbitrarily set [Wu et al (2011)]. With VOC this is easily realised by controlling the q-axis current 

component of the grid-side inverter. From (3.33b), q-axis current reference is as follows: 
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If the inverter and grid filter losses are neglected, active power on the grid side Pg is equal to the 

power delivered to the dc link Pdc and the following applies: 
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Since the grid voltage vdg is considered constant, the component of the grid current along the d-axis 

controls active power and consequently dc-link power and current. Therefore, another PI regulator in 

the outer dc-link voltage control loop is used to provide reference for the d-axis current component idg 

[Wu et al (2011)]. Finally, the complete system with current controllers and the decoupling terms is 

shown in Fig. 3.23. 

Variation of the dc-link current will result in change of the active power transferred to the grid. Since 

PI regulator will keep Vdc voltage at the set level, power transfer direction will depend solely on the 

direction of the iload current. If iload is positive, the system works in generating mode and power flow is 
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Figure 3.24 – Dc-link voltage and current, grid currents and active and reactive powers. 

 

from the dc link to the grid. On the other hand, if iload is negative, power flow is from the grid to the dc 

link and the inverter acts as a rectifier. 

Operation of the VOC has been tested for different power transfer scenarios. In all cases VOC needs 

to keep the value of the dc-link voltage constant and provide set value of reactive power to the grid. To 

demonstrate both directions of power flow, iload current has been changed from 7.14 A to -7.14 A 

resulting in +/-5 kW of active power at 700 V dc link. Consequently, the VSI is firstly working as an 

inverter and later on as a rectifier. Furthermore, during both modes of operation, the reference for the 

reactive power has been varied from positive to negative 3 kVAr. Results are shown in the Fig. 3.24. It 

can be seen that for the most part dc-link voltage is stable regardless of the power flow or the reactive 

power requirements. A small overshoot in the dc-link voltage is present due to the abrupt change in 

direction of power flow and the limited controller bandwidth. In normal operating condition, this abrupt 

change is not likely to happen, and this case thus represents the worst case scenario. 

3.9 Grid Synchronisation and Phase Locked Loop 

Since VOC and grid current controllers are implemented in the synchronous reference frame, it is 

necessary to detect grid phase angle. Therefore, grid synchronisation should be implemented. This is 

not a straightforward task and various methods have been developed over the years. 
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 a) Standard PLL. b) 3-phase PLL. 

Figure 3.25 – Standard (a) and modified (b) PLL structures. 

 

One of the firstly developed methods is the zero crossing detection, where zero crossings of the grid 

voltages are detected and phase angles are calculated. Problem with this method is that it is sensitive to 

grid disturbances like phase unbalance and variation in frequency. Some improvement over zero 

crossing detection method can be achieved with filtering of the grid voltages, but extracting grid phase 

in unbalanced network remains difficult. Furthermore, filtering introduces the signal delay, which is 

unacceptable in this case. 

A more sophisticated method of detecting the grid phase is by the use of a phase locked loop (PLL) 

[Blaabjerg et al (2006)]. It overcomes the problems that exist in the zero crossing detection and grid 

voltage filtering methods. A classic PLL is adapted to work with the 3-phase grid voltages [Chung 

(2000a), Chung (2000b)]. Namely, three main parts of the PLL, phase detection, voltage controlled 

oscillator, and loop filter are revised so it can be used in a 3-phase system. A standard PLL schematic 

is shown in Fig. 3.19a and a modified PLL structure is given in Fig. 3.19b. 

Phase detection is achieved using standard Clarke and rotational transformations, while PI regulator 

acts as a loop filter. Voltage controlled oscillator is replaced by an integrator. Synchronisation to the 

grid is achieved when the grid voltage component on the q-axis is equal to zero. Therefore, PI controller 

keeps the q-axis component at the zero value by setting the phase angle of the rotational transformation. 

Since the grid frequency is known, it is common in 3-phase PLL to add a feed forward signal ff, which 

is equal to the grid frequency in rad/s. 

3.10 Simulation Results of the Complete WECS 

To verify proper operation of the implemented WECS in the back-to-back configuration, simulations 

of the key system elements are carried out individually and later on the whole system has been 

simulated. Utilised motor model will be described in chapter 4. Some simulation specific analysis, such 

as controller limits, will be presented in this section. An asymmetrical 9-phase machine with 3 neutral 

points is used, and the parameters are given in table 3.3. 

Table 3.3 – Machine parameters. 

Phase number 9 Stator resistance [ 5.3 

Pole pair number 1 Rotor resistance [ 2.0 

Nominal speed [rpm] 2880 Stator leakage inductance [mH] 24 

Nominal power [kW] 2.2 Rotor leakage inductance [mH] 11 

Nominal voltage [V] 230 Magnetising inductance [mH] 520 

Nominal current [A] 1.5 Rotor inertia [kg m2] 0.043 
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The machine is rated at 5 kW and is for 3000 rpm synchronous speed, meaning that the rated torque 

is close to 16 Nm. Consequently, the selected turbine has the same rated power at the rated wind speed. 

Furthermore, used gearbox and MPPT controller are tuned so that at the rated wind speed turbine has 

optimal tip speed ratio and machine rotational speed is at the rated value. Accordingly, during steady 

state the machine torque is limited to the rated value. Since the flux is kept at the rated value by IRFOC 

at all times and the torque in steady state is equal or below rated value, the phase currents are equal or 

below rated value during the steady state. Furthermore, it should be taken into consideration that the 

machine is operating as a generator, and the torque reference should be negative at all times. 

Additionally, during the transient, machine torque may be larger than the rated during short periods of 

time. Therefore, torque limits are set to -24 Nm and 0 Nm, i.e. -150 % of the rated torque and zero. 

Another limiting factor is the linear modulation limit that depends on the dc-link voltage value. Since 

zero-sequence injection is applied on the machine side, the amplitude of the phase voltages must be 

smaller than vdc/√3 . When the amplitude invariant transformation is applied and x-y currents are equal 

to zero, the following must be satisfied: 
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Equations (3.17a) and (3.17b) provide correlation between machine voltage and current in d-q 

subspace. Since it can be assumed that current controllers are fast enough, differential term may be 

omitted: 

 q

r

m
ssdsd i

L

L
LiRv 















2

  (3.37a) 

 dssqsq iLiRv   (3.37b) 

Nominal value of the id current is obtained from the (3.14a) by assuming nominal voltage, 

synchronous speed and no-load condition and is given as follows: 
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On the other hand, current limits along q-axis can be found by using torque limits and (3.14b). These 

values are -5.48 A and 0 A, respectively. Finally, by using obtained current values, nominal speed, and 

(3.37a) and (3.37b) maximum voltage values are: vd,max = 49.74 V, vq,max = 354.14 V and 

|vdq| = 357.61 V. Since the dc-link voltage is 700 V, condition (3.36) is satisfied and there is enough 

voltage reserve so the machine will stay in the linear modulation region even in the presence of 

harmonics and during the speed/load transients. 

To test the machine-side control, the shaft is disconnected from the wind turbine and connected to a 

source of constant torque (16 Nm). Instead of using MPPT for generating torque reference, speed loop 

has been implemented by adding a simple PI regulator. Speed reference has been imposed so that the 

machine reversal test from positive to negative nominal speed is conducted. Torque limits are set to +/-

24 Nm. Machine speed and torque, idq currents and absolute value of IRFOC output voltage |vdq| are 
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Figure 3.26 – Machine speed, torque, idq currents and absolute value of |vdq|. 

 

 
Figure 3.27 – Machine phase currents and voltages. 

 

shown in Fig. 3.26. This test confirms the capability of the system to operate in full speed range with 

150 % of the rated torque without saturating PWM modulator. Detailed view of the machine phase 

currents and voltages during nominal speed of 3000 rpm and torque equal to 16 Nm are shown in figure 

3.27. Two-level operation can be seen in phase voltages, while both phase currents and voltages are 

balanced. 

When the grid-side control is considered, there are also limits that must be respected so that the 

system stays in the linear modulation region. For example, inductance of the grid filter should be large 

enough to minimise the grid current ripple, but, at the same time, should not be too large so that the 

system stays in the linear modulation region for the given dc-link voltage. Furthermore, smaller grid 
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Figure 3.28 – Wind speed, actual and extracted wind power, machine speed and torque, active and reactive grid 

power and dc-link voltage. 

 

filter value increases dynamic response of the system. Assuming an ideal grid filter, with resistance 

neglected, the maximum filter inductance is calculated according to the procedure given in [Malinowski 

(2001)]. When min-max injection is considered, maximum modulation index is 1.15 and expression for 

maximum value of the inductive grid filter is as follows: 

 
max

2
max

2

max
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gg

g
dc

g
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V
V

L




  (3.39) 

In the equation above Vdc is dc-link voltage, g is grid frequency in rad/s and Vgmax and Igmax are 

maximum values of the grid phase voltage and current. Since g = 250 rad/s, Vdc = 700 V, 

Vgmax = 325 V and for the active power of 5 kW maximum grid phase current is Igmax = 10.5 A, 

maximum grid filter inductance is Lg = 73 mH. This value is the absolute maximum value. However, 

maximum value of phase currents is increased during the transients or when the reactive power is 

supplied to the grid. Furthermore, smaller grid inductance increases dynamic response of the VOC, 

hence, smaller inductance of 10 mH is selected. Operation of the grid-side VOC has already been 

demonstrated in Fig. 3.24 where it can be seen that the dc-link voltage is kept stable for all combinations 

of active and reactive powers. 

Simulation of the complete WECS has been carried out and the results are presented in the Fig. 3.28. 

Inputs to the system are wind speed and references for machine rotor flux, dc-link voltage and reactive 

power. System has been tested with varying wind speed and reactive power reference stepped from 

+3 kVAr to -3 kVAr and vice versa every 1 second. It can be seen that MPPT control provides torque 

reference so that varying wind speed and captured power can be properly followed by the machine 

speed, i.e. at nominal captured power of 5 kW machine speed is at expected value of 3000 rpm. 
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Arbitrary change of the reactive power is often required by the grid code. Hence, a step change of 

reactive power has been simulated and is shown as well. Captured wind power is limited by pitch 

control, so nominal power will be available even if the wind speed is above nominal value. It should be 

noted that the slow change of the machine speed is governed by the relatively large inertia of the wind 

turbine. The last plot shows dc-link voltage, which is kept constant at set value of 700 V by voltage 

oriented control at all operating conditions. 

3.11 Summary 

Complete model of a WECS in back-to-back configuration has been developed in this chapter. All 

major control structures are presented together with multiphase machine specific controls, i.e. x-y 

current control. Furthermore, WECS topologies where multiple 3-phase machine is used as a generator 

are shown as well. Control structures related to the machine-side control including MPPT control, 

IRFOC, flux/torque control by PIccd current controllers in synchronous reference frame, x-y current 

control by cvPI and resonant VPI regulators, and 9-phase two-level CBPWM are examined in the 

chapter. On the grid side, the control subsystem contains a PLL, VOC control realised with cvPI 

regulator for grid d-q current control and single PI regulator for dc-link voltage control and 3-phase 

three-level CBPWM. Min-max injection is implemented in both grid- and machine-side controllers. 

Wind turbine and gearbox form the mechanical subsystem. Since the focus of the research is on the 

multiphase machine, used wind turbine model is as simple as possible. 

The presented control techniques are used throughout the thesis and it is therefore convenient to 

show them all in one place, so that they can be simply referred to later on. Moreover, the discussed 

control schemes do not constitute any new knowledge or contributions to the field and so placing them 

in a single chapter aids the narrative of the chapters to follow. 

 



 

Chapter 4 

MULTIPHASE INDUCTION MACHINE MODELLING 

4.1 Introduction 

The objective of this chapter is to develop generalised mathematical models of an n-phase induction 

machine and implement them in the Simulink environment. Three different modelling approaches will 

be considered: phase domain, vector space decomposition (VSD) and multi-stator (MS / multiple - / 

multiple d-q) modelling approaches. A comparison of the models will be carried out with the emphasis 

on their utilisation in machine control. Moreover, a simple to follow algorithm will be developed for a 

creation of VSD matrix applicable to any multiphase machine with sinusoidal winding distribution. The 

proposed algorithm will be used later on to find relation between MS and VSD variables for any 

multiple 3-phase machine. By doing so, the benefits of both VSD (decoupled control) and MS 

(information on individual winding set variables) modelling approaches will be used to their full extent. 

In addition to machine modelling, this chapter will cover harmonic mapping analysis as well. It will be 

shown that there is an imbalance present in zero-sequence phase voltage harmonics of any asymmetrical 

machine with single neutral point even in the case of balanced leg voltage harmonics. The work 

presented in this chapter has been published in [Zoric et al (2016)] and [Zoric et al (2017b)]. 

Even though the presented transformation (VSD) is applicable to any multiphase machine, only 

induction machines will be considered in this chapter. In a general case an n-phase machine has l 

winding sets and k phases per winding set. Number of winding sets l can be any integer larger or equal 

to 1, while k is the prime number larger or equal to 3. Consequently, the following expression must hold 

true: 

 ...,11,7,5,3,1,  klkln  (4.1) 

 Depending on the phase propagation angle between winding sets, a machine can be symmetrical 

(2 / n) or asymmetrical ( / n). A special case are the machines with a single winding set (l = 1, i.e. 3-, 

5-, 7-phase), which are always of a symmetrical configuration. Spatial angular position of the ith phase 

in the jth winding set for a symmetrical and asymmetrical configuration is as follows: 
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 (a) (b) 

Figure 4.1 – Phase propagation angles of symmetrical (a) and asymmetrical (b) multiphase machines. 

 

A schematic of the machine phase angular positions is depicted in the Fig. 4.1a for a symmetrical 

case and in Fig. 1b for an asymmetrical machine configuration. Of course, the following standard 

assumptions in machine modelling are taken into account: 

- The magneto-motive force is sinusoidally distributed along the air gap circumference. 

- Magnetic core is linear and so the main flux saturation can be neglected. 

- Magnetic core losses are neglected. 

- Machine is balanced with uniform air gap. 

- The resistances are constant.  

4.2 Machine Model in Phase Variables 

Considering all previously mentioned assumptions, with the addition that the squirrel cage rotor can 

be represented with the same configuration as stator but with shorted phase windings, electrical part of 

a n-phase machine can be modelled using 2n differential equations [Dordevic et al (2010)]. However, 

in this case, a simplification is introduced in order to reduce the number of equations resulting in faster 

simulations. Namely, instead of n equation for rotor, only two are going to be used, reducing the number 

of equations from 2n to n + 2. Therefore, machine stator is going to be modelled in its natural n-

dimensional space, while rotor is going to be modelled in 2-dimensional space, i.e. rotor - variables. 

Of course, rotor parameters should be changed accordingly by multiplication with coefficient 2/n, so 

there is no change in behaviour of the machine. It should be noted that this change is justified, since in 

the squirrel cage rotor induction machines there are no means to measure rotor current. Hence, the form 

of the rotor model is unimportant as long as there is impact on the stator currents or torque production. 

Machine equations are customarily divided into three matrix equations: voltage, flux linkage and 

torque equation. Voltage equation is given in a convenient matrix form as: 
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 Variables [v], [vr], [i], [ir], [], and [r] are vectors of machine stator and rotor voltages, currents 

and fluxes respectively. Symbols with the index r represent rotor values, while matrix [R] is a machine 

resistance matrix. These variables are defined as follows: 
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 (4.4) 

Numbers (1 - n) represent stator phase numbers, while two rotor phases are denoted by  r and    r. 

Rs is the stator phase winding resistance and Rr is the rotor phase winding resistance. [In] is n x n unit 

matrix, while [I2] is 2 x 2 unit matrix. Current-flux linkage equation is given as: 
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[L] is an inductance matrix, and it consists of stator [Lss] and rotor [Lrr] self-inductance matrices, and 

stator-to-rotor [Lsr] and rotor-to-stator [Lrs] mutual inductance matrices: 

   
   
   








rrrs

srss

LL

LL
L  (4.6) 

 Since inductances [Lss], [Lrr] are dependent on phase propagation angles and [Lsr], [Lrs] on rotor 

position as well, it is necessary to define these angles first. Considering the Fig. 4.1, phase propagation 

angles are denoted by numbers from 1 to n, where 1st phase is the one with propagation angle equal to 

0, and positive direction is anti-clockwise. Phase propagation angles are: 

     n 21  (4.7) 

 If Lls, Llr, and M are stator/rotor leakage inductance and mutual inductance respectively, machine 

inductance matrices can be defined as follow: 
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 (4.8) 

Angle e represents rotor electrical angular position and it is equal to Pm, where P and m are number 

of pole pairs and rotor mechanical position. Finally, equation for electromechanical torque completes 

the model, and if expressed in phase variables, is as follows: 
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Figure 4.2 – Diagram of the machine model in phase variables. 

 

Equations (4.2) – (4.9) define the machine model. However, equation for equilibrium of rotating 

masses is needed as well to incorporate the machine load and rotor moment of inertia. If Tl is the 

machine load torque and J rotor inertia, assuming motoring convention, equation for equilibrium of 

rotating masses is as follow: 

   le
m

TT
Jdt

d


1
 (4.10) 

Machine model is now complete and it is applicable to any multiphase induction machine. The form 

of equations enables very easy implementation in Simulink environment by use of function blocks and 

integrators. Diagram of the implemented model in phase variables is given in the Fig. 4.2, while the 

code with more detailed description of the actual implementation can be found in the Appendix A of 

the thesis. 

It should be pointed out that this machine model has already been used in section 3.10 and will be 

used in all simulations that follow, regardless of the machine configuration (symmetrical/asymmetrical 

with single or multiple neutral points) and number of phases. 

4.3 Machine Model Using Multi-Stator Modelling Approach 

When a multiphase machine has multiple winding sets, it is advantageous to have independent 

control over each individual winding set. For example, in generation systems this can be used to switch 

off any winding set in the case of fault. Another use would be to arbitrarily distribute power over each 

of the winding sets. With VSD modelling approach this is impossible to do directly because information 

on phase variables is lost. Therefore, stator winding sets are modelled independently [Nelson and 

Krause (1974)]. The most frequently used machines with multiple winding sets are the 6-, 9- and 12-

phase machines, i.e. multiple 3-phase ones. A noticeable increase in research undertaken for this 

particular type of multiphase machine has been reported recently [Barrero and Duran (2016), Duran 

and Barrero (2016), Levi (2016)], hence they will be the only ones considered in this section. 

Multiple 3-phase machines can be modelled by applying the well-known 3-phase Clarke’s 

transformation to each 3-phase winding set [Nelson and Krause (1974), Singh et al (2005b)], followed 

by the standard 3-phase rotational transformation. By doing so, the machine is divided into multiple 

flux/torque producing subspaces and well-known control techniques developed for 3-phase machines 

can be implemented in each subspace [Jung et al (2009)]. The advantage of this modelling approach is 

the possibility for individual and independent control of all winding sets; hence, power/current sharing 

between winding sets is easily achieved. On the other hand, this multiple d-q modelling approach leads 
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 (a) (b) 

Figure 4.3 – Schematic of stator (a) and rotor (b) of the multiple 3-phase machine when MS modelling approach 

is applied. 

 

to heavy cross-coupling between equations of the different 3-phase winding sets [De Camillis et al 

(2001)]. Furthermore, it does not offer clear insight into machine operation and harmonic mapping. In 

addition, multiple pairs of PI controllers are required for simple flux/torque control. 

In order to implement MS modelling it is firstly necessary to represent n-phase machine stator 

(n = l·k, k = 3) with l 3-phase winding sets and rotor with a single 3-phase winding set, as shown for a 

9-phase case in [Jung et al (2009)]. Application of standard 3-phase decoupling to each of the winding 

sets and rotational transformation to rotor should follow, resulting in machine model in stationary 

reference frame. For the sake of clarity, a schematic representation of a multiple 3-phase machine for a 

general case is shown in the Fig. 4.3. 

Machine is now divided in l+1 3-phase winding sets, l stator and single rotor set. If winding set 

number is denoted by index j ( j = 1, 2 … l ) and rotor by letter r, new machine equations can be written 

in form of voltage and flux linkage equations as follows: 
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Voltage, current and flux matrices are defined as follows: 
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Rs and Rr are stator and rotor phase resistances, while Lls and Llr represent stator and rotor leakage 

inductances. It should be noted that rotor variables are scaled by 1/l since rotor is represented with one 

3-phase winding set instead of l, which is the case with stator. Rotor is squirrel cage type, hence rotor 
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voltages in eq. (4.11) – (4.13) are equal to zero. Inductances [Ljk], [Ljr], [Lrk], and [Lrr] are defined as 

follows: 
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Indices j, k and abc represent winding set and phase within that set, respectively, as per Fig. 4.3. 

Actual phase shift angle  is defined by equation (4.2) depending on type of the machine (symmetrical 

or asymmetrical) and the number of phases. Rotor electrical position is denoted by e. 

Until now machine model was given in phase variables. However, it is written in a suitable form so 

multiple 3-phase Clarke’s transformations can be easily applied. Clarke’s transformation for 3-phase 

case is as follows: 
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Angle  in this equation represents spatial phase shift of the first phase in the winding set, e.g. for an 

asymmetrical 9-phase   [0, /9, 2/9]. In the case of the rotor winding set  is set to e, so rotor 

variables are transformed to stator reference frame. By doing so, rotational transformation has been 

implicitly applied to rotor variables resulting in the model in the stator reference frame. Transformations 

are applied to the equation (4.11) – (4.12) in the following manner: 
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Due to the change in rotor model and applied amplitude invariant transformations, new rotor 

parameters and mutual inductance are introduced: 
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r 2

311 ,,   (4.21) 

Finally, there are l+1 sets of machine equations in stationary --z variables, i.e. l for stator winding 

sets and single one for the rotor. Complete derivations are done in Wolfram Mathematica, a computer 

algebra system, while the code is available in the Appendix A of the thesis. Machine voltage equations 

and flux linkages in MS domain are as follows: 
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Since mutual inductance between stator and rotor Mms in (4.23) only exists in - plane, as per 

matrices [I1] and [I-1] defined in (4.24), electromechanical energy conversion is happening only in the 

- plane. On the other hand, zero sequence equations contain resistances and leakage inductances only 

and do not contribute to the electromechanical energy conversion. Hence, flux/torque producing part of 

the machine equations (-) can be represented in complex form by means of space vectors, as follows: 
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Figure 4.4 – Equivalent circuit of the n-phase machine modelled by MS modelling approach. 

 

To complete the model, it is required to provide torque equation. It is the simple sum of contributions 

of each winding set, given as follows: 
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It is now possible to create equivalent circuit for the - subspace, as shown in the Fig. 4.4. In 

accordance with the equations, flux/torque producing subspace has stator circuit with l terminals, i.e. 

each stator winding set is defined with its - current, while rotor is defined with single rotor - 

current. From the control point of view, it is now possible to control currents and thus the flux/torque 

production of each winding set. However, there is significant cross-coupling between winding sets 

complicating the control implementation. 

4.4 Machine Model Using VSD Modelling Approach 

Different to the modelling of a multiphase machine with multiple 3-phase winding sets by use of 

multiple 3-phase Clarke’s transformation, VSD considers application of actual n-phase transformation, 

so all of the multiphase machine could be modelled and not only the multiple 3-phase ones. The VSD 

modelling approach is based on symmetrical components theory [Fortescue (1918)]. The machine phase 

variables are multiplied by VSD matrix resulting in multiple decoupled 2-dimensional subspaces and 

zero-sequence component(s) [Levi et al (2007)]. The first subspace is a flux/torque producing one, 

meaning that all electromechanical energy conversion is happening here, assuming the sinusoidal 

winding distribution. Having the decoupled machine, it is very convenient to implement any vector 

control strategy [Levi et al (2008)]. Moreover, other subspace variables can be used as additional 

degrees of freedom for some multiphase machine specific purpose, i.e. fault tolerance [Guzman et al 

(2012), Che et al (2014a)], dc-link voltage balancing [Che et al (2014b)] or harmonic elimination [Yepes 

et al (2013)]. 

The term Vector Space Decomposition was introduced in [Zhao and Lipo (1995)], where an 

asymmetrical 6-phase machine has been mapped into orthogonal subspaces by applying a real 6-phase 
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Clarke’s transformation. It is shown that components at fundamental frequency and kth order harmonics 

(k = 12m±1, m = 1, 2, 3, …) map into the first subspace where electro-mechanical energy conversion 

takes place. Other odd-order harmonics map into the remaining two orthogonal subspaces.  The 

resulting machine model has been used to develop a space vector pulse width modulation strategy. Since 

[Zhao and Lipo (1995)] introduces the concept of VSD by use of transformation matrix with real 

coefficients, i.e. multiphase Clarke’s transformation, and actual transformation is a complex one, i.e. it 

creates multiple complex planes, in this thesis both representations are used, as deemed appropriate. 

This section is divided into two subsections: the first one covers creation of actual VSD matrix and 

proposes unified algorithm applicable to any machine configuration, while the second subsection 

provides the model of an induction machine in VSD variables. 

4.4.1 Generalised Algorithm for Creation of VSD Matrix 

Creation of VSD transformation for any phase number for symmetrical winding configurations is 

well known and easily achievable by the use of symmetrical components theory or multiphase Clarke’s 

transformation [Levi et al (2007)]. On the other hand, when machines with an asymmetrical winding 

configuration are concerned, there are various solutions dealing with creation of a proper decoupling 

transformation matrix [Abbas et al (1984), Tessarolo (2009a), Rockhill and Lipo (2015)]. 

To create a decoupling transformation of an asymmetrical n-phase machine, the decoupling 

transformation of a symmetrical 2n-phase machine has been used in [Abbas et al (1984)] as the starting 

point. It is shown that an appropriate transformation matrix may be obtained by representing phases on 

the same magnetic axis of a symmetrical 12-phase machine with the equivalent pairs of phases of an 

asymmetrical 6-phase machine. As a result, half of the elements in the newly created matrix have zero 

value and can be omitted. What is left is a real decoupling transformation matrix of an asymmetrical 6-

phase machine. Since the proposed technique is based on the actual machine construction, it can be 

applied to any asymmetrical n-phase machine, by using a 2n-phase machine as the starting point. 

Another method of producing a decoupling transformation matrix for an asymmetrical machine is 

presented in [Tessarolo (2009a)]. Here, a stator inductance matrix [Ls] of an asymmetrical machine has 

been analysed and development of the VSD matrix is based on finding the solution, which will 

diagonalise the [Ls] matrix. The obtained matrix is real and it can be considered as a multiphase Clarke’s 

transformation, which is equivalent to the complex VSD transformation. 

Work presented in [Rockhill and Lipo (2015)] introduces the concept of a fundamental winding 

configuration which represents the multiphase machine (or a network) based on a single-pole symmetry, 

rather than two-pole symmetry used in symmetrical components theory. The resulting fundamental 

vector diagram maps all the phases within the range 0 to . This has enabled development of generalised 

n-phase symmetrical component and Clarke’s transformations, which are valid for asymmetrical cases 

as well. 
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Most of these methods are developed either for symmetrical or asymmetrical configuration. 

Moreover, all of them yield the same or very similar VSD or Clarke’s transformation matrix for a given 

machine type. Namely, produced matrix decouples the machine into multiple mutually orthogonal 

subspaces, with an additional feature that odd-order harmonics are mapped uniquely into specific 

subspaces. Therefore, the goal of this subsection is not to develop a novel way of deriving the VSD 

matrix, but to present an easy to follow algorithm, which summarises the aforementioned, is applicable 

to any multiphase machine (symmetrical or asymmetrical), and enables a rather simple creation of the 

required decoupling transformation matrix in real or complex form. 

In order to develop a unified algorithm, the form of the VSD matrix needs to be defined first. Each 

row in the VSD matrix forms a single two-dimensional subspace and is created as a complex 

representation of vectors with amplitude equal to one and angle set by a multiple of phase propagation 

angle vector [], defined in (4.2), and the subspace constant C. For the sake of clarity, each complex 

row can be represented by two rows with real values as well. This leads to a generalised multiphase 

Clarke’s transformation matrix. Each row of the VSD and generalised Clarke’s transformation is 

defined as follows: 
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It should be noted that in the case of homopolar zero-sequence components, imaginary part is equal 

to zero, hence both VSD and generalised Clarke’s transformation contain real values which are 

identical. Subspace harmonic mapping is determined by subspace constant C. If i is a positive integer 

(i = 1, 2, 3, …), C can be defined as follows: 

1. C ≠ i∙k – non zero-sequence harmonics are mapped into these subspaces [TnZS] (e.g. k = 3, C = 

1, 2, 4, 5, …). 

2. C = i∙k – zero-sequence harmonics are mapped into these subspaces [TZS] (e.g. k = 3, C = 3, 6, 

9, …). 

3. C = n/2 or C = n – a set of real values is produced, imaginary part is zero, so instead of a 

subspace, a homopolar zero-sequence component is obtained [ZS] (e.g. n = 9, C = 9). 

Rows are arranged in such a way that the first subspaces are non zero-sequence subspaces, followed 

by zero-sequence subspaces and at the end zero-sequence homopolar components. For the single neutral 

point case VSD matrix is: 
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With the VSD matrix rows arranged as in (4.29), definition of the subspace constants should follow. 

For the symmetrical case, the subspace constants are well known [Levi et al (2007)] and they take values 
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Figure 4.5 – VSD creation algorithm for multiphase machines with single neutral point. 

 

from [1, 2, … (n-2)/2] when n is even, or in the case of odd n, [1, 2, …, (n-1)/2]. On the other hand, in 

the case of an asymmetrical machine, all subspace multiplication coefficients C are positive odd 

numbers smaller than n (i.e. n = 9, k = 3, C  [1, 3, 5, 7]). This assures that all odd-order harmonics are 

uniquely mapped in x-y planes. Finally, the algorithm for obtaining VSD transformation for any 

multiphase machine with single neutral point is given in Fig. 4.5. 

Constants  and zs, introduced in Fig. 4.5, define whether the produced VSD matrix is power or 

amplitude invariant. Their values are as follows: 
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It can be seen that in the case of an asymmetrical machine with even number of phases (i.e. 6, 10, 

12, 14, …) there are no homopolar zero-sequence components. Instead, an additional zero-sequence 

subspace exists. This naming convention is different from many published works, where this last 

subspace (C = n-k) is considered as two zero-sequence components (z+, z-). The reason for treating it 

as an additional subspace lays in the fact that this last row is obtained as [ej(n-k)[]], hence an additional 

subspace. 

Until now, only machines with a single neutral point have been considered. However, if the machine 

is with multiple neutral points, thanks to the suitable arrangement of the matrix rows, an easy 

modification provides the appropriate VSD matrix. In this case, zero-sequence subspaces and 

homopolar components should be replaced by zero sequences of each winding set (z1, z2, …). Individual 

zero-sequence components are created as follows: 
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 (a) 5-phase machine (b) 7-phase machine 

Figure 4.6 – Phase propagation angles of the machines with 5 (a) and 7 (b) phases. 
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Constant ws takes value of 1/k if an amplitude invariant transformation is desired, and square root 

of 1/k in the case of the power invariant transformation. This modification completes the algorithm, so 

that it is applicable to any multiphase machine with standard windings configuration (winding set 

propagation angle equal to  /n or 2 /n). 

In order to verify the proposed algorithm, created VSD matrices are compared with ones available 

in the literature. Only configurations with a single neutral point are considered. The reason for this is 

the simplicity of zero sequences in multiple neutral point case, so additional discussion is not considered 

necessary. Depending on the machine configuration (symmetrical or asymmetrical), phase propagation 

angles [] take values as shown in (4.2). Furthermore, angles within the [] are arranged in increasing 

order. The first phase has propagation angle of 0° and the positive direction is counter-clockwise. 

In the general case, the multiphase machine with the least number of phases is the 3-phase machine. 

The proposed algorithm is applicable in this case as well, resulting in standard 3-phase Clarke’s 

transformation. When actual multiphase machines with single winding set are considered (l = 1), the 

frequently researched ones are (k = 5) 5- and (k = 7) 7-phase machines [Guzman et al (2012), Dordevic 

et al (2013b)], depicted in Fig. 4.6. In these cases, both are considered to be of a symmetrical 

configuration. 

In the case of the 5-phase machine subspace constant is C  [1, 2], whereas 7-phase case produces 

constant C  [1, 2, 3]. If phase propagation angles are [5] and [7], proposed algorithm yields amplitude 

invariant VSD matrices as follows: 

  

 

 

 

 

 

 

 

 











































z

yx

yx

e

e

e

e

T

z

yx

e

e

e

T

j

j

j

j

j

j

j

22

11

7

2
1

3

2

711

5

2
1

2
5

,

,

,

7

2
,,

,

5

2

7

7

7

7

5

5

5


















 (4.32) 

Presented matrices are amplitude invariant, whereas power invariant transformations are obtained 

by simple coefficient change (4.30). Nevertheless, VSD matrices in (4.32) are identical to the ones used 
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Figure 4.7 – Phase propagation angles of the asymmetrical 6-phase machine. 

 

in [Guzman et al (2012), Dordevic et al (2013b)] with the only difference being amplitude invariance. 

Subspace and zero-sequence notations are on the right hand side of the corresponding matrix. Clearly, 

the same technique is easily applicable to any other multiphase machine with symmetrical winding 

configuration, with both single (5-, 7-, 11-phase, …) and multiple winding sets (symmetrical 6-, 9-, 10-, 

12-phase, ...). The algorithm is in accordance to the well-known technique for symmetrical machines 

shown in [Levi et al (2007)]. 

When it comes to the machines with multiple winding sets, 6-phase ones are by far the most used 

and researched type. Asymmetrical 6-phase configuration is depicted in Fig. 4.7. In this case input 

parameters for the algorithm are n = 6, l = 2, and k = 3. Subspace constant takes a value from C  [1, 

5, 3]. Instead of two zero-sequence components, an additional zero-sequence subspace exists, defined 

by the coefficient C = 3. Phase propagation angles [6a] are obtained by use of (4.2). Comparison of the 

resulting matrix with power invariant transformation presented in [Zhao and Lipo (1995)] shows full 

equivalence: 
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In addition to 6-phase machines, 9-phase and 12-phase machines are widely investigated as well 

[Rockhill and Lipo (2015), Tani et al (2013)]. Their asymmetrical configurations are shown in Fig. 4.8. 

When the developed algorithm is applied for the single neutral point case, obtained subspace 

coefficients are [1, 5, 7, 3] and [1, 5, 7, 11, 3, 9] for 9- and 12-phase topologies, respectively. It should 

be noted that coefficient C = 9 for the 9-phase machine creates homopolar zero-sequence component, 

while coefficients C = [3, 9] produce two zero-sequence subspaces in the case of the 12-phase machine. 

Produced VSD transformation matrices are equivalent to the ones available in [Rockhill and Lipo 

(2015), Tani et al (2013)] and are as follows: 
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 (a) 9-phase machine (b) 12-phase machine 

Figure 4.8 – Phase propagation angles of the asymmetrical 9-phase (a) and 12-phase (b) machines. 

 

 
 (a) (l = 5, k = 3) (b) (l = 5, k = 3) 

Figure 4.9 – Phase propagation angles of an asymmetrical 15-phase machine: (a) (l = 5, k = 3), 

and (b) (l = 5, k = 3). 

 

As far as machines with higher number of phases are concerned, a 15-phase machine has found its 

place predominantly in ship propulsion [Sun et al (2015), Moinoddin et al (2015), Liu et al (2013)]. It 

is interesting for analysis since it can be comprised of five 3-phase winding sets (5x3) or three 5-phase 

ones (3x5). In the first case l = 5 and k = 3, while in the second case l = 3 and k = 5. Both configurations 

with asymmetrical winding set distribution are shown in the Fig. 4.9. Phase propagation angles are 

[ 5x3a] and [3x5a], while amplitude invariant VSD matrices are as follows: 
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 (4.35) 

Expressions (4.35) are in accordance with existing literature [Sun et al (2015), Moinoddin et al 

(2015), Liu et al (2013)] dealing with 15-phase machines. The only difference is in the row ordering, 

which only influences a subspace position within the matrix. 

It should be noted that even though subspace coefficients are identical for both asymmetrical 

configurations (3x5 and 5x3), actual subspaces are at different positions within the matrix. The reason 
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for this is the different phase number of the winding sets (k). Namely, subspaces are arranged in such a 

way that zero-sequence subspaces are always positioned just above homopolar zero-sequence 

component, as explained in relation to (4.29). Consequently, when matrix needs to be changed to 

accommodate multiple neutral point case, it is only required to replace the last (l+1)/2 rows. It should 

be noted that simulation results verifying the algorithm are presented in section 4.4.3 where harmonic 

mapping is dealt with. Furthermore, Matlab and Mathematica codes for creation of VSD matrix by the 

proposed algorithm are available in the Appendix A of the thesis. 

4.4.2 Machine Model in VSD Variables 

In the previous subsection, an algorithm for producing VSD matrix for any multiphase machine type 

has been introduced. It enables development of the VSD transformation matrix in a systematic and 

simple manner regardless of the machine’s winding configuration (symmetrical or asymmetrical, with 

a single or with multiple neutral points). The results obtained coincide with individual transformation 

matrices available in the literature. Both power and amplitude invariant transformations are considered. 

The resulting transformation matrix always decouples the machine in multiple 2-dimensional subspaces 

and homopolar zero-sequence components. 

It is now appropriate to introduce an actual machine model by use of the VSD transformation. 

However, for the sake of simplicity, derivation is provided only for an asymmetrical 9-phase machine 

with single and multiple neutral points. Furthermore, this type of machine is used extensively 

throughout the thesis, including experiments, so it is convenient to deal with this particular case in more 

detail. Nevertheless, the outlined technique is easily extended to any machine type, with only difference 

being in the number of subspaces/zero sequences which are governed by the VSD transformation 

produced with the presented algorithm. Hence, there is no actual loss of generality. 

It is firstly necessary to find the appropriate VSD transformation. For the 9-phase asymmetrical 

machine with single neutral point, VSD transformation is given in the first equation of (4.34), and in its 

full form, it is as follows: 
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(4.36) 

Next, VSD transformation (4.36) should be applied to the machine equations in terms of phase 

variables. However, for the sake of simplicity, in contrast to the phase equation presented in section 4.2, 

equations used here model rotor in the same manner as the stator, with 9 equations, i.e. there are going 

to be 9 phase currents for both stator and rotor. Hence, both rotor and stator equations in phase variables 
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are of the same form and VSD transformation can be applied to both in the same way. Consequently, 

inductance matrix [L] is somewhat different than the one defined in (4.6) and (4.8), and it is now as 

follows: 
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Parameters of the machine are denoted as follows: Rs/Rr – stator/rotor phase resistance, 

Lls/Llr/Lm – stator/rotor leakage and mutual inductances. Mutual inductance Lm in decoupled model is 

related to the stator to rotor mutual inductance in phase domain M by coefficient 2/9, i.e. M = 2/9 Lm. 

VSD transformation is applied to machine voltage and current equations as follows: 
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resulting in the following equations: 
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Index vsd denotes VSD variables, while prime (`) symbolise that variables are in the rotor reference 

frame. All other symbols are consistent with the ones defined in previous section of this chapter. 

Machine is now decoupled and machine variables in VSD subspaces are as follows: 
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 (4.40) 

Since induction machine is with the squirrel cage, rotor voltages are equal to zero. If modelled 

machine is with three neutral points, expressions (4.40) will have three zero-sequence components (z1, 

z2, z3) instead of the last subspace and the zero sequence (x3-y3, z+). Inductance matrix [Lvsd] is defined 

as follows: 
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Stator and rotor self-inductances and rotor-to-stator and stator-to-rotor inductances are governed with: 
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The obtained model decouples machine into multiple subspaces. However, stator and rotor variables 

are associated with two different reference frames. Therefore, rotational transformation must be applied 

to rotor variables in α-β subspace, to represent both stator and rotor in the same stationary reference 

frame, as follows: 
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If stator and rotor inductances are defined as Ls = Lls + Lm and Lr = Llr + Lm respectively, inductance 

matrix is governed with: 
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 (4.44) 

With the terms of the inductance matrix simplified as shown in (4.44), final equations in VSD subspaces 

are relatively simple and they are as follows: 
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It can be seen that mutual inductance between stator and rotor exists only in the - subspace (4.45a) 

and the rotor x-y subspaces cannot be excited. Consequently, torque is only produced in the - 

subspace and rotor x-y subspaces can be omitted from the equations. Machine torque is defined as: 

    iiPTe 
2

9
 (4.46) 

The 9-phase machine is fully described by equations (4.45) – (4.46). Furthermore, when VSD 

algorithm developed in the previous section of this chapter is applied to any other multiphase induction 

machine, resulting equations will be of the same form. All equations for -, x-y subspaces and 

homopolar zero-sequence components will be completely identical. The only difference is in the 

number of subspaces and zero sequences, which is governed by the VSD creation algorithm. Hence, 

equations (4.45) – (4.46), together with the given algorithm, are valid for any other multiphase induction 

machine type. In other words, the algorithm will produce VSD matrix which will diagonalise terms 

[Lss], [Lsr], [Lrs], [Lrr] of the inductance matrix [L]. 

Since VSD transformation produces multiple complex planes, instead of representation by real 

values, it is possible to express model in complex form as follows: 
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Equivalent circuits for - and x-y subspaces can be now created as shown in Fig. 4.10. Equivalent 

circuit for the - subspace is shown in Fig. 4.10a, while the equivalent circuit for the x-y subspaces is 

shown in Fig. 4.10b. It should be noted that these equivalent circuits are valid for any multiphase 

induction machine, and the one of Fig. 4.10b has already been used to formulate (3.21a). 

By analysing the final equations and produced equivalent circuit, it is easily noticeable that 

electromechanical energy conversion is taking place only in the - subspace, so machine can be 

controlled in the same well-known way as the 3-phase machine. Additional controllers in x-y subspaces 

may be needed to utilise additional degrees of freedom for multiphase machine specific applications, 

such as fault tolerance, multi-motor drives, power sharing or low order harmonic elimination. It is easily 
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 (a) - subspace (b) x-y subspaces 

Figure 4.10 – Equivalent circuit of the - (a) and x-y (b) subspaces. 

 

 
Figure 4.11 – Simulation diagram for harmonic mapping analysis. 

 

seen that due to the orthogonality of the subspaces each one can be independently controlled without 

disturbing the other subspaces. When compared to the MS modelling approach, absence of cross-

coupling is by far the largest advantage of controlling the machine in terms of VSD variables. 

4.4.3 Harmonic Mapping 

Low impedance of x-y subspaces can result in large inverter induced low-order harmonics in phase 

currents. Since x-y current components do not contribute to the total flux/torque production, they should 

be eliminated. Use of the proper VSD transformation will not only decouple the machine into 

flux/torque producing and non-producing components, but will also uniquely map odd-order harmonics 

in the x-y subspaces as well. This means that each odd-order harmonic is mapped only into a single 

subspace or zero sequence. Consequently, their elimination is made relatively easy by the use of 

resonant controllers [Yepes et al (2013)]. When harmonic mapping in VSD variables is compared to 

the ones obtained by MS approach, there is significant advantage of the VSD modelling approach. In 

the case of the MS modelling all non zero-sequence harmonics are mapped in the - subspaces, hence 

their elimination is relatively complicated since they exist in - currents of all winding sets. 

In order to demonstrate harmonic mapping produced by the presented VSD algorithm, a multi-

frequency multiphase signal generator has been created to produce phase variables containing 

component at the fundamental frequency and the odd-order harmonics up to the phase number n. 

Amplitudes of all the harmonic components are equal to one. VSD transformation created by the 

proposed algorithm has been applied to phase values resulting in VSD variables (-, x-y, z), as shown 

in the Fig. 4.11. Amplitude invariant transformation has been used in this case, so after applying FFT, 

all values are equal to one enabling easier insight into harmonic mapping. It should be noted that even-

order harmonics can be present as well, e.g. sideband harmonics of switching frequency [Jones et al 

(2011)]. They are usually at much higher frequencies where impedance is high when compared to the 

VSI induced odd-order dead-time harmonics. Hence, they are not discussed any further. 
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 (a) 5-phase (b) 7-phase 

Figure 4.12 – Harmonic mapping for 5-phase (a) and 7-phase (b) machine. 

 

   
 (a) symmetrical (b) asymmetrical 

Figure 4.13 – Harmonic mapping for a symmetrical (a) and asymmetrical (b) 6-phase machine with single 

neutral point. 

 

Harmonic mapping for 5- and 7-phase machines is shown in the Fig. 4.12. It can be seen that the 

component at fundamental frequency is mapped in the - subspace, while subsequent odd-order 

harmonics are uniquely mapped in x-y subspaces and positive zero sequence. Furthermore, any other 

multiphase machine with single winding set (i.e. 11, 13) has similar harmonic mapping, hence no further 

analysis is offered. 

When a 6-phase machine with single neutral point is considered, simulation results are shown in the 

Fig. 4.13. Fundamental is mapped in the first subspace for both symmetrical and asymmetrical 

configurations. However, symmetrical 6-phase machine has identical odd-order harmonic mapping as 

the standard 3-phase one, i.e. the 5th harmonic is mapped in the - subspace and that is the first odd-

order harmonic that can produce torque pulsation. On the other hand, in the case of the asymmetrical 6-

phase machine, the 5th harmonic is mapped in the first x-y plane (x1-y1), hence it cannot produce torque 

pulsation. Triplen harmonics are the zero-sequence ones and they are mapped either in the last subspace 

(x2-y2) of the asymmetrical 6-phase machine or in the homopolar zero-sequence component (z-) of the 

symmetrical 6-phase machine. If a 6-phase machine is with 2 neutral points, zero-sequence harmonics 

will be mapped in individual zero sequences (z1, z2). 

Due to the proper selection of subspace constants, odd-order harmonic mapping is identical for any 

other multiple 3-phase machine: fundamental and non-triplen harmonics are mapped in the first l 

subspaces, while triplen ones exist in the rest of the subspaces/zero sequences. Examples are given for 

9- and 12-phase machines with a single neutral point. Simulation results are shown in the Fig. 4.14, 

where it can be easily seen that odd-order harmonics are mapped in the same manner as for the 6-phase 

case, the only difference being in the number of subspaces. 

The 15-phase machine is considered in all 4 possible configurations with a single neutral point, 
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 (a) (b) (c) (b) 

Figure 4.14 – Harmonic mapping for a symmetrical (a) and asymmetrical (b) 9-phase machine and a 

symmetrical (c) and asymmetrical (d) 12-phase machine with single neutral point. 

 

    
 (a) Symmetrical (53) (b) Symmetrical (53) (c) Asymmetrical (53) (d) Asymmetrical (35) 

Figure 4.15 – Harmonic mapping for a symmetrical and asymmetrical 15-phase machine in both 53 and 35 

configurations. 

 

symmetrical and asymmetrical case with five 3-phase winding sets or three 5-phase ones. Harmonic 

mapping for symmetrical cases is shown in the Fig. 4.15 (a) and (b), while asymmetrical cases can be 

seen in the same figure, plots (c) and (d). Unique harmonic mapping is easily seen. In this case there 

are 7 subspaces and a single positive zero sequence, as shown in the Fig. 4.15. However, depending on 

the construction of the machine (5x3-phase or 3x5-phase), there is a different number of non zero-

sequence subspaces. This holds true even in the symmetrical case, where both machine configurations 

are identical in terms of phase propagation angles. The only difference is in which harmonics are 

considered to be zero-sequence ones, or, if VSD matrices are observed, some of the rows are swapped. 

On the other hand, in asymmetrical case, machines are different. Nonetheless harmonic mapping is 

similar once again. The 3rd, 9th, and 15th harmonics are zero-sequence ones in 5x3-phase configuration, 

while in the case of 3x5-phase machine the 5th and 15th are considered to be zero-sequence harmonics. 

If a 15-phase machine is reconfigured to be with multiple neutral points, zero-sequence harmonics 

map into winding set’s individual zero sequences. In the 5x3-phase case, the last two subspaces and 

positive zero sequence are replaced with individual zero sequences, while in the 3x5-phase case, a single 

subspace and positive zero-sequence component are replaced. 
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 (a) (b) 

Figure 4.16 – Phase propagation angles of symmetrical (a) and asymmetrical (b) multiple 3-phase machines. 

4.5 Relationship Between VSD and Multi-Stator Modelling Approaches 

Until now, in order to simplify the machine, it was modelled either by MS modelling approach or 

by use of VSD transformation. Both approaches have their benefits and drawbacks. Hence, the goal of 

this section is to combine both VSD and multiple d-q modelling approaches in order to preserve the 

benefits of VSD (decoupled machine model leading to relatively easy control) while still being able to 

ascertain information about flux and torque producing components (i.e. - currents) in individual 

winding sets, a feature of MS modelling. It is shown that imbalance in individual winding set currents 

is manifested through x-y currents at fundamental frequency. Hence, additional current control in x-y 

planes can enable arbitrary power/current sharing between winding sets, a desirable feature in a 

multiphase generator. Moreover, if only currents in the x-y planes are changed to impose or remove an 

imbalance between winding sets or phases, there is no actual change in total flux and torque since they 

are produced only in the - subspace. The work reported in [Tani et al (2013), Mengoni (2016)] for 

an asymmetrical 12-phase machine is taken here further by considering a general case of a multiphase 

machine with multiple 3-phase windings in both symmetrical and asymmetrical configurations, with 

both single and multiple neutral points. It should be pointed out that this section deals with the 

relationship between variables in MS and VSD domains, and actual current/power sharing development 

and implementation is explained further on in the thesis. 

The relationship between MS and VSD variables is firstly developed for most commonly used 

multiphase machines, i.e. 6- and 9-phase, and for somewhat not so common 12-, 15-, and 18-phase. All 

winding set configurations are considered. Next, set of equations valid for any multiple 3-phase machine 

is presented and verified by Matlab simulation. It is shown that use of an appropriate VSD matrix, 

presented in a previous section of this chapter, provides the set of equations that are valid for all machine 

topologies (symmetrical/asymmetrical with single/multiple neutral points). Since the equations are 

obtained by only combining transformation matrices, results are independent of the machine type (i.e. 

induction or synchronous). 

Even though a machine diagram for the general case has been given in the Fig. 4.1, for convenience, 

another one showing only multiple 3-phase machine is presented in the Fig. 4.16. Since multiple 3-
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phase machines are considered, number of phases within the winding set is equal to 3 and phase 

propagation angles are given in (4.2) when k = 3. 

Firstly, phase variables are expressed by use of MS transformation, i.e. multiple inverse Clarke’s 

transformations are applied to the --z variables of each winding set as follows: 
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Produced expressions for phase variables are arranged in proper order and VSD transformation is 

applied as follows: 
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 (4.49) 

VSD variables are divided as per VSD matrix creation algorithm presented in subsection 4.4.1 of 

this chapter. Hence, there is a single flux/torque producing subspace and multiple non zero-sequence 

subspaces, followed by zero-sequence subspaces and/or homopolar zero-sequence components. 

Number of subspaces and zero sequences is governed by the machine configuration (symmetrical/ 

asymmetrical with single/multiple neutral points). For the sake of clarity, values in (4.48) are all real, 

and VSD transformation used [TVSD] is in real form as well. 

All variables are denoted by f, so that they might be voltage, current or flux linkage, while indices 

define domain they are belonging to, i.e. phase, VSD or MS. In the case of the phase variables, the first 

index represents winding set number (1 – l) and the second index signifies phase within the winding set 

(1 to 3). Variables in MS domain are denoted by indices --z followed by the number of the winding 

set they are belonging to. VSD subspaces are identified by letters , xy, and z, defining flux/torque 

producing, non-producing subspaces and zero sequences respectively. Numbers next to the xy indices 

show the subspace number. 

In order to obtain relationship between MS and VSD variables, it is only necessary to combine (4.48) 

and (4.49), i.e. to replace phase variables in (4.49) with expression for phase variables from (4.48) as 

follows: 
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Figure 4.17 – Relationship between VSD and MS modelling approaches. 
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For the sake of clarity, besides explanation in (4.50), creation of the relationship between VSD and 

MS variables is depicted in Fig. 4.17 as well. Firstly, inverse MS transformation has been applied to the 

MS variables in order to produce phase variables. Then, VSD transformation has been applied on such 

obtained expression for phase variables resulting in relationship between VSD and MS variables. 

It should be emphasised here that it is necessary to use the proposed algorithm for creation of the 

VSD matrix. It will be shown later that by doing so a unified expression for relationship between 

modelling approaches is obtained. MS equations are the same regardless of the number of neutral points, 

and VSD transformation is identical for all non zero-sequence subspaces for a given machine type. It 

follows that the relationship between VSD and MS variables is going to be the same for all non zero-

sequence subspaces for a given machine type. Furthermore, in the case of the multiple neutral points 

zero-sequence subspaces are replaced by individual neutral points and the relationship is a trivial one 

(e.g. fz1 = fz1, fz2 = fz2, …). Therefore, only the cases with a single neutral point are dealt with. In the 

following equations both real and complex forms are used. It is assumed that all  and x components 

are aligned along the real axis of the respective subspace, while  and y are represented by imaginary 

value for all subspaces as follows: 

  yx
xy
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 (4.51) 

When (4.50) is applied to a symmetrical and asymmetrical 6-phase case with a single neutral point, 

the following sets of equations are obtained: 
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 (4.53) 

Line above symbol designates complex conjugate. It can be seen that the relationship between MS 

variables and the non zero-sequence subspaces of the VSD (- and x1-y1) is identical for both 

symmetrical and asymmetrical configurations. Hence, the same set of equations is valid for all 6-phase 
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cases. Furthermore, all flux/torque producing components are mapped in these subspaces and if power 

sharing is desired, only these subspaces need to be used. 

To continue the analysis, (4.50) is applied to a 9-phase case for symmetrical and asymmetrical 

configurations with a single neutral point. The obtained equations are as follows: 
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 (4.55) 

Equations (4.54) and (4.55) are for the symmetrical and asymmetrical case, respectively. Again, they 

are of the same form, as in the 6-phase case. MS flux and torque producing variables (-) are mapped 

in the VSD non zero-sequence subspaces, while individual winding set zero sequences are mapped in 

VSD zero-sequence subspaces and homopolar zero-sequence component. 

Analysis is continued by applying (4.50) to the 12-phase and 15-phase case. In the case of the 

symmetrical and asymmetrical 12-phase machine with single neutral point, equations are, respectively, 

as follows: 
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Due to the size of the equations, correlation between VSD and MS variables for the 15-phase case 

is given only in complex form. In the case of symmetrical and asymmetrical configurations, 

relationships are as follows: 
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 (4.58) 
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 (4.59) 

Even though 18-phase machines are seldomly used and literature on the subject is scarce [Andresen 

and Birk (2007)], for the sake of completeness, relationship between MS and VSD variables is given as 

well and is as follows: 
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By analysing all of the discussed cases, it is quite obvious that correlation between MS and VSD 

variables in the first l subspaces is identical in each particular case and valid for all possible topologies 

(symmetrical/asymmetrical with single/multiple neutral points). Furthermore, flux/torque producing 

currents are mapped here, hence power transfer can be produced by only considering these subspaces. 

In a general case, relationship between MS and VSD variables for the first l subspaces (flux/torque 

producing ones) is as follows: 
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 (4.62) 

If a machine is with multiple neutral points, zero-sequence currents cannot flow and (4.62) 

completely defines the relationship between MS and VSD variables. On the other hand, if a machine is 

with single neutral point, then the zero-sequence subspaces and homopolar components must be 

considered as well. Even though there is no power transfer in these subspaces, they should be included 

in analysis since they can be utilised to implement a fault-tolerant operation. By examining (4.52) – 

(4.61), relationship between MS zero-sequence variables (fz1, fz2, …) and VSD zero-sequence subspaces 

and/or homopolar components (fxy, fz+, fz-) is as follow: 
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 (4.63) 

Equations (4.62) and (4.63) provide the relationship between VSD and MS variables for multiple 3-

phase machines in general case. They are applicable to any machine configuration, i.e. symmetrical or 

asymmetrical with single or multiple neutral points. Equation (4.63) can be omitted in the case of 

multiple neutral points. Moreover, the discussion presented in this section is based only on 

transformation matrices, hence it is irrelevant whether the machine is induction or of a synchronous 

type – the presented equations are still valid. Of course, in order for equations to be valid, VSD matrix 

needs to be created as explained in section 4.4.1 of this chapter. Validity of the developed equations is 

verified by the Wolfram Mathematica software, where the code is available in Appendix A of the thesis. 
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The presented relationships are used later on in the thesis to implement control of induction 9-phase 

machine by use of VSD variables, while still being able to control flux and torque production in each 

winding set, a feature usually available only when a machine is controlled in MS variables. 

4.6 Phase Voltage Harmonic Imbalance in Asymmetrical Multiphase 

Machines with Single Neutral Point 

Until now, this chapter has exclusively dealt with different modelling approaches of multiphase 

induction machines and relationship between them. However, it is noticed that when asymmetrical 

configurations with single neutral points are used there is an imbalance in certain phase voltage 

harmonics, a phenomenon which has not been explored in the past. Therefore, this section deals with 

harmonic imbalance in the phase voltages that appear in almost all asymmetrical machines with single 

neutral point. Yet, imbalance in the phase voltage harmonics does not appear in asymmetrical 6-phase 

machines, which have been by far the most frequent subject of study in the multiphase drive area. 

Indeed, such an imbalance does not take place as long as the complete winding consists of only two 

sub-windings. 

It is shown that balanced low-order leg voltage harmonics, usually present in high power multiphase 

drives with low PWM switching frequency, can produce unbalanced phase voltage harmonics in the 

case of the asymmetrical machines with a single neutral point. Unequal phase voltage harmonics may 

lead to unequal thermal losses among phases and uneven stress on the switching devices, which should 

be taken into consideration during the drive design stage. Starting from the analysis of the neutral point 

voltage harmonics, analytical expressions for phase voltage harmonics are provided and verified by 

simulations and experiments. The developed theory is general and it covers all cases of the asymmetrical 

machines with a single neutral point. The appearance of phase voltage harmonic imbalance requires 

existence of at least three sub-windings in the stator winding, as it will be shown in the following 

considerations. 

Asymmetrical machine phase propagation angles and order of phases are the same as defined in 

equations (4.1) – (4.2) and Fig. 4.1b. It is assumed that when the machine is inverter supplied, leg 

voltages may contain harmonics. All leg voltage harmonics of the given harmonic order are considered 

balanced, i.e. they have the same amplitude in each leg. Moreover, all harmonics of the leg 1 are taken 

as being in phase, with maximum value at time instant zero. Hence, by using (4.2), leg voltages for the 

harmonic order h have amplitude Ah and are defined as: 
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The fundamental is of course the first harmonic. Without loss of generality, harmonic order h is a 

positive integer. Firstly, the neutral point voltage is analysed, and afterwards the expression for phase 

voltages is developed. In what follows it is assumed that the machine phases are balanced, so the 

impedance of every phase is the same. 
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The single neutral point voltage is found by firstly establishing the neutral point voltage of each sub-

winding. From (4.64), the neutral point voltage for the harmonic order h of the winding set j can be 

found as a sum of all leg voltages of that sub-winding, divided with the number of phases in the sub-

winding: 
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After expanding (4.65) and applying trigonometric identities, a simplified expression is obtained: 
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The summands in summation of (4.66) yield zero when the harmonic order is not an integer multiple 

of the number of phases in the sub-winding, k. Otherwise the summation is equal to k. Therefore, neutral 

point voltage for the harmonic order h of the sub-winding j is defined as: 
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Here the newly introduced variable hn = h/k represents the normalised harmonic order. This is 

introduced to simplify the equations that follow and provide a tool for derivation of the phase voltage 

harmonics in the general case. 

Finding the value of the single neutral point voltage for the harmonic order h is achieved by summing 

the values of individual neutral point voltages of each sub-winding (4.67) and dividing the result with 

the number of sub-windings l. Since harmonics of the order h ≠ hnk cannot exist in any neutral point 

voltage of the sub-windings, they also do not exist in the single neutral point voltage. Keeping in mind 

that in this analysis the phase voltage is defined as a difference between leg and single neutral point 

voltage, it follows that leg and phase voltage harmonics are identical for the cases where h ≠ hnk. 

Consequently, there is no unbalance and these cases are omitted from further analysis. 

Hence the single neutral point voltage harmonics are given with: 
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When the sum of cosine functions in (4.68) is calculated the neutral point voltage for the harmonic order 

h is defined as follows: 
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 (4.69) 
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Figure 4.18 – Amplitudes of the neutral point voltage normalised harmonics for the machines with 2, 3, 4, and 5 

winding sets. 

 

When the phase angle in the expression (4.69) is divided by the harmonic order (h = khn) and 

compared with phase disposition angles, given in Fig. 4.1b, it can be seen that it is always equal to the 

half of the phase disposition angle of the first phase in the last sub-winding (l-1)/n. This fact will be 

used later to show the source and nature of the unbalance in the phase voltage harmonics. 

Expression (4.69) also shows that the amplitudes of the neutral point voltage normalised harmonics 

are not dependant on the number of phases in the sub-winding. This means that every normalised neutral 

point voltage harmonic hn = h/k has the same amplitude for any asymmetrical machine with a single 

neutral point that has the same number of sub-windings (l). Visualisation of the neutral point voltage 

normalised harmonic (hn) amplitudes in the case of the machines with 2, 3, 4, and 5 sub-windings is 

shown in Fig. 4.18 (all values are per-unit). 

For the sake of clarity, an example can be made by comparing the 9-phase (k = 3, l = 3) and the 15-

phase (k = 5, l = 3) machines, plots on the right hand side in Fig. 4.18. For example, cases of the 1st and 

the 3rd normalised harmonics (hn = h/k) are the 3rd and the 9th harmonics of the 9-phase machine, while 

in the 15-phase case they are the 5th and the 15th harmonics. Since both machines have the same number 

of sub-windings, their normalised harmonics are the same. Therefore, the 3rd harmonic of the 9-phase 

machine has the same amplitude as the 5th harmonic of the 15-phase machine. The same applies for the 

9th and the 15th harmonics of the 9-phase and 15-phase machines, respectively. 

Even-order normalised harmonics of the neutral point voltage are always zero, so there is no 

imbalance in phase voltage even-order harmonics whatsoever. Therefore, they are not considered any 

further. It should be pointed out that (4.69) will become limit equation when hn becomes integer multiple 

of 2l. One way of solving this is to use L’Hôpital’s rule, so instead of sin(±), cos(±) is obtained. 

Now, the phase voltage can be calculated as a difference between leg voltage (4.64) and neutral point 

voltage (4.69) as follows: 
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Figure 4.19 – The 3rd harmonic phase voltage amplitudes of the asymmetrical 9-phase machine with a single 

neutral point. 
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When (4.70) is simplified and hn is replaced by h/k, the expressions for amplitude and phase of the 

phase voltage harmonics become as follows: 
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where, again, j and i designate the sub-winding and the phase within that sub-winding, respectively. 

When the expression for phase voltage amplitude (4.71) is analysed, it can be seen that all phases within 

one sub-winding have the same amplitude of the given voltage harmonic (because i is multiplied by 2, 

which is the period of the cosine function). On the other hand, voltage harmonic amplitudes of the 

phases in different sub-windings are different. 

For the sake of clarity, this is demonstrated using the example of the 9-phase machine. Per-unit 

amplitudes of phase voltage 3rd harmonic, normalised with the amplitude of the leg voltage 3rd 

harmonic, are shown in Fig. 4.19. As expected, amplitudes of the 3rd harmonic of the phase voltages 

within each sub-winding are the same. On the other hand, there is a difference between phases of 

different sub-windings. Amplitudes of the 3rd harmonic of the phase voltages of the second sub-winding 

(2nd, 5th, and 8th phase) are different from the ones of the first sub-winding (1st, 4th, and 7th phase). As 

previously mentioned, this behaviour is easily explained when the phase angle of the neutral point 

voltage harmonics (4.69) is taken into consideration. 

In the neutral point harmonic analysis, it has been shown that when the phase angle of the neutral 

point voltage is divided by the harmonic order, it is always equal to half of the phase shift angle of the 
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Figure 4.20 – Influence of the neutral point voltage on the phase voltages in the case of the even (a) and odd (b) 

number of winding sets. 

 

first phase in the last sub-winding. Hence, the neutral point voltage is always positioned in the middle 

of the first group of the leg voltages, as shown schematically in Fig. 4.20. In this figure phase angles of 

the leg voltages are divided by the harmonic order; thus this analysis holds true for all harmonic orders. 

The phase voltages are calculated as a difference between leg voltages and neutral point voltage. It 

can be seen that leg voltages are located at an equal angular distance from the neutral point voltage. 

Therefore, the corresponding phase voltages are equally influenced by the neutral point voltage and so 

have the same amplitude. In the case of the even number of sub-windings, Fig. 4.20a, each two pairs of 

the phase voltages have the same amplitude. On the other hand, in the case of the odd number of sub-

windings, Fig. 4.20b, neutral point voltage coincides with one of the leg voltages, i.e. with (l-1)/2. 

As stated before, phase voltage harmonics of the same order in one sub-winding have the same 

amplitude. Hence, the number of phases per sub-winding is irrelevant for the analysis. Consequently, 

only the first phases of all the sub-windings will be analysed, while the 2nd, 3rd, or any other phase in 

the sub-winding has the same amplitude of the considered phase voltage harmonic. 

Amplitudes of the first five odd normalised phase voltage harmonics in the case of the machines 

with 2, 3, 4, and 5 sub-windings are given in Fig. 4.21. In the ideal case with a symmetrical supply, 

even harmonics do not exist. If even harmonics are present they are balanced and their amplitude is 

equal to zero or to the amplitude of the corresponding leg voltage harmonics. Hence, they are not of 

interest in the analysis and are omitted from Fig. 4.21. 

Looking at Fig. 4.21, it can be seen that for the same number of sub-windings l, phase voltage 

harmonic unbalance is symmetrical around the imaginary line l/2 (dashed red line). If the line coincides 

with a phase number, l is odd and phase voltage harmonic amplitude of that phase has a unique value, 

while phase voltage harmonic amplitudes of the other phases are the same if they are at the same 

distance from l/2. Alternatively, if the line l/2 is between two phases, l is even and then phases 

equidistant from the line l/2 have the same value of the phase voltage harmonic amplitudes. 
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Figure 4.21 – Per-unit amplitudes of the 1st, 3rd, 5th, 7th and 9th phase voltage normalised harmonics. The 1st 

phases of all sub-windings, for the machines with 2, 3, 4, and 5 winding sets, are shown. 

 

Examining the harmonic order in Fig. 4.21, it can be seen that pattern of unbalance in the phase 

voltage harmonics is repeated after each 2l normalised harmonics. For example, if the machine has three 

sub-windings, the 1st, 7th, 13th, … normalised harmonics of the phase voltages will have the same 

unbalance. If the given machine has three phases per sub-winding, for example a 9-phase machine, 

harmonics with the same unbalance pattern will be the 3rd, 21st, 39th, …, effectively, the 3rd, (2n+3)th, 

(4n+3)th … harmonic. It should be noted that in the case when there are two sub-windings (6-, 10-, 14-

phase machine), unbalance does not exist due to the fact that the phases of both sub-windings are 

affected in the same way by the neutral point voltage, as shown in Fig. 4.20a and first column of the 

Fig. 4.21. However, the amplitudes of the phase voltage harmonics are different from the corresponding 

amplitudes of the leg voltage harmonics. 

To verify the analysis, simulations have been carried out for a 12-phase asymmetrical induction 

machine with a single isolated neutral point. The machine is considered ideal and balanced and is 

supplied by 12-phase two-level inverter in 180° conduction mode. As a consequence, the supply 

generates all odd-order harmonics. Dc-link voltage is set to 600V and the fundamental frequency is 

50Hz. Leg, phase and neutral point voltages, with the corresponding spectra, are shown in Fig. 4.22. 

Only the first phase is shown in time domain (three plots on the left), but all phases are included in the 

FFT analysis (three plots on the right). The first 21 harmonics are illustrated. 

Even harmonics are omitted from the plot, since they are equal to zero, along with the dc component. 

It can be seen that harmonics of the leg voltages are balanced, meaning that amplitudes of the leg 
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Figure 4.22 – Leg, phase and neutral point voltages with corresponding spectra for an asymmetrical 12-phase 

machine. 

 

 
Figure 4.23 – Amplitudes of the 3rd, 9th, 15th, and 21st phase voltage harmonics (red – simulation, blue – 

calculation based on 4.71). 

 

voltages for the considered harmonic order have the same value. On the other hand, the imbalance exists 

in the case of some harmonics, such as the 3rd, 9th, 15th, and 21st, or, in terms of the normalised harmonics 

hn = h/k, 1st, 3rd, 5th, and 7th. Essentially, unbalance in the phase voltage harmonics is present for the 

harmonic orders that exist in the neutral point voltage. 

The theory is verified by comparing the values of the phase voltage harmonics obtained by the 

simulation and equation (4.71). Leg voltage harmonic amplitudes obtained by FFT are used as input to 

the equation (4.71). The simulated and calculated amplitudes of phase voltage harmonics, for the 

harmonic orders where unbalance exists, are shown in Fig. 4.23. It can be seen that both simulation and 

calculation of the unbalanced phase voltage harmonics produce the same results, confirming the 

presented theory. 
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Figure 4.24 – Experimental results: Waveform and the spectrum of one of the references supplied to the inverter 

PWM unit. 

 

 
Figure 4.25 – Experimental results: Waveform of the first (a) and second (b) phase currents. 

 

Experimental verification has been performed using a 9-phase R-L load supplied from a bespoke 9-

phase two-level voltage source inverter. The dc supply for the inverter is provided by a Sorensen 

SGI 600/25 dc voltage source. The inverter has hardware implemented dead time of 6 s. A simple 

carrier-based PWM is used as a modulation strategy. Inverter control is performed by dSPACE rapid 

prototyping platform. Measurements have been taken with Tektronix MSO2014 scope. Leg, phase and 

neutral point voltages are measured using a Tektronix P5205A active voltage differential probe, while 

phase currents have been measured using Tektronix TCP0030 active current probe. Resistance and 

inductance values of the used R-L load are 43  and 250 mH, respectively. The load is connected to 

form a single neutral point. Dc-link voltage has been set to 300 V. 

To verify the theory, references provided to the modulator consist of a component at fundamental 

frequency and the 3rd, 9th, 15th, and 21st harmonics. The amplitude of the fundamental is set to 60 V, 

while all harmonics have the same amplitude of 20 V. Fundamental frequency is 20 Hz; hence 

harmonics are at 60 Hz, 180 Hz, 300 Hz, and 420 Hz, respectively. Switching frequency is 5 kHz, which 

is in this case high enough so that the PWM switching process does not influence the harmonics of 

interest. Waveform and the spectrum of one of the references used to supply the R-L load are shown in 

Fig. 4.24. It should be noted that the reference settings are such as to ensure that the CBPWM stays in 

the linear modulation region. 

Phase currents of the first and second phase are shown in Fig. 4.25. It can be appreciated that these 

two currents are different. Furthermore, in order to obtain more detailed insight into phase currents 

unbalance, spectra of all leg, phase, and neutral point voltages and phase currents for the 3rd, 9th, 15th, 

and 21st harmonics are shown in Fig. 4.26. Each vertical bar represents one phase. Dashed lines in the 

bottom left plot of Fig. 4.26 represent calculated harmonic amplitudes based on the measured 

amplitudes of the leg voltage harmonics as follows: 
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Figure 4.26 – Experimental results: Spectra of all leg, phase and neutral point voltages and phase currents for 

the selected harmonics in the case of the 9-phase R-L load. 

 

- blue dashed line – 9th harmonic of the 2nd, 5th, and 8th phases. 

- black dashed line – 9th harmonic of 1st, 3rd, 4th, 6th, 7th, and 9th phases. 

- red dashed line – 3rd, 15th, and 21st harmonics of 2nd, 5th, and 8th phases. 

- green dashed line – 3rd, 15th, and 21st harmonics of 1st, 3rd, 4th, 6th, 7th, and 9th phases. 

Similarly, red and blue dashed lines in the top right plot of Fig. 4.26 represent calculated harmonic 

amplitudes of the neutral point voltage. Red line represents 3rd, 15th, and 21st harmonics, while blue line 

represents 9th harmonic amplitude. It can be seen that unbalance in the phase voltage harmonics exists 

and measured harmonic amplitudes are in a good agreement with the predicted values. Small differences 

between the predicted and the measured values are predominantly due to the tolerances of the R-L load 

values. 

4.7 Summary 

This chapter dealt with multiphase induction machine modelling in general and the relationship 

between modelling approaches and imbalance in phase voltage harmonics. Firstly, machine model has 

been presented in phase variables for a general case. It is shown that model in phase variables is not 

convenient for control purposes, so machine has been modelled by MS modelling approach. After a 

brief discussion regarding the limitations of MS modelling approach (i.e. heavy cross-coupling between 

equations), VSD modelling has been discussed. An easy to follow algorithm for producing VSD 

transformation in a general case has been developed, followed by the model of the 9-phase induction 

machine. It is shown that if the proposed algorithm for VSD matrix creation is used, VSD model of any 

multiphase induction machine is of the same form with only difference being in the number of subspaces 

and/or zero-sequence homopolar components. Benefits of the VSD modelling have been discussed 

along with harmonic mapping for the most commonly used multiphase machines (5-, 6-, 7-, 9-, 12-, and 

15-phase). Next, relation between MS and VSD variables has been found for a general case and it was 

concluded that it can be used for any multiphase machine (i.e. induction or synchronous) since it is only 

based on transformation matrices and not the actual machine construction. Final section of the chapter 
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dealt with imbalance in the phase voltage harmonics of the asymmetrical multi-phase machines with 

single neutral point. Analytical expression for the phase voltage harmonics has been developed for a 

general case, while the validity of the solution is confirmed by simulation and experimental results. 

The work presented in this chapter is utilised throughout the thesis and sets in place the mathematical 

foundations for the work presented in chapters 5 and 6. The validity of the mathematical modelling 

techniques is verified through simulation and/or experiment. The Matlab and Mathematica code 

confirming this chapter findings are available in the Appendix A of the thesis. 

 



 

Chapter 5 

CURRENT SHARING TECHNIQUE FOR MULTIPLE THREE-PHASE 

MACHINES 

5.1 Introduction 

Induction machine modelling using three modelling techniques, namely, phase variables, multi-

stator (MS) and vector space decomposition (VSD), has been presented in chapter 4 of the thesis. The 

relationship between MS and VSD variables for any multiple 3-phase machine is also developed, so 

that the benefits of both modelling approaches can be utilised, i.e. decoupled machine equations of VSD 

and access to variables of individual winding sets of MS. The intention of this chapter is to take this 

work further and implement current and power sharing techniques between winding sets by using 

control in the decoupled VSD machine model. 

The current sharing technique is solely based on 3-phase Clarke’s and multiphase VSD 

transformation matrices, hence, it is applicable to any multiple 3-phase machine (induction or 

synchronous) in both symmetrical/asymmetrical configurations with single/multiple neutral points. 

Moreover, only x-y currents are used to impose imbalance in the machine fundamental currents, so that 

total flux and torque production are unaffected. Current sharing is realised in the stationary - and 

rotational d-q reference frames. In each case, independent control of currents on both axes of individual 

winding sets is realised (i.e. - or d-q). Later on, current sharing coefficients for two axes are equalised 

so that independent control of currents is lost. Potential applications of the devised current sharing 

depend on the actual WECS topology used and on whether the WECS supplies isolated loads or is 

connected to the grid, as discussed in the chapter 3 of the thesis. 

The developed theory is confirmed by numerical simulations for 6-, 9-, 12-, and 15-phase cases, 

while experimental verification is provided for an asymmetrical 9-phase induction machine. It is shown 

that the developed power/current sharing technique does not have any negative effects on the total 

flux/torque control. The work presented in this chapter has been published in [Zoric et al (2018a)] and 

[Zoric et al (2018b)]. 
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5.2 Current Sharing in Stationary Reference Frame 

VSD modelling of the machine is preferable from the control point of view. It provides a decoupled 

machine model that makes implementation of the current control very easy. However, information of 

currents in individual winding sets is lost so they cannot be controlled just by applying the basic VSD 

transformation. For that purpose, MS modelling is needed. Equations providing relations between VSD 

and MS modelling are derived in the fourth chapter of the thesis ((4.62) and (4.63)), and are repeated 

here for convenience: 
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 (5.1b) 

The relationships between flux/torque producing - currents of each winding set and first l 

subspaces of the VSD are governed with (5.1a). Equations in (5.1b) can be used to find the relationship 

between zero-sequence currents in the case of the machines with a single neutral point. However, zero-

sequence currents only produce losses and, in the case when power transfer between winding sets is 

required, they should be kept at zero. Therefore, (5.1b) can be omitted from further discussion, while 

(5.1a) governs the relationship between VSD and MS currents: 
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 (5.2) 

Indices ss and i represent x-y subspace number and winding set number, respectively. Equations 

(5.2) are valid for all topologies of multiple 3-phase machines (symmetrical and asymmetrical with 

single and multiple neutral points). In order to control the flux and torque producing currents of each 

winding set (ii, i = 1, 2, 3, …), it is convenient to define their value in relation to the total flux and 

torque requirements of the machine, expressed through i current, as follows: 
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 (5.3) 

When (5.3) is applied to (5.2), correlation between flux/torque producing currents in VSD and MS 

domains is as follows: 
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 (5.4) 

The first expression in (5.4) sets the constraint that the sum of all current sharing coefficients along 

the same axis needs to be equal to the number of winding sets l. When this condition is met, it is possible 

to arbitrarily vary the currents in each winding set by use of the second expression in (5.4). It provides 

references for x-y currents governed by the flux and torque requirements of the machine and by the 

values of current sharing coefficients ki. Furthermore, since current sharing is achieved by imposing 

currents in flux/torque non-producing x-y subspaces, the total flux and torque of the machine will not 

be affected. The only limitation comes from the constraint imposed previously in (5.4), i.e. l-1 winding 

set currents can be arbitrarily controlled, while the currents in the last one are imposed by the total flux 

and torque requirements. It should be noted that, if all current sharing coefficients are equal to 1, x-y 

currents references are equal to zero and the machine is balanced. 

In order to verify the derived equations, numerical simulations in Simulink have been performed. 

Amplitudes of the flux and torque producing VSD currents i and i are equal to one, while the 

frequency is 50 Hz, i.e. i = e j250t. The current sharing coefficients are randomly varied in three time 

intervals as follows: 

- 0.00 s – 0.05 s – all coefficients are equal to one (balanced operation) 

- 0.05 s – 0.10 s – coefficients take the 1st random value 

- 0.10 s – 0.15 s – coefficients take the 2nd random value 

- 0.15 s – 0.20 s – coefficients take the 3rd random value 

- 0.20 s – 0.25 s – all coefficients are equal to one (balanced operation). 

A block diagram of the simulated system is shown in the Fig. 5.1. The current sharing block contains 

equations (5.4) while VSD and inverse VSD transformation are implemented as discussed in chapter 4 

of the thesis. Multiple 3-phase winding machines up to 15 phases (6, 9, 12, and 15) have been simulated 

and the results are presented here. In the following simulation results, the first column shows VSD 

currents measured at the output (blue trace – i, ix, red trace – i, iy), the second column shows phase 

currents in each winding set, the third column shows - currents of each winding set (blue trace – ix, 
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Figure 5.1 – Simulation block diagram of the current sharing in stationary reference frame. 

 

 
Figure 5.2 – Current sharing in stationary reference frame for a 6-phase machine. 

 

 
Figure 5.3 – Current sharing in stationary reference frame for a 9-phase machine. 

 

red trace – iy) with corresponding coefficients, and the fourth column shows polar plot of - currents 

of each winding set. 

Simulation results for the 6-phase and 9-phase case are given in the Figs. 5.2 – 5.3. Corresponding 

simulation results for the 12-phase and 15-phase cases can be found in the Figs. 5.4 – 5.5. The number 

of rows in the Figs. 5.2 – 5.5 increases as the number of phases increases, due to the increase of the 

number of x-y planes and the number of 3-phase winding sets. 
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Figure 5.4 – Current sharing in stationary reference frame for a 12-phase machine. 

 

 
Figure 5.5 – Current sharing in stationary reference frame for a 15-phase machine. 
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Since the amplitude of the flux/torque producing i current is equal to one and an amplitude 

invariant transformation is used, coefficient values should be equal to the corresponding current 

amplitude in each of the winding sets. The third column of the results verifies this behaviour. Total 

flux/torque producing i current is unchanged, as seen in the first plot of each figure. The fourth column 

shows that due to random coefficients values, individual winding sets - current vectors move along 

an elliptical path instead of circular. As a result, phase currents within each winding set are unbalanced, 

as shown in the second column. This behaviour can be further extended to develop fault-tolerant 

operation, while keeping the total flux/torque producing current unchanged. However, this is out of 

scope of this chapter. 

5.3 Current Sharing in the Rotational Reference Frame 

Machine control is usually implemented in such a way that both flux and torque can be arbitrarily 

set. This often involves relating flux and torque to the d-q currents in a rotational reference frame, e.g. 

IRFOC. Therefore, it is beneficial to relate current sharing coefficients to the flux/torque producing 

currents id and iq, so that currents in each winding set can be related to the actual flux and torque 

requirements of the machine. 

The relationship between individual winding set currents and VSD currents in the stationary 

reference frame is given in (5.2). If the machine is operating under normal conditions, i.e. it is not 

faulted and there is no imbalance, it can be stated that VSD and winding set currents are governed with: 
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 (5.5) 

Applying (5.5) to the (5.2) results in the following equations: 
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 (5.6) 

In order to get individual winding set flux/torque producing currents in the rotational reference 

frame, i.e. idqi, rotational transformation is applied to (5.6) as follows: 
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 (5.7) 

Angle  is an arbitrary angle of rotation, usually governed by RFOC. The resulting equations are as 

follows: 
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It can be seen that odd-numbered x-y subspaces have anti-synchronous rotation and the even-

numbered ones should be rotated at synchronous frequency, as per complex conjugate in expression for 

odd-ordered x-y subspaces in (5.2). In order to implement arbitrary current sharing of flux/torque 

producing currents, the current sharing coefficients are now defined as follows: 
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 (5.9) 

Consequently, the flux and torque contributions of each winding set are related to the total flux and 

torque of the machine by the introduced coefficients, i.e. kdi = idi/id and kqi = iqi/iq. Finally, current 

sharing equations in rotational reference frame are as follows: 
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 (5.10) 

The same applies to the current sharing in a rotational reference frame, as shown previously for the 

current sharing in the stationary reference frame. The first part of (5.10) sets the limitation of having 

the sum of all current sharing coefficients along the same axis (d or q) equal to the winding set number 

l (kdi = l, kqi = l). When this limitation is met, the second part of (5.10) can be used to define x-y 

current references in synchronous/anti-synchronous reference frames. Imposed x-y currents will then 

set the contribution of each winding set to the total flux and torque producing d-q currents as per defined 

coefficients and current flux and torque requirements of the machine. 

It should be noted that even though the q-axis current of each winding set can be arbitrarily set, in 

the case of an induction machine it does not imply that electrical power production in a given winding 

set is directly governed by the current sharing coefficient kqi. On the contrary, it depends as well on the 

flux producing d-axis current of the given winding set as it will be shown further on in the chapter. This 

fact should be kept in mind when power sharing is developed. 

The main difference between this current sharing implementation and the one in the stationary 

reference frame is that in this case currents within each winding set are balanced. Therefore, - current 

vector of each winding set travels along circular path, while in the previous case it makes an ellipse, as 

shown in the Fig. 5.3. This behaviour is due to the applied rotational transformation. 
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Figure 5.6 – Simulation block diagram of the current sharing in rotational reference frame. 

 

Furthermore, d-q currents are usually readily available from the flux/torque control so that current 

sharing can be easily implemented by use of (5.10) and additional l-1 current controllers in x-y 

subspaces. 

The developed theory is verified in a similar manner as in the previous section, by randomly varying 

the current sharing coefficients. Amplitudes of the flux and torque producing VSD current i and i are 

equal to one, while the frequency is 50 Hz, i.e. i = e j250t. The current sharing coefficients have been 

randomly varied in three time intervals as follows: 

- 0.00 s – 0.05 s – all coefficients are equal to one (balanced operation) 

- 0.05 s – 0.10 s – coefficients take the 1st random value 

- 0.10 s – 0.15 s – coefficients take the 2nd random value 

- 0.15 s – 0.20 s – coefficients take the 3rd random value 

- 0.20 s – 0.25 s – all coefficients are equal to one (balanced operation). 

Since current sharing is implemented in rotational reference frame,  is defined as 250t - /6, where 

t represents time. Angle /6 is taken as a random value so flux/torque producing currents id/iq are both 

non-negative; hence current sharing can be properly demonstrated. Multiple 3-phase winding machines 

up to 15 phases (6, 9, 12, and 15) have been simulated and the results are provided. In the following 

simulation results, the first column shows VSD currents measured at the output, the second column 

shows phase currents in each winding sets, the third column shows d-q currents of each winding set 

with the corresponding current references (idi
* = kdiid, iqi

* = kqiiq), and the last row shows polar plot of d-

q currents of each winding set. 

It should be pointed out that the coefficients are limited to positive values; hence, polar plot shows 

only the first quadrant. However, there is no limitation to set them to negative value as well. For 

example, negative coefficient for ith winding set torque producing current kqi, depending on the 

operating point, may set corresponding winding set in different operating mode than the machine 

(motoring/generating). A block diagram of the simulated system is shown in the Fig. 5.6. 

Figs. 5.7, 5.8, 5.9, and 5.10 show simulation results for 6-, 9-, 12-, and 15-phase machine. Total 

flux/torque producing currents id/iq are shown in the first plot (yellow trace – id, purple trace – iq) 

together with i/i currents (blue trace – i, red trace – i). Since current sharing coefficients now define 

values in rotational reference frame, phase currents within each winding set are now balanced (the 

second column). The third column shows that references for winding set d-q currents (dashed yellow 
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Figure 5.7 – Current sharing in rotational reference frame for a 6-phase machine. 

 

 
Figure 5.8 – Current sharing in rotational reference frame for a 9-phase machine. 

 

trace – id, dashed purple trace – iq) are overlapped with actual d-q currents (solid blue trace – id, solid 

red trace – iy) of the winding sets confirming validity of the developed equations. Last row shows d-q 

current vector of each winding set for all 5 time intervals. It should be emphasised that total flux/torque 

current is not changed throughout the simulation, despite variation in flux/torque production in each 

winding set. This behaviour can be seen in the first plot of each figure and in the last row where all d-q 

vectors sum to the same point at all times. 

Although the simulated machine configuration is asymmetrical with single neutral point, the results 

would be similar for any other configuration, with the difference being only the phase shift in phase 

currents. This conclusion follows from the fact that the developed current sharing is independent of the 

machine configuration when the VSD, developed in chapter 4, is used. 
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Figure 5.9 – Current sharing in rotational reference frame for a 12-phase machine. 

 

 
Figure 5.10 – Current sharing in rotational reference frame for a 15-phase machine. 
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5.4 Equalised d-q current sharing 

Current sharing between winding sets has been developed in both stationary and rotational reference 

frames for general case in the previous two sections of this chapter. This section shows implementation 

of the current sharing on the example of 9-phase induction machine where d-q axes current sharing 

coefficients are equally varied. Both current sharing techniques can be used since the only difference 

between the two is the rotational transformation. However, d-q currents in a rotational reference frame 

are usually readily available in flux/torque control strategy; hence, current sharing in rotational 

reference frame described in (5.10) is used as the starting point. 

In order to implement power sharing, it is required to arbitrarily set the torque production in each 

winding set; hence, this power sharing technique is sometimes referred to as torque sharing. With the 

IRFOC controlled induction machines, VSD d-q reference frame is aligned with the rotor field so that 

d-axis current controls flux and q-axis currents controls torque production. The same applies for the 

individual winding set d-q currents. Following the derivation for the MS modelling presented in section 

4.3, the expression for torque production in each winding set is governed with: 

 lii
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PT qidr
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m
em i ...,,,2,1,
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3
   (5.11) 

The torque contribution of each winding set is governed by rotor flux and the given winding set 

current. Assuming constant rotor flux (dr = Lmid), torque sharing can be implemented by changing only 

the q-axis current of the winding set, while flux-producing d-axis current is kept constant. 

However, in this section both d- and q-axis currents of each winding set are equally varied. 

Consequently, only current amplitudes in each winding set are changed, while current vector angle is 

kept the same. An example for the 9-phase machine is shown in the Fig. 5.11, where it can be seen that 

all winding set d-q current vectors sum up to three times the VSD d-q current vector. This is a 

consequence of the amplitude invariant transformations used. Fig. 5.11a shows the case where d-axis 

currents of all winding sets are kept constant, while q-axis currents are arbitrarily varied. On the other 

hand, Fig. 5.11b shows the case when both d- and q-axis currents are varied equally for the same value 

of q-axis currents as in the Fig. 5.11a. In both cases torque/power sharing between winding sets is 

identical since q-axis currents are equally changed. However, second scenario keeps the winding set 

current vectors aligned along the same axis. 

When individual winding set d-q current vectors idqi (i = 1, 2, 3, …) are aligned with VSD d-q current 

vector idq, current sharing coefficients kdi/kqi (i = 1, 2, 3, …) from (5.10) are equal and become ki. The 

current sharing coefficient ki governs both d- and q-axis currents of the ith winding set and at the same 

time, as per (5.11), governs the torque/power sharing between winding sets. Due to the amplitude 

invariant transformations used, ki defines the ratio between the current amplitude in each winding set 

and the amplitude of VSD d-q currents. In other words, if any ki is set to zero, given winding set currents 
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 (a) (b) 

Figure 5.11 – Non-equalised (a) and equalised (b) power sharing between winding sets. 

 

are brought to zero, i.e. basic fault tolerance by switching the complete winding set off is achieved. 

Current sharing equations (5.10) are now as follows: 
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 (5.12) 

Equations (5.12) provide x-y current references for torque/converted power sharing between winding 

sets of any multiple 3-phase winding machine. Since the starting point is the equations that are valid 

regardless of the machine configuration, i.e. symmetrical/asymmetrical with single or multiple neutral 

points, the same applies for (5.12) as well. Even though (5.12) is developed keeping the induction 

machine in mind, it is applicable to the synchronous machines with multiple 3-phase winding sets as 

well. Of course, depending on the machine type, d-axis current may be kept at zero, e.g. a synchronous 

machine with surface permanent magnets, so (5.11) directly governs active power of each winding set 

as well. The only constraint is that the machine windings are of a standard symmetrical or asymmetrical 

configuration and that the machine can be decoupled by use of VSD. Moreover, in the high power 

applications, the machine efficiency can be very high, i.e. 95 %, and the difference between converted 

power and electrical active power is very small. Hence, the designed power sharing technique may be 

considered as active power sharing between winding sets. 

Unequal currents in individual winding sets lead to an unavoidable increase in the stator copper 

losses. An analytical expression can be found by analysing copper losses in each winding set. If Idqi is 

the amplitude of d-q current vector in the ith winding set and amplitude invariant transformation is used, 

the copper losses in said winding set are: 

 liIkIIkRIRP dqidqidqisdqissi ...,,3,2,1,,
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The total stator copper losses are then expressed as the sum of copper losses in all winding sets as 

follows: 
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It is obvious that, when the machine is balanced, (5.14) provides the well-known expression for 

stator copper losses. On the other hand, (5.14) is at maximum when only one winding set is in operation 

(ki = l, kji = 0). In this case, the stator copper losses are l times larger than in the balanced operation. 

When it comes to the limits of the torque sharing constants, the nominal phase currents of the 

machine should be taken into account. The upper limit is determined by total flux and torque 

requirements of the machine (id, iq currents). Considering that currents in all winding sets should not 

exceed rated RMS value (In), the following expression must hold true: 
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If the torque-sharing coefficient is negative, power flow sign of the given winding set may be 

changed. However, sum of all ki needs to be equal to l, as per (5.12), so other coefficients are going to 

increase to compensate for the lack of torque production. This behaviour is not an issue as long as all 

of the coefficients adhere to (5.15), so that phase currents are kept below or equal to nominal value. 

In the case of a fault, expressions (5.14) – (5.15) impose derating factor of the machine. When a 

fault occurs in a multiple number of winding sets (j), their torque sharing coefficients should be set to 

zero imposing the zero phase currents. All other sets should equally distribute the torque production by 

setting torque sharing coefficients to ki = l/(l-j). When this condition is applied to (5.15), derating factor 

of the machine in terms of maximum flux/torque producing current amplitude is as follows: 

  ndq I
l

j
I 21 








  (5.16) 

Derating of the machine (5.16) keeps the stator currents in the remaining winding sets at rated value; 

hence, the stator copper losses governed by (5.14) are at rated value as well. Any increase in the 

amplitude of the flux/torque producing Idq current above (5.16) will increase the stator resistive losses 

above nominal and result in overheating of the machine in continuous operation. 

The torque sharing technique has been confirmed using numerical simulations and experimentally 

using an asymmetrical 9-phase induction machine with three isolated neutral points. In order to 

implement proposed control, the machine model is decoupled by VSD transformation, detailed in 

section 4.4.2. The machine control structure is based on the standard indirect rotor flux oriented control 

(IRFOC). Current control in the first subspace is performed in the rotor flux oriented (d-q) reference 

frame using PI controllers with cross-coupling decoupling (PIccd). The machine is operated in the base 

speed region, so that the flux is kept at a constant value during the simulation/experimental runs. The 

torque is governed by the outer speed loop consisting of a standard PI regulator. More details regarding 

control loops are available in the third chapter of the thesis. 

Since flux/torque control is implemented in the d-q reference frame, torque sharing control is also 

realised in the synchronous/anti-synchronous reference frames, as per (5.12). The inputs to the current 

sharing block are d-q current references (id
*, iq

*), which are provided by the IRFOC block. It should be 
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Figure 5.12 – Schematic of the control system with torque sharing capability for induction machines. 

 

noted that the current limit (5.15) is not imposed. Consequently, the phase currents can rise above the 

rated values, allowing the torque sharing to be tested fully. Complex vector PI (cvPI) regulators are 

used for current control in the x-y subspaces. 

The inverter supplying the machine is a two-level VSI with the dc-link voltage set to 600 V. Carrier 

based pulse width modulation is used for inverter control. In the case of the numerical simulation VSI 

switches are ideal. On the other hand, for the purpose of the experimental verification, the 9-phase 

supply is provided by two custom-made 8-phase inverters with dead time equal to 6 s. This leads to 

output waveforms containing the 5th and 7th order current harmonics. In addition, -29th and -31st 

harmonics were found to be present due to the non-ideal machine construction. Hence, in addition to 

flux/torque and torque sharing control, low order harmonic elimination by use of resonant VPI current 

regulators in a rotating reference frame has been implemented as well. A detailed description of the low 

order harmonic elimination is provided in section 3.6, while more detailed description of the 

experimental setup is available in the Appendix B of the thesis. A schematic of the complete control 

system is shown in Fig. 5.12. It should be noted that the presented control system is valid for any 

multiple 3-phase machine configuration and not just the 9-phase case, with the only difference being 

the number of subspaces and x-y current controllers. 

The control system shown in Fig. 5.12 can be significantly simplified when there is no need for low-

order harmonics elimination, i.e. PIccd regulator is kept for flux/torque control and single cvPI 

regulators per each x-y plane for current sharing, so that there is a total of 2l equivalent of real current 

controllers. This is the same number of current controller as in the case of control in MS variables. 

The torque sharing capabilities are firstly tested for steady state operation while the 9-phase machine 

is used as an induction generator. In the simulation, the load torque is set to be -7 Nm, while in the 

experiment the induction machine is coupled to a dc machine that works in constant torque mode 
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providing the torque of -7 Nm. The nine-phase machine keeps the speed at the set value of 1250 rpm. 

The current sharing coefficients are set according to the following sequence: 

- 0.0 s – 0.2 s k1 = 1.0, k2 = 1.0, k3 = 1.0; 

- 0.2 s – 0.6 s k1 = 0.4, k2 = 1.2, k3 = 1.4; 

- 0.6 s – 1.0 s k1 = 0.7, k2 = 1.8, k3 = 0.5; 

- 1.0 s – 1.4 s k1 = 1.5, k2 = 0.0, k3 = 1.5; 

- 1.4 s – 1.8 s k1 = 0.0, k2 = 3.0, k3 = 0.0; 

- 1.8 s – 2.0 s k1 = 1.0, k2 = 1.0, k3 = 1.0; 

In the beginning and at the end of the simulation/experimental run (0.2 s intervals) the machine is 

balanced and the current sharing coefficients are equal to one. The first two unbalanced sequences (0.4 s 

intervals) demonstrate the ability to arbitrarily control the torque production, and consequently the 

phase current amplitudes, in each winding set. The subsequent coefficient variations consider a case 

when one or two winding sets are completely switched off (0.4 s intervals). As a result, the machine 

operates as a 6- or a 3-phase one, respectively. This demonstrates one of the solutions for fault-tolerant 

operation, by switching off an entire winding set. 

Both simulation and experimental results are shown next to each other. Current/torque sharing 

coefficients, VSD currents, and d-q currents of individual winding sets are shown in Fig. 5.13. The 

currents in x-y subspaces (the third and fourth plot in Fig. 5.13) are governed by the current/torque 

sharing coefficients (the first plot in Fig. 5.13) and instantaneous flux/torque producing d-q/- currents 

(the second/fifth plot in Fig. 5.13). Consequently, current and torque sharing between winding sets is 

achieved according to the applied coefficients, as can be seen from the individual winding d-q current 

plots in Fig. 5.13 and phase currents shown in Fig. 5.14. Even more importantly, phase currents within 

one winding set are always kept balanced. Since the total flux and torque producing currents id/iq are 

kept constant, the total power transmitted to the shaft is unchanged. On the other hand, torque 

production in each winding set is varied as per torque producing q-axis current of a given set, as per 

(5.11). 

Phase currents in Fig. 5.14b are obtained using the inverter’s internal LEM sensors. Since acquisition 

is happening just before the control loop is executed, in the beginning and in the middle of the switching 

period, the acquired data represents currents averaged over one switching period. Hence, current ripple 

cannot be captured. On the other hand, phase currents ia1, ia2, and ia3 are captured by the oscilloscope 

and they are shown in the Fig. 5.15 for the same operating sequence as in Fig. 5.14. Further details 

about the experimental setup are available in the Appendix B of the thesis. 

The machine speed, measured torque and generated electrical powers (total and in individual 

winding sets) are shown in Fig. 5.16. It can be observed that the power sharing between winding sets 

corresponds to the coefficient values. A noticeable drop in the total extracted power is due to the 

increased stator winding losses, as per (5.14). The machine under test here is a low power one, with a 

relatively large stator resistance; hence the increase in copper losses and drop in extracted power, which 
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 (a) Simulation (b) Experiment 

Figure 5.13 – Current sharing coefficients, VSD currents and winding set d-q currents during steady-state 

operation. 

 

 
 (a) Simulation (b) Experiment 

Figure 5.14 – Phase currents during steady-state operation for the same conditions as in Fig. 5.13. 

 

is especially severe when only one three-phase winding is operational, is expected. The last plot in Fig. 

5.16 shows that there is no substantial increase in the phase voltages during the current/power sharing. 

Therefore, an increase in dc-link voltage would not be required during implementation of the proposed 

current/power sharing technique. 

The previous simulation and experimental runs verify current sharing in steady state operation. Next, 

the same experiment is performed during a speed transient. The machine is accelerated from 1000 rpm 

to 1500 rpm within 2 seconds. The measured torque is now -6 Nm, with acceleration torque of 1 Nm 

(hence the prime mover torque stays at -7 Nm, as in the steady state test). The same set of results, as for 

 



 

Current Sharing Technique for Multiple Three-Phase Machines Chapter 5 

106 

 

 
Figure 5.15 – Oscilloscope screenshot of the phase currents (ia1, ia2, ia3) during steady-state operation. 

 

 
 (a) Simulation (b) Experiment 

Figure 5.16 – Machine speed, measured torque, electrical powers (total and winding sets) and phase voltages 

(va1, vb2, vc3) during steady state operation. 

 

the steady state, are shown in Figs. 5.17 – 5.20. It can be seen that the developed current/torque sharing 

technique is also valid during the speed transient and the flux and torque producing d-q/- currents 

are not affected by applied current sharing between winding sets. Once again, phase currents ia1, ia2, and 

ia3, shown in Fig. 5.19, are recorded by the oscilloscope. Since machine is now accelerating, while the 

torque is unchanged, extracted powers (Fig. 5.20) are changing during the experimental run. It should 

be noted that, in both experimental runs, a brief change in torque during the activation/deactivation of 

one or two winding sets is evident and it is the result of a sudden change in machine operation and the 

finite bandwidth of the current controllers. 

A decrease in the extracted power during the current/power sharing, caused by an increase in the 

stator copper losses according to (5.14), is obvious in Figs. 5.16 and 5.20. Fig. 5.21 shows the stator 

winding losses obtained using the measured phase currents (Pm = Rs ii
2, i = 1, 2 … 9) and using (5.14) 

(Ps) for the constant speed operation for both simulation and experimental runs. A good 
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 (a) Simulation (b) Experiment 

Figure 5.17 – Current sharing coefficients, VSD currents and winding set d-q currents during speed transient. 

 

 
 (a) Simulation (b) Experiment 

Figure 5.18 – Phase currents during speed transient depicted in Fig. 5.17. 

 

agreement between the two values is evident, thus confirming the validity of (5.14). 

An increase in the torque ripple during the deactivation of one or two winding sets, which is evident 

in Figs. 5.20b, is expected and it is the result of machine working as a 6- or a 3-phase one. The stator 

winding of the machine is of a single layer type, so that only one third of the slots is used in the mode 

when a single three-phase winding is operational. 

The conducted simulation and experimental results confirm the feasibility of the torque/current 

sharing technique in the case of the asymmetrical 9-phase machine. A comparison of the results shows 

that the differences are negligible, except in generated electrical powers (total and per winding). This is 
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Figure 5.19 – Oscilloscope screenshot of the phase currents (ia1, ia2, ia3) during speed transient. 

 

 
 (a) Simulation (b) Experiment 

Figure 5.20 – Machine speed, measured torque, electrical powers (total and winding sets) and phase voltages 

(va1, vb2, vc3) during speed transient. 

 

 
 (a) Simulation (b) Experiment 

Figure 5.21 – Stator winding losses Pm (blue) and Ps (red) during steady state operation. 

 

to be expected – the experimental results include un-modelled effects (iron losses, mechanical losses 

due to friction and ventilation of two coupled machines and the torque-meter, saturation, stray no-load 

and stray load losses). However, except for the actual values, it is easy to see that the trends and the 

nature of the responses are the same. 
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5.5 Arbitrary d-q current sharing 

Previous section has shown a simple implementation of torque/power sharing between winding sets 

of a 9-phase induction machine when both d- and q-axis currents of each winding set are changed 

equally according to current/power sharing coefficients. However, it may be of interests to vary winding 

set d-q currents arbitrarily, so that both active and reactive power of each winding set can be arbitrarily 

set. This section uses full form of equation (5.10) so that both d- and q-axis currents of each winding 

sets are governed by flux/torque producing VSD d-q current and two current sharing coefficients. 

Although arbitrary current sharing of winding set d-q currents is already developed in section 5.3 

for general case and transformation is tested for 6-, 9-, 12-, and 15-phase machines, it is intention of 

this section to implement actual control in the case of a 9-phase induction machine with 3 neutral points. 

The same simulation and experimental setup detailed in the section 5.4 is used here, so it will not be 

discussed any further. Moreover, control structure shown in the Fig. 5.12 is the same as well, with only 

difference being in the calculation of x-y current references. In the Fig. 5.12, x-y current references 

(bottom-left block) are calculated according the equation (5.12), whereas here they are calculated as per 

equation (5.10), so that there are six current sharing coefficients in total, instead of three. In this 

particular case of a 9-phase machine, actual x-y current references in appropriate rotational reference 

frame, as per (5.10), are as follows: 
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 (5.17) 

Two test scenarios have been considered in order to verify operation of the developed current sharing 

control. In the first test scenario, d-axis currents of all winding sets are kept equal (kd1 = kd2 = kd3 = 1) 

so that all winding sets equally contribute to the rotor flux production, while the torque producing q-

axis currents of all winding sets are varied in the same manner as d-q currents in previous section by 

changing the corresponding coefficients in six time intervals as follows: 

- 0.0 s – 0.1 s kq1 = 1.0, kq2 = 1.0, kq3 = 1.0; 

- 0.1 s – 0.3 s kq1 = 0.4, kq2 = 1.2, kq3 = 1.4; 

- 0.3 s – 0.5 s kq1 = 0.7, kq2 = 1.8, kq3 = 0.5; 

- 0.5 s – 0.7 s kq1 = 1.5, kq2 = 0.0, kq3 = 1.5; 

- 0.7 s – 0.9 s kq1 = 0.0, kq2 = 3.0, kq3 = 0.0; 

- 0.9 s – 1.0 s kq1 = 1.0, kq2 = 1.0, kq3 = 1.0; 

In the second test scenario both d-axis and q-axis currents of all winding sets are varied. Torque 

producing currents are varied in the same manner as in the first test, while the flux producing currents 

are varied in five time intervals as follows: 
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 (a) Simulation (b) Experiment 

Figure 5.22 – First test scenario: current sharing coefficients kdq1,2,3, machine speed nm, mechanical torque Tm, 

VSD and individual winding set currents idq, idq1,2,3 (blue trace d-axis currents and red trace q-axis currents). 

 

- 0.0 s – 0.2 s kd1 = 1.0, kd2 = 1.0, kd3 = 1.0; 

- 0.2 s – 0.4 s kd1 = 1.5, kd2 = 0.0, kd3 = 1.5; 

- 0.4 s – 0.6 s kd1 = 0.0, kd2 = 3.0, kd3 = 0.0; 

- 0.6 s – 0.8 s kd1 = 1.3, kd2 = 0.5, kd3 = 1.2; 

- 0.8 s – 1.0 s kd1 = 1.0, kd2 = 1.0, kd3 = 1.0; 

The first test scenario is obviously more realistic since all winding sets equally contribute to the rotor 

flux creation (reactive power), while torque producing q-axis currents govern active power of each 

winding set, enabling power sharing between winding sets. The second test scenario is aimed at 

demonstrating the ability to arbitrarily change both d- and q-axis currents of each winding set. In both 

test scenarios currents are changed to random values and to the extreme cases, where either q- or d-axis 

currents are zero in one or two winding sets. During both tests machine operates at constant speed of 

1250 rpm and generating mode with load torque equal to -5 Nm. It should be noted that there are no 

limits imposed on the current controller, so that phase current can rise above nominal and current 

sharing can be tested to the full extent. 

Simulation and experiment results for the first test scenario are shown in Figs. 5.22 – 5.24. Fig. 5.22 

shows current sharing coefficients, machine speed and mechanical torque, VSD d-q currents, as well as 
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 (a) Simulation (b) Experiment 

Figure 5.23 – First test scenario: Phase currents for the same conditions as in Fig. 5.22. 

 

 
Figure 5.24 – First test scenario, experiment: Oscilloscope screenshot of the phase currents (ia1, ia2, ia3). 

 

d-q currents of each winding set. Since current sharing coefficients defining winding set d-axis currents 

are kept constant and equal to 1, there is no change in flux producing currents id1,2,3, i.e. flux contribution 

of all winding set is the same. On the other hand, winding sets q-axis currents are changed according to 

the imposed current sharing coefficients kq1,2,3 and VSD q-axis current, as shown in bottom three plots 

of Fig. 5.22. Fifth plot of the same figure shows that despite change of individual winding set d-q 

currents, VSD d-q currents are unaffected and there is no change in the machine torque and speed. This 

behaviour is shown previously and is a consequence of changing only flux/torque non-producing x-y 

currents. 

Phase currents obtained from the simulation and measured by dSPACE from the experiment are 

shown in the Fig. 5.23, as well as the oscilloscope screenshot of the phase currents in the 1st phase of 

each winding set (Fig. 5.24). When compared to the previous section, where both d- and q-axis winding 

set currents where changed equally, change in phase current amplitude in this case is less severe due to 

the equal contribution of all winding sets to flux producing d-axis current. Since current sharing is 

implemented in the rotational reference frame, phase currents within each winding set are balanced. 

Second test scenario considers arbitrary change of both d- and q-axis currents in each winding set. 

Simulation and experiment results are available in the Figs. 5.25 – 5.27. Current sharing coefficients,  
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 (a) Simulation (b) Experiment 

Figure 5.25 – Second test scenario: current sharing coefficients kdq1,2,3, machine speed nm, mechanical torque Tm, 

VSD and individual winding set currents idq, idq1,2,3 (blue trace d-axis currents and red trace q-axis currents). 

 

 
 (a) Simulation (b) Experiment 

Figure 5.26 – Second test scenario: Phase currents for the same conditions as in Fig. 5.25. 

 

machine speed and torque, VSD d-q currents and individual winding set d-q currents are shown in the 

Fig. 5.25. It can be seen in both simulation and experimental results that individual winding set d-q 

currents are changed according to the current sharing coefficients and VSD d-q current, confirming the 

feasibility of the proposed solution. Once again, VSD flux/torque producing current idq is unchanged, 

so that machine flux and torque are not affected. 

Phase currents for the second test scenario are shown in Fig. 5.26 for both simulation and 

experiment, while oscilloscope screenshot of the currents in first phase of each winding set can be seen 
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Figure 5.27 – Second test scenario, experiment: Oscilloscope screenshot of the phase currents (ia1, ia2, ia3). 

 

in Fig. 5.27. Amplitude of the phase currents is governed by the imposed winding set d-q currents and 

it can be seen that its value is greatly increased for certain combination of current sharing coefficients 

due to the absence of current limiting (in a real-world application care should be taken to ensure that 

phase current does not exceed maximum allowed value). 

Both scenarios tested here are the extreme cases of step change of current sharing coefficients within 

very short time interval, which demonstrate high dynamic capability of the system. In normal operation 

rapid current change within 0.1/0.2 s interval would not be required. A good agreement between 

simulation and experiment results in evident in both test scenarios, confirming the proposed theory. 

5.6 Summary 

This chapter discuses different techniques for current and power sharing between winding sets of a 

multiple 3-phase winding machines. Theoretical considerations regarding the relationships between MS 

and VSD modelling approaches, presented in the chapter 4, are used here as a basis for development of 

current and power sharing. 

Firstly, a current sharing technique between winding sets in the stationary reference frame is 

developed. It provides ability to vary - currents of each winding set while the VSD flux/torque 

producing - currents are unchanged, assuring that total flux and torque of the machine are 

undisturbed. Since current sharing is realised in stationary coordinates, - current vector travels along 

an elliptical path enabling creation of an imbalance between currents of the single winding set. This 

behaviour provides the means to implement fault-tolerant operation by producing such an imbalance 

that will impose zero current in an individual phase of a winding set. However, fault tolerance is beyond 

the scope of this chapter and is not considered any further. 

Since flux and torque control is usually implemented in rotational coordinates, the current sharing 

between winding sets is realised in rotational coordinates as well. Consequently, the d-q current vector 

of each winding set takes a circular path and the phase currents in each winding set are balanced. Of 

course, the total flux and torque production of the machine is not affected. This current sharing 
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technique is later used to define torque/power sharing, allowing for torque production by each winding 

set to be arbitrarily varied while total torque is unchanged. In addition, two sets of simulations and 

experiments were realised. In the first test, both d- and q-axis current sharing coefficients were equally 

varied allowing for unchanged angle of each winding set d-q current vector. On the other hand, in the 

second test, d- and q-axis current sharing coefficients were independently changed allowing for 

arbitrary change of flux/and torque contribution of all winding sets. 

All the developed current sharing techniques are valid for any multiphase machine with a standard 

winding configuration, i.e. asymmetrical/symmetrical with single/multiple neutral points. The theory is 

verified by numerical simulations in the case of the current sharing techniques for asymmetrical 6-, 9-, 

12- and 15-phase configurations with a single neutral point, while current/power sharing is verified by 

both numerical simulations and experiments in the case of the asymmetrical 9-phase induction machine 

with three neutral points. 

 



 

Chapter 6 

DC-LINK VOLTAGE BALANCING OF THE CASCADED VOLTAGE 

SOURCE INVERTERS 

6.1 Introduction 

Previous two chapters of the thesis have showed three different multiphase machine modelling 

approaches and a technique for arbitrary current and power sharing between winding sets of a multiple 

3-phase machines. Furthermore, topologies where developed current/power sharing can be utilised are 

presented as well. One of the possibilities, especially interesting for the off-shore WECS, is a topology 

where a multiple 3-phase winding machine with multiple isolated neutral points is supplied by 3-phase 

VSIs with cascaded dc links. This configuration produces a single high voltage dc link which is highly 

desirable feature in WECS where transmission lines are high-voltage dc or ac and a step-up converter 

and/or transformer is used. 

Series connection of the dc links has recently been examined for multiphase machines. A 6-phase 

generator for WECS is considered in [Che et al (2012b), Che et al (2012c), Che et al (2014b)] where 

two winding sets are supplied by VSIs with series-connected dc links. It is shown that this configuration 

is capable of balancing dc-link voltages of the machine-side converters even in the case of imbalance 

in machine phases. 

As far as machines with more than two 3-phase winding sets are concerned, a 12-phase permanent 

magnet machine has been considered in [Sulligoi et al (2011)], where uncontrolled bridge rectifiers 

were used with additional series connected dc-dc converters. Next, hybrid [Xiang-Jun et al (2012)] and 

modular configurations [Yuan et al (2012), Ng et al (2008)] have been proposed to increase the dc-link 

voltage by using series-connected converters. However, all these solutions require special converter or 

machine structure. In contrast to this, the solution developed here uses standard 3-phase inverters and 

is capable of balancing individual dc-link voltages. 

The fact that the 9-phase machine’s stator consists of three mutually isolated winding sets is utilised 

in this chapter to increase the dc-link supply voltage without increasing the rating of the switches or 

capacitors used in the individual 3-phase inverters. This is achieved by cascading the dc links of the 3-

phase inverters that provide supply for each of the winding sets. It is shown that in order to balance 
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Figure 6.1 – Symmetrical 9-phase machine with cascaded VSIs. 

 

voltages of individual dc links, it is necessary to use current sharing between winding sets of the 

machine. The work presented in this chapter has been published in [Zoric et al (2017a)]. 

Modelling and control of the system is based here on the VSD. This enables machine control with 

fully decoupled flux and torque producing and non-producing current components. Since VSIs are 

connected in series any imbalance in machine phases will have an impact on currents and powers of 

individual winding sets and consequently produce an imbalance in the dc-link voltages. In order to keep 

dc-link voltages at the set level, the system is analysed and a balancing controller is derived. It is shown 

that in order to balance dc-link voltages, control of power flow between winding sets is necessary. A 

current and power sharing algorithm based on the considerations of chapter 5 is utilised here. A 

complete controller structure capable of balancing individual dc-link voltages is devised. It is shown 

and verified by simulation and experimental results that the introduced system is viable in the presence 

of imbalance of a whole winding set or in an individual phase. 

6.2 System Model of a Nine-Phase Machine with Cascaded dc Links 

The considered machine is a symmetrical 9-phase induction machine with three isolated neutral 

points. Individual phase spatial position angles are therefore governed with: 
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Each 3-phase winding set is supplied by one 2-level 3-phase voltage source inverter (VSI), while 

the VSI’s dc links are cascaded in order to produce higher dc-link voltage. A schematic of the system 

is shown in Fig. 6.1. 

Voltages vdc1, vdc2, vdc3, and Vdc represent local VSI dc-link voltages and the total dc-link voltage, 

respectively. It is obvious that, by cascading the inverter dc links, the total dc-link voltage is three times 

higher than the dc-link voltage of any individual 3-phase inverter. It follows that inverter switches and, 

more importantly, dc-link capacitors can have three times lower voltage rating when compared to the 

output dc-link voltage. 
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Figure 6.2 – Dc-link capacitors currents and voltages. 

 

It is assumed that the system is connected to the high-voltage dc grid or a grid connected inverter. 

In both cases Vdc is kept constant by external means not shown here. On the other hand, dc-link voltages 

vdc1, vdc2, vdc3 are controlled by the local VSIs. The problem that arises here is that these voltages are 

dependent on power/current of the corresponding inverter and any imbalance in machine phases or 

inverter switches may produce imbalance in the dc-link voltages. Consequently, one of the local dc-link 

voltages may exceed switch or capacitor rating, while simultaneously leading to unequal power sharing 

between the windings. Hence, dc-link capacitor voltage balancing control needs to be devised. 

In order to analyse the problem, a schematic representation of the cascaded inverters is given in Fig. 

6.2. Capacitor currents are ic1, ic2, and ic3, while VSI currents are denoted with idc1, idc2, and idc3. Current 

idc is the total dc-link current and it depends on the instantaneous machine’s power. Capacitor currents 

are governed with: 

  3,2,1,  jiii dcjdccj  (6.2) 

If C is the dc-link capacitance, dc-link voltages and their Laplace transforms are as follows: 
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 (6.3) 

In the shown system idc is not controllable; however, idcj (j = 1, 2, 3) can be individually regulated. 

Since dc-link voltage references are constants, feed-forward control can be easily employed. 

Considering this and the fact that the plant model is an integrator (1/(sC)), error-free control of vdcj in 

steady state can be achieved by a simple PI regulator with a negative gain. In this configuration the 

voltage balancing regulator affects only idcj, as shown in Fig. 6.3. 
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Figure 6.3 – Dc-link voltage balancing controller. 

 

The presented analysis holds true if the machine is operating in motoring mode, as per current 

directions shown in Fig. 6.2. However, if the machine is in the generating mode, dc-link currents have 

opposite sign and consequently gain in the PI regulator needs to change sign to a positive value. A 

simple way of establishing whether the machine operates in motoring or generating mode is to find the 

sign of the dc-link current idc. Taking this into consideration yields the control scheme for one of the 

dc-link voltages shown in Fig. 6.3. 

It should be noted that the goal is to balance the individual dc-link voltages. Since the total dc-link 

voltage is constant and equal to the sum of the individual dc-link voltages, the controller of Fig. 6.3 

should be employed only for two dc-link currents. In order to implement dc-link voltage balancing 

control, current control should be developed first. Moreover, if one dc-link current is increased, another 

one should be decreased so that the produced power stays the same. Hence current/power sharing 

between the 3-phase winding sets should be implemented while keeping the machine operation (flux 

and torque) unaffected. 

6.3 Machine Model and Current Sharing between Winding Sets 

A machine with multiple winding sets, such as the machine considered here, is usually controlled 

either by applying (MS) or VSD transformations, as it is shown in the previous chapters. In this case 

(MS) modelling approach would be an obvious choice due to the possibility of individual control of 

each winding set and consequently each VSI dc-link current. On the other hand, VSD modelling 

approach provides decoupling of the machine into flux/torque producing - subspace and non-

producing x-y subspaces. It therefore provides clearer and unique harmonic mapping and eases the 

current control design. Hence, machine is modelled using VSD, i.e. control can be implemented in 

decoupled VSD subspaces, but individual winding set flux/torque producing currents (-) are 

represented by multiple d-q (i.e., α-β) variables. By doing so, advantages of both modelling approaches 

are utilised. 

Machine modelling and relationship between MS and VSD modelling approaches have been 

discussed in great detail in chapter 4, where induction machine equations in both MS and VSD variables 

can be found in (4.22) – (4.24) and (4.45), respectively, while the relationship between individual 

winding set variables (MS) and the VSD subspace variables is established in general case in (4.62) and 

(4.63). Furthermore, it is shown in chapter five that this relationship can be utilised for current and 

power sharing between winding sets, without disturbing total flux and torque production of the machine. 
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If equalised current sharing is used (here in stationary - reference frame), coefficients are k1, k2 and 

k3. Machine currents in VSD subspaces in complex form are as follows: 
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 (6.4) 

Since each winding set is supplied by a single 3-phase VSI, power sharing coefficients k1, k2, k3 

directly regulate power of each VSI and therefore the dc-link currents. The last two equations provide 

references for x-y currents based on the desired power sharing coefficients and flux/torque producing 

currents i. As current balancing is achieved by imposing currents in the x-y planes, the flux and torque 

of the machine are unaffected. When the last two equations of (6.4) are returned into scalar form, 

references for x-y currents are obtained as: 
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 (6.5) 

Equations (6.5) provide the means for successful implementation of the dc-link voltage balancing 

control. 

6.4 Dc-Link Voltage Balancing Control Structure 

Coefficients k1, k2 and k3 define current amplitudes in each of the three winding sets and 

consequently the power flow. Hence, they can be used for dc-link voltage balancing. In balanced 

operation all k coefficients are equal to unity and the average values of currents idc, idc1, idc2, and idc3 over 

one switching period are the same. On the other hand, when there is an imbalance in the dc-link voltages, 

the coefficients can be changed accordingly in order to return the system to balanced dc-link voltage 

operation. It follows that feed-forward control that sets all coefficients to unity can be used to improve 

the system response. In this case PI regulators only have to control difference in the current sharing 

coefficients k. Furthermore, sum of all coefficients needs to be always equal to three, so only two 

coefficients are controlled while the third one is calculated based on values of the first two. This is in 

accordance with the conclusion from the previous section with regard to the control of only two dc-link 

voltages. Complete dc-link voltage balancing controller structure including the flux/torque control and 

transformation matrices is shown in Fig. 6.4. 

The dc-link voltage balancing control provides current sharing coefficients (k1, k2, k3), which are 

then converted into x-y current references by current sharing equations (6.5). Since x-y subspace 

equations (4.45b) are equivalent to those of an R-L load, two complex vector PI regulators are used for  
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Figure 6.4 – Complete structure of dc-link voltage balancing controller. 

 

x-y current control, as discussed in chapter 3. The regulator for the first x-y subspace is implemented in 

an anti-synchronous reference frame, while the regulator for the second subspace is implemented in the 

synchronous reference frame, as shown in Fig. 6.4 by R(-1) and R(+1) blocks, respectively. Required 

direction of rotation is governed by (6.4). 

It should be noted that the dc-link voltage balancing technique is quite easily extendable to any 

multiple 3-phase winding machine with isolated neutral points. It is only required to apply current 

sharing technique presented in the chapter 5 for a given number of phases, while the analysis for the 

individual dc-link voltages is the same regardless of the number of winding sets. The number of PI 

controllers needed for balancing individual dc-link voltages is always going to be equal to l-1, where l 

is the number of winding sets. 

Obviously, besides dc-link voltage balancing, flux and torque control must be implemented as well. 

Since the machine is modelled by VSD, decoupled flux and torque control can be implemented in the 

same way as for the 3-phase induction machine, i.e. by controlling currents in flux/torque producing -

 subspace. In this case, flux and torque are controlled by use of IRFOC, where actual implementation 

is detailed in chapter 3. The machine is tested further on with closed loop speed control and a PI 

controller is used for this purpose. 

6.5 Simulation Results 

The symmetrical 9-phase induction machine with single pole pair, three neutral points and cascaded 

3-phase VSIs, as shown in Fig. 6.1, is tested using Matlab simulations. The machine parameters are 

given in Table 6.1. The VSIs are 2-level, with 600 V dc links. Cascaded connection creates an 1,800 V 

dc link. Switches are taken as ideal, so that the dead-time harmonics are not present. Carrier-based pulse 

width modulation (CBPWM) is used for VSI control with switching frequency equal to 5 kHz. Used 

machine model is in terms of phase variables, as explained in chapter 4, while control structure is shown 

in Fig. 6.4. All current controllers, IRFOC and CBPWM are implemented as discussed in chapter three. 

Table 6.1 – Parameters of the symmetrical 9-phase Machine. 

Pn Un In nn Rs Rr Lls Llr Lm 

2.2 kW 230 V 1.5 A 2880 rpm 4.85  1.82  18 mH 8.6 mH 1383.6 mH 
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Figure 6.5 – Phase currents in the 3-phase windings, torque, speed, dc-link voltages and current sharing 

coefficients in the case of the balanced machine. 

 

Simulation is performed at first with the balanced machine, Fig. 6.5. In the initial steady state, the 

load torque is 10 Nm and the machine runs at 1000 rpm. The speed reference is stepped to 1500 rpm 

and later returned back to 1000 rpm. The same sequence is repeated twice. During the first sequence vdc 

control is switched off. It is then switched on before the second speed stepping to 1500 rpm, at 1.5 s. 

Since the machine is balanced, there are no fluctuations in the dc-link voltages throughout the entire 

simulation. Even though dc-link voltage balancing control is switched on in the second half of the 

simulation, it does not affect the machine operation. Phase currents are balanced and identical during 

both sequences, as shown in the first three plots. This test was carried out to verify that additional 

control structures, i.e. dc-link voltage balancing control and x-y current controllers, will not affect 

behaviour of the drive. It is easily seen that voltage balancing controller is inactive since there is no 

change in current sharing coefficients. 

The previous simulations are done again. However, there is now imbalance in the phase windings. 

The second winding set has an additional resistance of 3  in each phase. Results are shown in Fig. 6.6. 

It can be seen that without the dc-link voltage balancing control phase currents of the 2nd winding set 

(second plot in Fig. 6.6) have smaller amplitude when compared with the other two winding sets. 

Consequently, there is a substantial imbalance in dc-link voltages (the sixth plot in Fig. 6.6). On the 

other hand, when balancing control is turned on (at t = 1.5 s) imbalance in dc-link voltages is removed 

and vdc(1,2,3) are all kept at the set level even during transient. As shown in the last plot of Fig. 6.6, current 
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Figure 6.6 – Phase currents in the 3-phase windings, torque, speed, dc-link voltages and current sharing 

coefficients in the case of the imbalance in one of the winding sets. 

 

sharing coefficients are varied to correct dc-link voltages. The first two coefficients are limited to the 

range [0.5 – 1.5], so that the third coefficient cannot be negative or rise above 2. Imposed limits ensure 

that all winding sets always work in the same regime (motoring or generating) and current amplitudes 

in the third winding set are kept at a reasonable value. It should be emphasised that in the last plot vdc1 

and vdc3 are overlapped for the most of the simulation time due to the nature of the introduced imbalance. 

Motoring operation was considered so far. To show that the control works just as well in generation, 

an additional test has been carried out. The speed reference is now kept constant while the mechanical 

torque is changed from +10 Nm to -10 Nm and back. Hence the machine works in both motoring and 

generating modes. Moreover, a different type of imbalance has been simulated. A resistance (5 ) is 

added in the first phase of the third winding set. Results are shown in Fig. 6.7. Once again, there is 

substantial imbalance in the dc-link voltages during the first sequence where voltage balancing 

controller is switched off. On the other hand, when balancing control is switched on (at t = 1.5 s), dc-

link voltages are brought to 600 V and kept constant. Step change in load torque affects the machine 

speed, where change in speed is governed by speed controller time constant. However, even though 

both speed and torque are changed, dc-link voltages are still kept at the set level by dc-link voltage 

balancing control. 

It should be noted that, when an imbalance exists only in one machine phase, torque ripple is 

increased. Since the developed current/power sharing control deals with the whole winding sets, this 

ripple cannot be mitigated with the proposed controller structure. 
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Figure 6.7 – Phase currents in the 3-phase windings, torque, speed, dc-link voltages and current sharing 

coefficients in the case of the imbalance in one of the machine phases. 

 

This test completes verification by Matlab simulations of the proposed voltage balancing techniques. 

Both steady state and transient operation have been considered and it was found that control is valid in 

both cases. Next section deals with the experimental verification, where the same technique is applied 

to the asymmetrical 9-phase machine. 

6.6 Experimental Verification 

Developed dc-link voltage balancing control has been implemented and verified by simulation for a 

symmetrical 9-phase induction machine. However, topology shown in the Fig. 6.1 is identical regardless 

of the machine winding configuration, i.e. symmetrical or asymmetrical. Hence, the same voltage 

balancing controller can be used for an asymmetrical case as well. Moreover, it is shown in chapter five 

that, if appropriate VSD transformations are used, current sharing equations are identical for both 

symmetrical and asymmetrical cases. It follows that control shown in Fig. 6.4 is valid for both 

topologies with the only difference being the applied VSD transformation. 

This section provides experimental verification of the developed dc-link voltage balancing 

technique. Namely, an asymmetrical 9-phase machine is supplied by three 3-phase VSIs with cascaded 

dc links in the same manner as shown for the symmetrical case in Fig. 6.1. Used inverters are two 2-

level and one 3-level, where difference in used VSIs is dictated by the equipment availability in the 

laboratory. VSIs are supplied by single high voltage dc link created by Spitzenberger & Spies linear 

amplifier PAS2500, which is capable of sinking power by use of accompanying resistive load RL4000. 
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Figure 6.8 – Schematic of the experimental setup. 

 

High voltage dc link is set to 600 V, while the individual dc-link voltages are 200 V. These reduced 

values are necessary due to the insulation requirements of the machine. Nevertheless, experimental 

results are still valid and the only constraint is in the maximum achievable machine speed, which is 

obviously reduced due to the limited input voltage. 

Control and measurement are performed by a dSPACE rapid prototyping system, while additional 

measurements are available through Tektronix oscilloscopes and isolated current and high voltage 

differential voltage probes. Used machine has 2 poles and is rated at 230 V and 2.2 kW with the 

parameters given in the Table 6.2. Machine is mechanically coupled to the permanent magnet dc 

machine which can act as a load or a prime mover. This is achieved by connecting a resistor bank to the 

permanent magnet dc machine (i.e. it acts as a load), or constant current source, in which case it behaves 

as a constant torque source. Constant current is provided by a Sorensen SGI 600/25 dc source. 

Mechanical torque is measured by torque sensor and captured by one of the oscilloscope channels. 

Torque sensor provides positive signal when dc machine acts as a prime mover and induction machine 

operates as a generator. Schematic of the experimental setup is shown in Fig. 6.8, while a more detailed 

description is available in the Appendix B of the thesis. 

Table 6.2 – Parameters of the asymmetrical 9-phase Machine. 

Pn Un In nn Rs Rr Lls Llr Lm 

2.2 kW 230 V 1.5 A 2880 rpm 5.3  2  24 mH 11 mH 520 mH 

Similar test scenarios to the ones completed in the simulations are repeated here. The machine is 

firstly tested without any imbalance between the phases by changing the speed from 250 rpm to 550 rpm 

while driven by constant 3 Nm torque. Next, the same test is repeated with imbalance in the machine 

phases, i.e. the second winding set has additional 5.4  resistance in all phases. The final test is 

performed with the machine running at the constant speed of 500 rpm, while the load torque is changed 

from positive to negative to observe both motoring and generating modes of operation. In this last test, 

additional 5.4  are added to the first phase of the third winding set. All tests are repeated with and 

without dc-link voltage balancing control. 

Results for the balanced machine operation are shown in the Fig. 6.9. Dc-link voltage balancing 
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Figure 6.9 – Phase currents in the 3-phase windings, torque, speed, dc-link voltages and current sharing 

coefficients in the case of the balanced machine. 

 

 
 (a) (b) 

Figure 6.10 – Oscilloscope screenshots of the machine mechanical torque (a) and dc-link voltages (b) in the case 

of the balanced machine. 

 

controller is switched off during the first 5 seconds of the experiment. It can be easily seen that there is 

an imbalance in dc-link voltages even though there is no additional imbalance in any winding set. This 

behaviour can be attributed to the difference in used VSIs and imbalance in the machine parameters. 

Nevertheless, after the dc-link voltage balancing controller is switched on at t = 5 s, dc-link voltages 

are brought to 200 V and kept at the set value with very little oscillations during the speed transient. 

Oscilloscope screenshots of the machine torque and dc-link voltages are available in the Fig. 6.10. 

Torque sensor gain is 0.1 V/Nm, while offset for dc-link voltages is set to 200 V. 

In the second test additional 5.4  are added to each phase of the second winding set, while the same 

speed profile has been imposed and machine is driven at constant 3 Nm torque. Phase currents, 

mechanical torque, speed, dc-link voltages and current sharing coefficients are shown in the Fig. 6.11. 
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Figure 6.11 – Phase currents in the 3-phase windings, torque, speed, dc-link voltages and current sharing 

coefficients in the case of the imbalance in one of the winding sets. 

 

 
 (a) (b) 

Figure 6.12 – Oscilloscope screenshots of the machine mechanical torque (a) and dc-link voltages (b) during the 

imbalance in one of the winding sets. 

 

It can be seen that the difference in dc-link voltages is now more severe during the first 5 seconds of 

the experiments due to the added imbalance in phase resistances. On the other hand, when dc-link 

voltage balancing control is switched on (t = 5 s) dc-links are stabilised at 200 V. Small oscillations 

during transient are due to controllers’ finite response. A noticeable change in the current sharing 

coefficients can now be seen in the last plot of the Fig. 6.11 which is present due to the increased 

imbalance. Once again, oscilloscope screenshots of the torque and dc-link voltages are available in the 

Fig. 6.12. (a) and (b), respectively. 

The final test is performed at a constant speed of 500 rpm with the torque changed from positive to 

negative. The experimental results are available in the Fig. 6.13. In this case imbalance is present only 

in a single phase of the machine, hence the actual difference in dc-link voltages is very small (i.e. bellow 

5 V) even when the dc-link voltage balancing control is switched off. Still, this voltage difference is 
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Figure 6.13 – Phase currents in the 3-phase windings, torque, speed, dc-link voltages and current sharing 

coefficients in the case of the imbalance in one of the machine phases. 

 

 
 (a) (b) 

Figure 6.14 – Oscilloscope screenshots of the machine mechanical torque (a) and dc-link voltages (b) in the case 

of the imbalance in one of the machine phases. 

   

removed when dc-link voltage balancing controller is switched on at t = 5 s. It should be noted that in 

this particular sort of imbalance, there is a noticeable voltage ripple in dc-link voltages. This behaviour 

is a consequence of imbalance within the winding set and for its removal additional control in x-y planes 

is needed as indicated in [Che et al (2014c)]. Furthermore, imbalance within the winding set causes a 

torque ripple as well, as shown in the simulation results in the Fig. 6.7. However, in the experimental 

results, this ripple is not seen since it is supressed by the internal torque sensors low pass filter. 

6.7 Summary 

The additional degrees of freedom provided by the multiphase machine are used to produce a high-

voltage dc link with cascaded inverters of a lower voltage rating. A 9-phase induction machine with 

isolated neutral points is supplied by three 3-phase inverters with cascaded dc links, therefore forming 

one high-voltage dc link with three times higher voltage than that of the individual VSI dc links. The 
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topology enables use of switches, and more importantly capacitors, with three times lower voltage rating 

in a system where high dc-link voltage is mandatory or highly desirable, such as a wind turbine with 

high-voltage dc or ac transmission lines. It should be noted that, although dc-link voltage is elevated, 

so is the insulation requirement on the 3-phase windings. This can be mitigated to a certain extent by 

proper selection of voltage vectors [Che (2013)]. However, this is outside the scope of the thesis and is 

not discussed any further. 

The developed solution is based on the presented analysis of the inverters with series connected dc 

links and arbitrary current/power sharing between winding sets. The performance of the topology is 

verified using multiple simulation and experimental scenarios including both steady state and transient 

operation. Moreover, different types of imbalance in machine phases have been considered in both 

motoring and generating modes. A machine with symmetrical winding configuration has been used in 

simulation, while experiments have been run on an asymmetrical 9-phase machine. 

It should be emphasised that implemented topology with cascaded dc links has one major drawback 

when fault tolerance is concerned. Namely, if a fault occurs in any 3-phase VSI, that particular inverter 

needs to be switched off, resulting in shutting down the whole system due to the series connection of 

inverter dc links. In other words, fault tolerance of a multiphase machine is traded for the single high 

voltage dc link. In safety critical application, where high reliability is required, this behaviour is not 

acceptable, so more favourable topology would be the parallel connection of the inverters discussed in 

the chapter five of the thesis. 

 



 

Chapter 7 

CONCLUSION 

7.1 Summary and Conclusions 

The thesis explored use of multiple 3-phase winding induction machines as a generator in wind 

energy conversion systems. This specific type of the multiphase machines is selected since it is the most 

frequently used multiphase machine type in both industry and academia. Benefits of having multiple 3-

phase winding sets have been utilised to accommodate specific supply needs that might arise when a 

wind turbine is connected to the standard 3-phase grid, ac or dc micro-grids, or isolated loads, e.g. 

different power requirements of each winding set or complete shutdown of a winding set due to the 

fault. In order to achieve the best possible control of multiple 3-phase winding machines, both MS and 

VSD modelling have been explored and relationship between machine variables in the two modelling 

approaches has been found for the general case. This has enabled to implement the control by use of 

decoupled machine model, i.e. multiple orthogonal two-dimensional subspaces of VSD modelling, 

while information on individual winding sets is preserved, a feature of MS modelling. Since the 

relationship has been found by only comparing VSD and MS transformation, it is applicable to any 

multiple 3-phase winding machine type regardless of machine construction, i.e. synchronous or 

induction. In order to generalise the said relationship, a unified way of creating the VSD matrix for both 

symmetrical and asymmetrical configurations has been developed. Ultimately, derived correlation has 

been employed to implement current and power sharing between winding sets while keeping the control 

in decoupled VSD subspaces. Theoretical development has been verified by simulation and by 

experimental investigation using as an example an asymmetrical 9-phase induction machine with three 

isolated neutral points. It has been shown that power can be arbitrarily shared between winding sets 

without disturbing total flux and torque production of the machine. Furthermore, the same machine has 

been used to increase dc-link voltage by cascading three VSIs supplying each winding set. By doing so, 

total dc-link voltage can be tripled when compared to rated dc-link voltage of the individual VSIs. The 

same power sharing technique has been used to balance dc-link voltages in the case of the imbalance in 

machine phases. 

After a brief introduction into the multiphase machines and WECS areas, the thesis starts with 

literature survey of published work relevant for this particular field of study. Firstly, literature covering 
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multiphase machines in general and WECS is covered. Next, a survey of modelling techniques for 

multiphase induction machine is completed, where modelling in phase, MS, and VSD variables is 

considered. In order to complete the literature survey related to machine-side control structures, work 

on PWM modulation techniques and current control of multiphase machines is presented next. Since 

one of the main contributions of this thesis is current and power sharing between winding sets, the 

available literature on the subject is subsequently covered. Examples of power sharing by use of both 

VSD and MS modelling approaches can be found. Because current sharing can be used to switch off 

complete winding set, work dealing with operation under fault has been reviewed as well. Finally, 

literature survey is completed with literature covering converter topologies and control system needed 

for WECS operation. 

The next chapter provides more details on the operation of WECS in general. Modelled wind turbine 

is of horizontal type with gearbox and pitch control mechanism, where used model is as simple as 

possible since thesis deals with the electrical subsystem only. The goal of this chapter is to provide 

detailed considerations for various WECS subsystems and to show implementation of common control 

techniques related to WECS so that they can be simply referred to later in the thesis, with the emphasis 

in subsequent chapters being placed on the novelty. Furthermore, possible topologies where advantages 

of multiple 3-phase winding machines are utilised are shown as well. Back-to-back configuration, 

where 9-phase two-level VSI supplies 9-phase induction generator and three-level NPC VSI connects 

system to the grid, is taken as an example to demonstrate operation of all major control systems needed 

for WECS operation. On the machine side, implemented controls are MPPT, IRFOC, decoupled current 

control of 9-phase induction generator by means of VSD and multiple current controller structure (PIccd 

for flux/torque control, cvPI for x-y current control, resonant VPI for low order harmonics elimination), 

and 9-phase two-level CBPWM as a modulation strategy. In order to connect WECS to the grid, VOC 

control is used for the active and reactive power control, and consequently for dc-link voltage control, 

while PLL is implemented for grid voltage synchronisation. Grid-side NPC inverter gating signals are 

provided by three-level CBPWM. 

Machine modelling has been dealt with in the fourth chapter of the thesis. All three modelling 

approaches are considered, i.e. modelling using phase, MS and VSD variables. Phase variables where 

used to implement machine model for the general case so that it is easily implemented in Simulink 

environment. On the other hand, modelling in MS and VSD variables has been considered for the 

purpose of implementing flux and torque control, low order harmonic elimination and current and 

power sharing between winding sets. Benefits of both modelling approaches have been utilised resulting 

in relationship between VSD and MS variables applicable to the general case. Consequently, all control 

loops can be implemented in the multidimensional space defined with the VSD transformation of the 

machine, while it is still possible to access variables of individual winding sets, a feature of MS 

modelling approach. This was made possible by developing an algorithm for creation of the VSD 

transformation matrix, such that it is applicable to the general case as well. In the same chapter, 
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discussion on resulting odd order harmonic mapping for the most commonly used multiphase machines 

is offered. By providing the correlation between MS and VSD variables, this section has set basis for 

current and power sharing between winding sets, discussed in the following chapter. The last section of 

this chapter contains discussion on imbalance in zero-sequence harmonics of phase voltages in the case 

of an asymmetrical multiphase machines with single neutral point. It has been analytically proven that 

imbalance exists even in the case when all the leg voltage harmonics are balanced. 

Relationship between MS and VSD variables, derived in chapter 4, is used in chapter 5 to develop 

current and power sharing between winding sets while the actual current control is implemented on the 

basis of the decoupled VSD model of the machine. Firstly, current sharing between winding sets in the 

stationary reference frame is developed, using - current components of the winding sets. Next, 

current sharing using d-q currents of each winding set is developed as well. Both techniques are 

applicable in the general case and are valid for any multiple 3-phase winding machine, regardless of the 

machine configuration, i.e. asymmetrical or symmetrical, and with single or multiple neutral points. 

Current sharing in d-q coordinates is further utilised to develop power sharing between winding sets, 

again applicable in the general case as well. Theoretical findings were confirmed by simulation and 

experimentation using as an example the asymmetrical 9-phase induction machine with three neutral 

points. Since all developed current and power sharing techniques are implemented by imposing x-y 

currents of fundamental frequency, total flux and torque of the machine are unaffected. 

Chapter 6 shows that benefit of having multiple isolated points can be utilised to produce single high 

voltage dc link without increasing VSI voltage ratings, an important factor in the design of WECS where 

step-up conversion is usually mandatory. This is achieved by connecting each winding set of a 9-phase 

machine to a single 3-phase VSI, and then connecting these dc links in series so that a single high 

voltage dc link is obtained. It is shown that any imbalance between winding sets will result in different 

individual dc-link voltages, a problem which can be solved by varying the power produced by each 

winding set. Therefore, dc-link voltage balancing controller has been devised, where power sharing is 

done according to the principles exposed in the chapter 5 of the thesis. Although developed dc-ink 

voltage balancing has been applied for a 9-phase case only, it can be easily extended to any multiple 3-

phase winding machine. Simulation and experimental runs confirm the appropriateness of this control 

strategy. 

This chapter completes the main body of the thesis. Subsequent material in the thesis includes the 

list of references and Appendices, which provide more details on hardware and software used and the 

list of publication resulting from the thesis. 
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7.2 Future Work 

The work presented in this thesis has contributed to control of multiple 3-phase winding machines 

by relating two transformations (MS and VSD), almost exclusively used to decouple the machine model 

and enable implementation of independent flux/torque control. Developed theoretical concepts have 

been used to develop means for current and power sharing between individual winding sets, with 

subsequent simulation and experimental verification on the example of asymmetrical 9-phase machine 

with three neutral points. A further development has been directed at specific WECS structure which 

can increase dc-link voltage by cascading dc links of mutually isolated VSIs. Power sharing has been 

used in this structure to balance individual VSI dc-link voltages. Even though presented theory and 

current/power sharing techniques are applicable to any multiple 3-phase winding machine, work 

conducted here can be further continued as follows: 

 Relationship between MS and VSD approaches may be developed for the machines with a 

number of phases in the winding set different from three, e.g. 15-phase winding consisting of 

three 5-phase winding sets. This would enable realisation of current and power sharing in these 

machines in the same manner. 

 Current sharing in the stationary - coordinates enables imposing an arbitrary imbalance within 

each winding set without disturbing the total flux production. This can be utilised to impose such 

an imbalance so that the current in one or more phases is zero, which can be used for fault tolerant 

operation. Of course, both single and multiple neutral point configurations should be considered. 

 Developed power sharing is based on varying the converted power of each winding set while the 

total power of the machine is unchanged. However, expressions for electrical power of each 

winding set should be derived, and power sharing considering these expressions should be 

developed as well, taking into account both active and reactive powers. 

 Since WECS topologies were considered in the thesis, all the sub-windings of the machine were 

operated in generating mode or, in the extreme, with zero power. However, if one considers use 

of a multiphase machine in electrical vehicles with multiple electric energy sources or as an 

interconnecting generator between two (or more) microgrids, there may be a need to change the 

power flow direction in some winding sets, i.e. to operate one (or more) winding set(s) in 

motoring, while other one (or more) operates in generating. This behaviour is not considered in 

the thesis, so it should be explored further. 

 Different direction of power flow in the winding sets may be used to increase both stator and 

rotor currents to nominal values without necessarily producing any resultant torque and with no 

load connected to the machine shaft. This would enable testing of the machine using so-called 

synthetic loading principles, since the machine could be operated with different apparent loadings 

(i.e. currents) without actually loading the machine mechanically. In this scenario one would get 

an equivalent of the back-to-back testing scheme that requires two identical machines, while 
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using a single machine. In essence, taking a six-phase machine as an example, one winding can 

operate in motoring while the other winding generates. The net power taken from the grid would 

equal only the losses in the machine, while the testing can take place with any current up to the 

rated in the winding. 
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Appendix A 

DERIVATION AND IMPLEMENTATION CODES 

A.1 Machine Model Implemented in Phase Variables (Simulink) 

All simulations in the thesis use a model of an induction machine implemented in phase variables. 

The advantage of this modelling approach over modelling in terms of MS or VSD variables is that there 

is no need to use direct/inverse Clarke’s and/or rotational transformation. Instead, the machine is 

modelled in its natural n-dimensional space; hence, it is quite simple to understand and implement the 

model. Equations governing the machine model in terms of phase variables are detailed in the section 

4.2 and they are valid for any n-phase squirrel cage induction machine with distributed windings. 

Standard assumptions in machine modelling are taken into account, i.e. linear magnetic core without 

flux saturation or magnetic losses, balanced machine with uniform air gap, constant resistances, etc. 

Furthermore, in order to decrease simulation execution time, machine rotor is modelled as a 2-phase 

one. Hence, instead of having 2n differential equations to model the electromagnetic part of the 

machine, only n+2 are needed. 

Developed Simulink block is shown in the Fig. A.1a, while the parameter user interface of the model 

can be seen shown in Fig. A.1b and A.1c. Here, an example of an asymmetrical 9-phase machine is 

shown. Simulink block has a mask built in such a way that it provides information on the machine 

parameters and depicts chosen machine configuration. Inputs to the model are phase voltages and load 

torque, whereas outputs are stator phase currents, machine’s torque and machine’s rotational speed in 

rad/s. 

Machine parameters can be changed by parameter tab shown in Fig. A.1b, which is set in mask 

editor Parameters & Dialog tab. Moreover, one of the additional features required for the thesis (chapter 

6) is to model the imbalance between the phases. This has been implemented by adding a new tab where 

additional resistances to each phase can be modified, as shown in Fig. A.1c. 

Block diagram is set by Icon & Ports tab in the machine mask editor, where the used code is as 

follows: 

% get block size 

pos = get_param(gcbh,'Position'); 

block_size = [pos(3)-pos(1), pos(4)-pos(2)]; 

 

% display parameters 

machine_type = [num2str(phase_num), '-phase']; 

if length(factor(phase_num)) > 1 
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 (a) (b) (c) 

Figure A.1 – Simulink block of the induction machine model (a), properties (b) and machine imbalance (c) tabs. 

 
    if (asymmetrical) 

        machine_type = ['asymmetrical ', machine_type]; 

    else 

        machine_type = ['symmetrical ', machine_type]; 

    end 

end 

 

text(block_size(1)/2, block_size(2)-10, machine_type, 'hor','center', 'texmode','on'); 

text(block_size(1)/2, block_size(2)-75, ['P: ', num2str(P)], 'hor','center', 'texmode','on'); 

text(block_size(1)/2, block_size(2)-87, ['J: ', num2str(J), ' kg.m^2'], 'hor','center', 

'texmode','on'); 

text(block_size(1)/2, block_size(2)-110, ['R_s: ', num2str(Rs), ' \Omega'], 'hor','center', 

'texmode','on'); 

text(block_size(1)/2, block_size(2)-123, ['L_{ls}: ', num2str(Lls*10^3), ' mH'], 

'hor','center', 'texmode','on'); 

text(block_size(1)/2, block_size(2)-145, ['R_r: ', num2str(Rr), ' \Omega'], 'hor','center', 

'texmode','on'); 

text(block_size(1)/2, block_size(2)-157, ['L_{lr}: ', num2str(Llr*10^3), ' mH'], 

'hor','center', 'texmode','on'); 

text(block_size(1)/2, block_size(2)-180, ['L_m: ', num2str(Lm*10^3), ' mH'], 'hor','center', 

'texmode','on'); 

 

% display port label 

color('black'); 

port_label('input',  1, ' V_s', 'texmode','on'); 

port_label('input',  2, ' T_l', 'texmode','on'); 

port_label('output', 1, 'I_s ', 'texmode','on'); 

port_label('output', 2, 'T_e ', 'texmode','on'); 

port_label('output', 3, '\omega_e ', 'texmode','on'); 

% plot machine diagram 

color('blue'); 

ends = 20 .* exp(1i.*ps); 

x=[]; y=[]; 

x0 = block_size(1)/2; 

y0 = block_size(2)-42.5; 

for ii = 1:1:phase_num 

    x = [x, x0+[0, real(ends(ii))] ]; 

    y = [y, y0+[0, imag(ends(ii))] ]; 

end 

plot(x,y); 

 

All parameters are available either directly from the parameters tab or from the initialisation of the 

block, which is as follows: 

% check number of phases 

if ( phase_num < 3 ) 

   error('Phase number must be larger than 3 !!!'); 

end 

% check number of phases per winding set 

valid_num = factor(phase_num); 

valid_num(valid_num<3) = []; 

if ( ~any(phases_per_set == valid_num) ) 

    error('Wrong number of phases per set!!!'); 

end 
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Figure A.2 – Internal structure of the developed induction machine model. 

 
% phase shift calculation 

ws_num = phase_num/phases_per_set; 

ps = zeros(1, phase_num); 

for jj = 1:1:ws_num 

    for ii = 1:phases_per_set 

        if asymmetrical 

            ps(ws_num*(ii-1)+jj) = (pi/phase_num)*(2*ws_num*(ii-1)+jj-1); 

        else 

            ps(ws_num*(ii-1)+jj) = (2*pi/phase_num)*(ws_num*(ii-1)+jj-1); 

        end 

    end 

end 

 

% clear variables 

clearvars valid_num w_sets_num index ii jj 

 

Machine model has been split into voltage and current/torque equations for easier implementation, 

as shown in the Fig. A.2. Integration is done outside main equations so that generic integrators can be 

used. Consequently, model operation is affected by chosen solver. Code in the voltage_equation 

block is as follows: 

function psi_sr_ddt   = fcn( i_sr, V_s, Rs, Rr, phase_num, Rs_inb ) 

  

%%% constant variables 

persistent Rsr; 

if isempty(Rsr) 

    Rsr = diag( [Rs*ones(1,phase_num), (2/phase_num)*[Rr Rr] ]); 

    % add inbalance in phase resistances 

    if any(Rs_inb) 

        Rsr = Rsr + diag( [Rs_inb, 0, 0] ); 

    end 

end; 

  

%%% d(flux)/dt calculation (voltage equation) 

psi_sr_ddt = [ V_s; 0; 0; ] - Rsr * i_sr; 

 

Block machine_eq contains the following code: 

function [ i_sr, T_e, omega_m_ddt ] = fcn( psi_sr, T_l, theta_m, P, Lls, Llr, Lm, phase_num, 

ps, J) 

  

%%% constant variables 

persistent M; 

persistent Ls; 

persistent Lr; 

  

if isempty(M) 

    M = (2./phase_num).*Lm; 

end; 

  

if isempty(Ls) 

    Ls = M.* cos( repmat(ps, phase_num, 1) - repmat(ps', 1, phase_num) ) + Lls.*diag(ones(1, 

phase_num)); 

end; 

  

if isempty(Lr) 
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    Lr = (M+(2/phase_num)*Llr) * diag( [1, 1] ); 

end; 

  

%%% theta-dependent variables 

theta_e = P.*theta_m; 

Lsr = M.* cos( repmat([0, pi/2]+theta_e, phase_num, 1) - repmat(ps', 1, 2) ); 

Lrs = Lsr.'; 

Lsr_ddtheta = -M.* sin( repmat([0, pi/2]+theta_e, phase_num, 1) - repmat(ps', 1, 2) ); 

  

%%% creating inductance matrix 

Leq = [ Ls,  Lsr; ... 

        Lrs, Lr   ... 

        ]; 

  

%%% current calculation 

i_sr = Leq \ psi_sr; 

T_e = P.*(i_sr(1:phase_num,:).')*Lsr_ddtheta*i_sr(phase_num+1:phase_num+2,:); 

%%% rotational mass equilibrium 

omega_m_ddt = (T_e - T_l)/J; 

 

Actual code which models the machine is very short, i.e. it is contained in two Matlab function 

blocks and is valid for any phase number. Nevertheless, additional coding was found to be necessary 

so that use of the model is more straightforward and input parameter error-checking is properly 

implemented. 

It should be noted that care has been taken so that all variables which are constant are not recalculated 

at each simulation step. Instead, they are attributed as persistent so that simulation speed is increased. 

For example, stator and rotor self-inductance matrices [Ls] and [Lr] are constant throughout the 

simulation and they are persistent variables. On the other hand, mutual inductance matrices [Lsr] and 

[Lrs] are  dependant, so they are recalculated at every simulation step. All used parameters and 

variables are local to the block only and do not interfere with the simulation global parameters. 

A.2 Derivation of Machine Model in MS Variables (Mathematica) 

Machine model in MS variables, detailed in the section 4.3 of the thesis, is obtained when 3-phase 

Clarke’s transformation is applied to each winding set of the multiple 3-phase induction machine. In 

order to verify the equations, a computer algebra system Wolfram Mathematica is used. 

Starting point is the machine model in phase variables, where both stator and rotor of an n-phase 

machine are modelled by n differential equations. Although presented code uses 9-phase induction 

machine as an example, it is valid for any multiple 3-phase machine, i.e. parameter l, defining the 

number of winding sets, needs to be changed, as well as parameter asymm which defines whether the 

machine is asymmetrical or symmetrical. The Mathematica code is as follows: 

 

Multi-stator derivation
Equations in phase variables, rotor represented as a single w inding set:

vj Rs i j

d

dt
j , j 1, 2, ... l

0
1

l
Rr ir

d

dt
r

j Lls i j L jk . ik L jr . ir , j 1, 2, ... l ; k 1, 2, ... l

r

1

l
Llr ir Lrk . ik Lrr . ir , k 1, 2, ... l

vx

vax

vbx

vcx

, ix

iax

ibx

icx

, x

ax

bx

cx

, x j , k , r
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Machine type:

l 3; number of 3 phase winding sets

asymm 1; 1 asymmetrical configuration, else symmetrical

phase propagation angles are splitted into 3 parts:

phases a, phases b, and phases c

a

asymm

3 l
Range 0, l 1 ;

b a

2

3
Table 1, l ;

c a

4

3
Table 1, l ;

Print " a ", a 180 ;

Print " b ", b 180 ;

Print " c ", c 180 ;

a 0, 20, 40

b 120, 140, 160

c 240, 260, 280

Inductances in phase variables (as per initial equations):

Ljk j , k : M Cos a k a j , Cos b k a j , Cos c k a j ,

Cos a k b j , Cos b k b j , Cos c k b j ,

Cos a k c j , Cos b k c j , Cos c k c j ;

Ljr j : M Cos e t a j , Cos e t
2

3
a j , Cos e t

4

3
a j ,

Cos e t b j , Cos e t
2

3
b j , Cos e t

4

3
b j ,

Cos e t c j , Cos e t
2

3
c j , Cos e t

4

3
c j ;

Lrk k : M Cos a k e t , Cos b k e t , Cos c k e t ,

Cos a k e t
2

3
, Cos b k e t

2

3
, Cos c k e t

2

3
,

Cos a k e t
4

3
, Cos b k e t

4

3
, Cos c k e t

4

3
;

Lrr M Cos 0 , Cos
2

3
, Cos

4

3
,

Cos
2

3
, Cos 0 , Cos

2

3
,

Cos
4

3
, Cos

2

3
, Cos 0 ;

C3 alpha :
2

3
Cos alpha , Cos alpha

2

3
, Cos alpha

4

3
,

Sin alpha , Sin alpha
2

3
, Sin alpha

4

3
,

1

2
,

1

2
,

1

2
;

M
2

3
Lmms;

Lmms mutual inductance in multi stator domain

Currents (relation betw een phase and multi-stator):

For j 1, j l, j , i j Inverse C3 a j . i j t , i j t , iz j t ;

i r Inverse C3 e t . i r t , i r t , iz r t ;

Flux linkage equations (currents in multi-stator domain):

For j 1, j l, j ,

j Lls i j Sum Ljk j, k .i k , k, 1, l Ljr j .i r ;

;

r
1

l
Llr i r Sum Lrk k .i k , k, 1, l Lrr.i r ;

Machine equations:

- this should be modif ied to optimise symbolic calculation and to enable

  smooth calculation for any machine type !!!

e t e t ; speed is derivative of position

For j 1, j l, j ,

v j FullSimplify TrigReduce Rs C3 a j .i j

FullSimplify TrigReduce C3 a j .D j , t ;

;

v r FullSimplify TrigReduce
1

l
Rr C3 e t .i r

FullSimplify TrigReduce C3 e t .D r , t ;

For j 1, j l, j ,

Print "v z ", j, " ", v j MatrixForm ;

;

Print "v z r ", v r MatrixForm ;

Print r MatrixForm ;
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 (a) (b) (c) 

Figure A.3 – Simulink block for VSD transformation in direct (a) and inverse (b) form, and the properties tab 

(c). 

 

 

A.3 Creation of VSD Matrix (Matlab and Mathematica) 

Section 4.4 of the thesis deals with the machine model in terms of VSD variables. In particular, 

subsection 4.4.1 proposes unified algorithm for the creation of the VSD matrix in a general case, i.e. 

valid for any standard asymmetrical or symmetrical configuration with single or multiple neutral points. 

Furthermore, VSD matrices created by the proposed algorithm are used throughout the thesis whenever 

there was a need for direct or inverse VSD matrix, in both simulations and experiments. 

Matlab implementation of the proposed algorithm is in a form of Simulink block which acts as the 

direct/inverse VSD transformation for a symmetrical/asymmetrical n-phase polyphase system where n 

is a phase number larger or equal to three. Both power and amplitude invariant transformation are 

considered. Developed Simulink block is shown in the Fig. A.3a and A.3b in the direct and inverse 

VSD configuration, respectively. In this example, selected VSD transformations are intended for the 

asymmetrical 9-phase machine with three neutral points; hence, in the properties tab, shown in the Fig. 

A.3c, the number of phases is 9, number of phases per winding set is 3 and asymmetrical ‘tick box’ is 

checked. Similarly as in the case of the induction machine Simulink block, information on the selected 

configuration are shown here in the block icon as well, i.e. text at the top and schematic of selected 

machine configuration. In addition, subspace constants, as per subsection 4.4.2, are written at the bottom 

of the block icon. Code in Icon & Ports of the VSD Simulink block mask is as follows: 

% display text 

text(block_size(1)/2, block_size(2)-8, symmetry, 'hor', 'center', 'texmode','on'); 

text(block_size(1)/2, block_size(2)-20, machine_type, 'hor', 'center', 'texmode','on'); 

text(block_size(1)/2, block_size(2)-32, pow_inv, 'hor', 'center', 'texmode','on'); 

text(block_size(1)/2, 22, 'subspace constants:', 'hor', 'center', 'texmode','on'); 

text(block_size(1)/2, 10, ['( ', num2str(coeff_list), ' )'], 'hor', 'center', 'texmode','on'); 

  

% display port label 

v z 1

Lls i 1 t Lmms i 1 t i 2 t i 3 t i r t Rs i 1 t

Lls i 1 t Lmms i 1 t i 2 t i 3 t i r t Rs i 1 t

Lls iz 1 t Rs iz 1 t

v z 2

Lls i 2 t Lmms i 1 t i 2 t i 3 t i r t Rs i 2 t

Lls i 2 t Lmms i 1 t i 2 t i 3 t i r t Rs i 2 t

Lls iz 2 t Rs iz 2 t

v z 3

Lls i 3 t Lmms i 1 t i 2 t i 3 t i r t Rs i 3 t

Lls i 3 t Lmms i 1 t i 2 t i 3 t i r t Rs i 3 t

Lls iz 3 t Rs iz 3 t

v z r

1

3
Rr i r t

1

3
Llr i r t e t i r t Lmms i 1 t i 2 t i 3 t i r t e t i 1 t i 2 t i 3 t i r t

1

3
Llr i r t e t i r t Lmms i 1 t i 2 t i 3 t i r t e t i 1 t i 2 t i 3 t i r t

1

3
Rr i r t

1

3
Llr iz r t

1

3
Rr iz r t
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if inverse 

    port_label('input',  1, ' f_{VSD}', 'texmode','on'); 

    port_label('output', 1, 'f_{phase} ', 'texmode','on'); 

else 

    port_label('input',  1, ' f_{phase}', 'texmode','on'); 

    port_label('output', 1, 'f_{VSD} ', 'texmode','on'); 

end 

  

% plot machine diagram 

ends = 20 .* exp(1i.*phase_shift); 

x=[]; y=[]; 

x0 = block_size(1)/2; 

y0 = block_size(2)/2-5; 

for ii = 1:1:phase_num 

    x = [x, x0+[0, real(ends(ii))] ]; 

    y = [y, y0+[0, imag(ends(ii))] ]; 

end 

plot(x,y); 

 

All parameters and variables used are either defined in the block properties or in the block 

initialisation as follows: 

% parameter checking 

np_num = phase_num / phases_per_set; 

if ( phase_num < 3 | phase_num ~= floor(phase_num) | ... 

     phases_per_set < 3 | ~isprime(phases_per_set) | ... 

     np_num ~= floor(np_num) | ... 

     (phase_num == phases_per_set) & (asymmetrical == 1) | ... 

     (phase_num == phases_per_set) & (single_NP == 0) ... 

     ) ... 

    error('Wrong input parameters!!!'); 

end 

  

% parameters for symbol drawing 

pos = get_param(gcbh,'Position'); 

block_size = [pos(3)-pos(1), pos(4)-pos(2)]; 

if ( asymmetrical & np_num~=1 ), symmetry = ['asymmetrical']; 

else symmetry = ['symmetrical']; end 

if ( single_NP | np_num==1 ), np = ['1 NP']; 

else np = [num2str(np_num), ' NPs']; end 

machine_type = [num2str(phase_num), '-phase, ', np]; 

if ( power_invariant ), pow_inv = ['power invariant']; 

else pow_inv = ['amplitude invariant']; end 

  

%%% phase propagation angles (for symbol drawing only) 

phase_shift = zeros(phase_num); 

for jj = 1:1:np_num 

    for ii = 1:1:phases_per_set 

        if asymmetrical % asymmetrical case 

            phase_shift((ii-1)*np_num+jj) = (pi/phase_num)*((ii-1)*2*np_num+jj-1); 

        else % symmetrical case 

            phase_shift((ii-1)*np_num+jj) = (2*pi/phase_num)*((ii-1)*np_num+jj-1); 

        end 

    end 

end 

  

%%% subspace coefficients (for display only) 

if asymmetrical % asymmetrical 

    coeff_list = 1:2:phase_num; 

    coeff_list = coeff_list( coeff_list < phase_num ); 

else % symmetrical 

    coeff_list = 1:1:(phase_num/2); 

    coeff_list = coeff_list( coeff_list < phase_num/2 ); 

end 

if single_NP 

    coeff_list = [ coeff_list( mod(coeff_list, phases_per_set) ~= 0 ), ... 

                   coeff_list( mod(coeff_list, phases_per_set) == 0 ) ]; 

else 

    coeff_list = coeff_list( mod(coeff_list, phases_per_set) ~= 0 ); 

end 

  



 

Derivation and Implementation Codes Appendix A 

151 

 

VSD transformation block is created as Matlab function where icon is modified to depict selected 

machine configuration, as previously described. Therefore, actual VSD creation algorithm, detailed in 

the subsection 4.4.1 of the thesis, is contained inside Matlab function and is as follows: 

function out = vsd( in, phase_num, phases_per_set, asymmetrical, single_NP, power_invariant, 

inverse) 

  

persistent trans; 

if isempty(trans) 

    trans = zeros(phase_num, phase_num); 

    ws_num = phase_num/phases_per_set; 

     

    % VSD and zero-sequence coefficients 

    if power_invariant 

        vsd_coeff = sqrt(2/phase_num); 

        zs_coeff = sqrt(1/2); 

    else 

        vsd_coeff = 2/phase_num; 

        zs_coeff = 1/2; 

    end 

     

    % defining phase propagation angles 

    ps = zeros(1,phase_num); 

    for jj = 1:1:ws_num 

        for ii = 1:1:phases_per_set 

            if asymmetrical % asymmetrical case 

                ps((ii-1)*ws_num+jj) = (pi/phase_num)*((ii-1)*2*ws_num+jj-1); 

            else % symmetrical case 

                ps((ii-1)*ws_num+jj) = (2*pi/phase_num)*((ii-1)*ws_num+jj-1); 

            end 

        end 

    end 

     

    % defining subspace coefficients 

    if asymmetrical % asymmetrical 

        all_coeffs = 1:2:phase_num; 

        all_coeffs = all_coeffs( all_coeffs < phase_num ); 

    else % symmetrical 

        all_coeffs = 1:1:(phase_num/2); 

        all_coeffs = all_coeffs( all_coeffs < phase_num/2 ); 

    end 

     

    % non-neutral point sub-spaces 

    index = 1; 

    for jj = all_coeffs 

        if mod(jj, phases_per_set) ~= 0 

            trans(index, :)   = cos(jj*ps); 

            trans(index+1, :) = sin(jj*ps); 

            index = index + 2; 

        end 

    end 

     

    % neutral point sub-spaces 

    for jj = all_coeffs 

        if (mod(jj, phases_per_set) == 0) 

            trans(index, :)   = cos(jj*ps); 

            trans(index+1, :) = sin(jj*ps); 

            index = index + 2; 

        end 

    end 

     

    % zero sequence/s for single neutral point 

    if mod(phase_num,2) % odd number of phases 

        trans(index,:) = zs_coeff.*cos(phase_num*ps); 

    else % even number of phases 

        if ~asymmetrical 

            trans(index, :)   = zs_coeff.*cos(phase_num*ps); 

            trans(index+1, :) = zs_coeff.*cos((phase_num/2)*ps); 

        end 

    end 

     

    % amplitude or power invariant transformation 

    trans = vsd_coeff.*trans; 
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    % account for additional zero-sequences in the case of the multiple NPs 

    if ~single_NP 

        if power_invariant 

            one_zero_seq = repmat([1/sqrt(phases_per_set), zeros(1, ws_num-1)], 1, 

phases_per_set); 

        else 

            one_zero_seq = repmat([1/phases_per_set, zeros(1, ws_num-1)], 1, phases_per_set); 

        end 

        for jj = phase_num-(ws_num-1):1:phase_num 

            trans(jj, :) = one_zero_seq; 

            one_zero_seq = circshift(one_zero_seq, [0,1]); 

        end 

    end 

     

    % direct or inverse VSD 

    if (inverse) 

        trans = inv(trans); 

    end 

end 

  

% calculation 

out = trans * in; 

  

Creation of actual transformation matrix is constrained to the initialisation of persistent variable 

trans, hence it is executed only once, while only matrix multiplication takes place at each simulation 

step, as can be seen in the last line of the shown code. 

VSD creation algorithm is implemented in the Wolfram Mathematica as well so that it can be used 

to find relationship between MS and VSD variables in the following section. This is done by creating a 

Mathematica function and exporting it to the Mathematica package. Inputs to the function are number 

of phases per winding set, number of winding sets, whether the machine is asymmetrical or symmetrical 

with single or multiple neutral points, and should the transformation be power or amplitude invariant. 

Mathematica function that returns VSD matrix as a result is as follows: 

 
 

VSD matrix

Vsd k , l , asymmetrical , singleNP , powerInv : Module

n, ps, coeffs, tVsd, sigma, sigmaZS, jj, zs ,

n k l;

define phase propagation angles and subspace coefficients

If asymmetrical 1, asymmetrical case

ps ArrayFlatten Table
n

2 l ii 1 jj 1 , ii, 1, k , jj, 1, l , 1 ;

coeffs Join Cases Range 1, n, 2 , x ; Mod x, k 0 && x n , Cases Range 1, n, 2 , x ; Mod x, k 0 && x n ;

, symmetrical case

ps ArrayFlatten Table
2

n
l ii 1 jj 1 , ii, 1, k , jj, 1, l , 1 ;

coeffs Join Cases Range 1,
n

2
, 1 , x ; Mod x, k 0 && x

n

2
, Cases Range 1,

n

2
, 1 , x ; Mod x, k 0 && x

n

2
;

;

define subspaces

tVsd Table 0, 2 Length coeffs , n ;

For jj 1, jj Length coeffs , jj,

tVsd 2 jj 1 Cos coeffs jj ps ;

tVsd 2 jj Sin coeffs jj ps ;

;

deffine power invariance coefficient

If powerInv 1, power invariant

sigma
2

n
; sigmaZS

1

2

;

, amplitude invariant

sigma
2

n
; sigmaZS

1

2
;

;
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A.4 Correlation Between VSD and MS Variables (Mathematica) 

Relationship between VSD and MS variables has been developed in the section 4.5 of the thesis, 

while the results are verified here by Wolfram Mathematica. Firstly, relationship equations (4.62) and 

(4.63) are implemented in a form of Mathematica function as follows: 

 

define zero sequence s if any exist

If OddQ n , odd number of phases single zero sequence

AppendTo tVsd, sigmaZS Cos n ps ;

, symmetrical with even number of phases two zero sequences

If asymmetrical 0,

AppendTo tVsd, sigmaZS Cos n ps ;

AppendTo tVsd, sigmaZS Cos
n

2
ps ;

;

;

amplitude phase invariance

tVsd sigma tVsd;

single or multiple neutral points

If singleNP 1,

coeffs
1

k

. ; powerInv 1
1

k
;

zs Flatten Table coeffs, Table 0, l 1 , k , 2 ;

For jj n l 1, jj n, jj,

tVsd jj zs;

zs RotateRight zs, 1 ;

;

;

Return tVsd ;

;

export to Mathematica package

Save NotebookDirectory "VSD matrix.m", Vsd ;

relation between multi stator and Vector Space Decomposition

VSDtoMS l , asymmetrical : Module

ss, ii, ssNum, out ,

out Table 0 , l ;

subspace

out 1
1

l
Sum f ii , ii, 1, l ;

non zero sequence xy subspaces

For ss 1, ss l, ss,

If OddQ ss ,

out ss 1
1

l
Sum f ii

ss 1 ii 1
l , ii, 1, l ;

,

out ss 1
1

l
Sum f ii

ss ii 1
l , ii, 1, l ;

;

;

zero sequence xy subspaces

If OddQ l ,

ssNum
3 l 1

2
;

,

If asymmetrical 1, ssNum
3 l

2
;, ssNum

3 l 2

2
; ;

;

For ss l, ss ssNum, ss,

If asymmetrical 1,

AppendTo out,
2

l
Sum fz ii

2 ss l 1 ii 1
l , ii, 1, l ;

,

AppendTo out,
2

l
Sum fz ii

2 ss l 1 ii 1
l , ii, 1, l ;

;
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Then, a procedure to obtain relationship between VSD and MS described in the section 4.5 is 

implemented in Mathematica. Finally, results are compared for both symmetrical and asymmetrical 

case with a single neutral point. Input to the system is the number of 3-phase winding sets and 

information whether the calculation is going to be executed symbolically or numerically. Numerical 

calculation is necessary when there is no reasonably simple expression for sin/cos of the phase 

propagation angle, e.g. 15-phase case. Mathematica code that executes aforementioned, with the 

example of a 9-phase case, is as follows: 

 

;

zero sequence homopolar components

If OddQ l ,

If asymmetrical 1,

AppendTo out,
1

l
Sum fz ii Cos ii 1 , ii, 1, l ;

,

AppendTo out,
1

l
Sum fz ii Cos ii 1 2 , ii, 1, l ;

;

,

If asymmetrical 1,

AppendTo out,
1

l
Sum fz ii Cos ii 1 2 , ii, 1, l ;

AppendTo out,
1

l
Sum fz ii Cos ii 1 , ii, 1, l ;

;

;

Return out ;

;

export to Mathematica package

Save NotebookDirectory "VSD MS relation.m", VSDtoMS ;

define number of winding sets

l 3;

set numerical to 1 if cannot compute symbolically, e.g. l 5

numerical 0;

some initialisation code

Get NotebookDirectory "VSD matrix.m" ;

Get NotebookDirectory "VSD MS relation.m" ;

n 3 l;

$Assumptions Table f ii , f ii , f ii , fz ii , ii, 1, l Reals ;

phase propagations angles

psS ArrayFlatten Table
2

n
l ii 1 jj 1 , ii, 1, 3 , jj, 1, l , 1 ;

psA ArrayFlatten Table
n

2 l ii 1 jj 1 , ii, 1, 3 , jj, 1, l , 1 ;

create VSD matrices

Vsd k,l,asymmetrical,single neutral point,powerInvariant

TvsdS Vsd 3, l, 0, 1, 0 ;

TvsdA Vsd 3, l, 1, 1, 0 ;

If numerical 1, TvsdS TvsdS N; TvsdA N; ;

3 phase Clarke's transformation

C3 alpha :
2

3
Cos alpha , Cos alpha

2

3
, Cos alpha

4

3
,

Sin alpha , Sin alpha
2

3
, Sin alpha

4

3
,

1

2
,

1

2
,

1

2

Symmetrical case calculation

For jj 1, jj l, jj, apply inverse Clark's transformation

f jj , f jj l , f jj 2 l Inverse C3 psS jj . f jj , f jj , fz jj ;

;

fPhase Table f ii , ii, 1, n ;

fVsd 1 FullSimplify Expand TvsdS.fPhase ; apply VSD transformation

Asymmetrical case calculation

For jj 1, jj l, jj, apply inverse Clark's transformation

f jj , f jj l , f jj 2 l Inverse C3 psA jj . f jj , f jj , fz jj ;

;
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fPhase Table f ii , ii, 1, n ;

fVsd 2 FullSimplify Expand TvsdA.fPhase ; apply VSD transformation

transform to complex form and simplify coefficients

For mm 1, mm 2, mm,

first l subspaces

For jj 1, jj
n

2
, jj,

re fVsd mm 2 jj 1, 1 ;

im fVsd mm 2 jj, 1 ;

coeff
1

l
. ; jj l

2

l
; jj l ?

2

l
,

1

l

cpx Solve solve for temp

Eliminate eliminate f , f and express by f f

Flatten temp re I im, Table f ii f ii f ii , f ii f ii f ii , ii, 1, l ,

Flatten Table f ii , f ii , ii, 1, l

,

temp ;

simpConstant cc : Abs cc Mod Arg cc ,2 ; define function to simplify coefficients

subspace HoldForm Evaluate coeff simpify coefficients to mag arg form

Collect
cpx 1, 1, 2

coeff
, Flatten Table f ii , f ii , fz ii , ii, 1, l , simpConstant ;

If jj 1, save variables

fVsdCmp mm "f ", subspace ;,

AppendTo fVsdCmp mm , "fxy" ToString jj 1 " ", subspace ; ;

;

remaining subspace zero sequence s

If OddQ n , single zero sequence homopolar component

AppendTo fVsdCmp mm , "fz ", fVsd mm n, 1 ;

,

If mm 2, single zero sequence subspace asymmetrical case

subspace HoldForm Evaluate
2

l

Collect
l

2
fVsd mm n 1, 1 fVsd mm n, 1 , Table fz ii , ii, 1, l , simpConstant ;

AppendTo fVsdCmp mm , "fxy" ToString
n

2
" ", subspace ;

, two zero sequence homopolar components symmetrical case

AppendTo fVsdCmp mm , "fz ", fVsd mm n 1, 1 ;

AppendTo fVsdCmp mm , "fz ", fVsd mm n, 1 ;

;

;

;

print meaningful output

Print "Phase propagation angles:" ;

Print " symm ", psS 180 ;

Print " asymm ", psA 180 ;

Print "Expression produced by the calculation: real form " ;

Print "VSDs ", MatrixForm fVsd 1 , " VSDa ", MatrixForm fVsd 2 ;

Print "Expression produced by the calculation: complex form " ;

Print "VSDs ", MatrixForm fVsdCmp 1 TraditionalForm, " VSDa ", MatrixForm fVsdCmp 2 TraditionalForm ;

Print "Expression produced by the equation for general case: complex form " ;

Print "VSDs ", MatrixForm VSDtoMS l, 0 TraditionalForm, " VSDa ", MatrixForm VSDtoMS l, 1 TraditionalForm ;

Print "VSDtoMS calculated VSDtoMS equations : shoud be zero vector " ;

Print "VSDs ", fVsdCmp 1 ;; , 2 VSDtoMS l, 0 ReleaseHold FullSimplify Chop MatrixForm TraditionalForm,

" VSDa ", fVsdCmp 2 ;; , 2 VSDtoMS l, 1 ReleaseHold FullSimplify Chop MatrixForm TraditionalForm ;

Phase propagation angles :

s y m m 0, 40, 80, 120, 160, 200, 240, 280, 320

a s y m m 0, 20, 40, 120, 140, 160, 240, 260, 280

Expression produced by the calculation : real form

VSDs

1

3
f 1 f 2 f 3

1

3
f 1 f 2 f 3

1

6
2 f 1 f 2 f 3 3 f 2 f 3

1

6
3 f 2 3 f 3 2 f 1 f 2 f 3

1

6
2 f 1 f 2 f 3 3 f 2 f 3

1

6
3 f 2 3 f 3 2 f 1 f 2 f 3

1

3
2 fz 1 fz 2 fz 3

f z 2 f z 3

3

1

3
fz 1 fz 2 fz 3

VSDa

1

3
f 1 f 2 f 3

1

3
f 1 f 2 f 3

1

6
2 f 1 f 2 f 3 3 f 2 f 3

1

6
3 f 2 3 f 3 2 f 1 f 2 f 3

1

6
2 f 1 f 2 f 3 3 f 2 f 3

1

6
3 f 2 3 f 3 2 f 1 f 2 f 3

1

3
2 fz 1 fz 2 fz 3

f z 2 f z 3

3

1

3
fz 1 fz 2 fz 3
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Expression produced by the calculation : complex form

VSDs

f
1

3
f 1 f 2 f 3

fxy1
1

3
f 1

2

3 f 2

2

3 f 3

fxy2
1

3
f 1

2

3 f 2

2

3 f 3

fxy3
2

3
fz 1

2

3 fz 2

2

3 fz 3

fz
1

3
fz 1 fz 2 fz 3

VSDa

f
1

3
f 1 f 2 f 3

fxy1
1

3
f 1

2

3 f 2

2

3 f 3

fxy2
1

3
f 1

2

3 f 2

2

3 f 3

fxy3
2

3
fz 1 3 fz 2

2

3 fz 3

fz
1

3
fz 1 fz 2 fz 3

Expression produced by the equation for general case : complex form

VSDs

1

3
f 1 f 2 f 3

1

3
f 1

2

3 f 2

2

3 f 3

1

3
f 1

2

3 f 2

2

3 f 3

2

3
fz 1

2

3 fz 2

2

3 fz 3

1

3
fz 1 fz 2 fz 3

VSDa

1

3
f 1 f 2 f 3

1

3
f 1

2

3 f 2

2

3 f 3

1

3
f 1

2

3 f 2

2

3 f 3

2

3
fz 1 3 fz 2

2

3 fz 3

1

3
fz 1 fz 2 fz 3

VSDtoMS calculated VSDtoMS equations : shoud be zero vector

VSDs

0

0

0

0

0

VSDa

0

0

0

0

0
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Appendix B 

DESCRIPTION OF THE EXPERIMENTAL SETUP 

B.1 Hardware Description 

Three different experimental setups have been used in the thesis: configuration with RL load in the 

section 4.6 to demonstrate imbalance in the phase voltages harmonics of an asymmetrical machine with 

single neutral point, configuration with two two-level VSIs with dc links connected in parallel in chapter 

5 and topology with two two-level and single three-level VSI with dc links connected in series in chapter 

6. Since schematics of the used experimental setup are available in the respective parts of the thesis, 

they are not repeated here. Instead, a more detailed description of the used components, which is not 

available elsewhere in the thesis, is provided. Nevertheless, for the sake of completeness, a picture of 

the most used experimental setup, the one used in chapter 5, is shown in the Fig. B.1. The following 

equipment can be seen: 

- Asymmetrical 9-phase induction machine. 

- Dc machine shaft-coupled to the 9-phase induction machine. 

- Magtrol TM250 torque meter. 

- Two custom made two-level 8-phase voltage source inverters. 

- dSPACE rapid prototyping system and Windows PC used for control. 

- Two Tektronix oscilloscopes with active high voltage differential and current probes. 

- Spitzenberger & Spies PAS2500 linear power amplifier capable of 4 quadrant operation with 

accompanying resistive load RL4000. 

- Sorensen SGI600/25 single quadrant dc-voltage source. 

Besides shown, additional pieces of equipment used in the experiments in the chapter 6 are as follows: 

- Single custom made three-level 6-phase NPC voltage source inverter. 

- Current and voltage measurement sensors adapted to work with dSPACE. 

- Resistor box used to load the dc machine. 

The additional equipment used in experiments of the fourth chapter is a simple RL load, which has been 

already described; hence, it is not discussed here any further. 
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Figure B.1 – Experimental setup. 

 

Experiments in chapters 5 and 6 use a custom made asymmetrical 9-phase induction machine. It is 

created by rewinding the stator winding of the standard 3-phase induction machine. Original machine 

is a 3-phase induction machine with squirrel cage rotor, made by FFD Austria, with model number 

2SIE100L4A. It had two pole pairs, 36 stator slots and distributed windings, rated at 230 V phase-to-

neutral, 2.2 kW, 4.5 A. After rewinding the stator in such a way that windings of each phase take 4 

slots, resulting machine has nine phases with asymmetrical winding configuration; both ends of each 

phase are available so that machine can be supplied in single and double sided configurations. New 9-

phase machine is with single pole pair, with the same voltage and power rated values, while rated phase 

current is 1.5 A. Parameters are given in the table B.1. 

Table B.1 – Parameters of the Asymmetrical 9-phase induction machine. 

Rs Rr Lls Llr Lm 

5.3  2  24 mH 11 mH 520 mH 

Machine has shaft-mounted Omron E6B2-CWZ1X rotary incremental encoder for position 

measurement. Encoder resolution is 1000 pulses per revolution and it is connected to dSPACE DS3002 

encoder board. 

Controlled 9-phase machine is shaft-coupled to the dc-machine which can produce positive or 

negative torque depending on the winding current. Used dc machine is Baldor VP3605D rated at 

3.7 kW, 180 V, 24.5 A and 1750 rpm. Field is produced by permanent magnets; hence, there is no 

capability to operate above rated speed. Consequently, speed of both dc and induction machine is 

limited to 1750 rpm. 

In order to produce both positive and negative torque and be able to make a step change in load 

torque (torque reversal), dc machine has been connected to the Sorensen SGI600/25 dc source and 

variable resistive load. Since used dc source is capable of operation in single quadrant, care should be 

taken when machine reverses, i.e. dc source cannot produce negative voltage nor sink current, so 

connecting cables need to be reversed. There are three possible scenarios of using this configuration: 

- Dc machine operates in generating mode: stator current and torque are governed by machine 

speed and chosen resistive load. 
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- Dc machine operates in motoring mode: stator current and torque are set by dc source which 

operates in constant current mode (torque is unrelated to the rotational speed). 

- Dc machine changes operation from generating to motoring mode in a step manner: stator 

current is initially set by resistor box (generation) and then dc source output is enabled 

(motoring) so that it sources current to both dc machine and resistor box. 

In all three cases mechanical torque is measured by Magtrol TM-210 torque meter. It is supplied by 

accompanying signal amplifier Magtrol 6400. Information on mechanical torque, speed and power is 

available on amplifier display. Moreover, one of the single-ended basic oscilloscope voltage probes is 

connected to the torque meter output so that torque value is available on the oscilloscope as well. Torque 

meter voltage gain is 10 Nm/V. One of the features of the torque meter is a settable 2nd order Butterworth 

low-pass filter. In this case it set to 200 Hz. 

Two level VSIs, used to supply the induction machine, are custom made. Output voltages are set by 

three Infineon FS50R12KE3 EUPEC IGBT 6-pack power modules. Eight legs are used as output, while 

the remaining one drives the braking resistor to protect dc-link capacitors in the case of the power 

reversal. Dc link can be supplied directly by dc-voltage source or by 3-phase grid. In the second 

scenario, grid voltage is rectified by three Semikron SKKD 46 rectifier modules. VSI is equipped with 

current measurement based on Honeywell CSNE151-100 current sensors. Each phase current is 

measured and made available to dSPACE DS2004 ADC board over DB50 connector. Gating signals to 

the VSI are provided by dSPACE DS5101 digital waveform output (DWO) board over DB37 connector. 

In this particular case, when the 9-phase machine is supplied, two VSIs are needed. However, in 

order to control both VSIs with a single 16 channel DWO board, only seven channels are available per 

VSI while remaining two channels are used as enable signals, i.e. one for each VSI. Machine is 

connected in such a way that the first two winding sets are supplied by one VSI and the remaining 

winding set by the second inverter. 

In the case when cascaded connection of VSI dc links is needed, two two-level VSIs and a single 

three-level VSI are used. Three-level VSI used here is set to provide two-level output. Each winding 

set is supplied by the individual inverter, as explained in the chapter 6. In this configuration, two 

dSPACE DWO boards are needed; the first one provides gating signals for two two-level VSIs, while 

the second one drives a single three-level VSI. Moreover, measurement is not done by the VSI internal 

current measurement sensors. Instead, phase currents and all three dc-link voltages are measured by 

separate measurement boxes. Current measurement box is created by using Honeywell CSNE151-100 

current sensors, while LEM LV25-P voltage sensors are used to capture voltages in the voltage box. 

Both current and voltage box are connected to filter box which provides 1st order low-pass filtering and 

reroutes signals so that all can be captured by dSPACE ADC board over DB50 connector. 

Used three-level VSI is of NPC type, created by use of Semikron SKM50GB12T4 IGBT modules 

and Semikron SKKD 46 rectifier modules. It can be supplied in the same manner as the two-level VSI, 

i.e. directly by dc-voltage source or by 3-phase grid. Even though external current measurement is used, 
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internal current measurement is possible in the same manner as in the two-level VSIs, by use of 

Honeywell CSNE151-100 current sensors. 

In the experiments, dc-link voltage is provided by Spitzenberger & Spies linear power amplifier. It 

consists of three PAS2500 modules where each module is capable of four-quadrant operation up to 

2.5 kW. Dc-link voltage of 600 V is created by setting the one module to +300 V, while the second one 

produces -300 V. To aid the operation in the 2nd and 4th quadrants, i.e. power sinking, resistive load 

RL4000 is connected to the main power amplifier. 

Control and measurement in all experiments is achieved using dSPACE rapid prototyping system. 

It consists of main processor board DS1006 and multiple peripheral boards: 

- DS5101, digital waveform output board, used for gating signal generation. 

- DS2004, analogue to digital converter board, used for current/voltage measurements. 

- DS3002, encoder board, used for capturing encoder pulses and finding position and speed. 

- DS2101, digital to analogue converter board, used to provide synchronisation with 

oscilloscopes. 

More details regarding the control system is available in the following section which describes software 

part of the experimental setup. 

dSPACE system can only collect measurements at the control loop frequency. Therefore, two 

oscilloscopes are used for more precise measurements, i.e. Tektronix DPO2014b and MSO2014b. Both 

are 100 MHz, four channel, deep memory scopes with 1 GS/s sampling frequency and 1.25 million 

points memory depth, where the second one is a mixed signal oscilloscope as well. In this thesis, one 

scope is used to capture three voltages, while the other captures three currents and the torque. Voltage 

is measured using high voltage active differential probes Tektronix P5205A, while currents are 

measured by active current probes Tektronix TCP0030A. Torque is available from the torque sensor, 

as detailed before. Both scopes are synchronised to the same signal by an auxiliary channel. 

B.2 Software Description 

Although description of the control loops and implementation is described throughout the thesis 

where appropriate, it is felt that actual implementation in dSPACE rapid prototyping system should be 

provided as well. All experiments conducted in the thesis are initially tested by simulation in Simulink 

environment. Since dSPACE workflow is capable of using Simulink files by means of Simulink Coder, 

initial Simulink file is adapted by removing blocks that simulate hardware physically available in the 

laboratory and adding dSPACE specific blocks to create an interface to the dSPACE peripheral boards. 

This enables execution of the developed control on dSPACE processor board DS1006, while all user 

inputs are provided by graphic user interphase developed in Control Desk. 

Firstly, machine model, VSI model, and PWM modulator are removed. Instead, dwell times are 

calculated and provided as variables to the DWO board (DS5101) by use of DS5101DWO block from 

the dSPACE specific Real-Time Interface (RTI) library. DS5101 board uses custom written code to 
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create gating signals based on calculated dwell time. Triangular carrier is assumed. Since DWO board 

uses high precision counter (250 ns ticks), it is used to generate an interrupt over PHS bus to the main 

processor board. DWO board interrupt is enabled and acknowledged by System Start and System 

Outputs blocks from the Simulink Coder library, respectively. Generated interrupt triggers the timer 

task and whole control code is executed. Furthermore, interrupt is synchronised with PWM signals so 

that control code is executed exactly at the beginning and in the middle of the switching period. By 

doing so, dSPACE sampling/execution frequency is double the switching frequency. Doubling of the 

control loop execution speed was found to be necessary in order to successfully eliminate 29th and 31st 

harmonics present in the machine phase current, as discussed in section 3.6 of the thesis. PWM 

switching frequency is set to 5 kHz, while control loop is executed at 10 kHz in all experiments. 

Since DWO board has 16 channels, one board is enough for producing gating signals for both two-

level inverters, e.g. experiments in the chapter 5. However, in the experiment conducted in the chapter 

6, three VSI are needed, hence two DWO boards are used; board A creates gating signals for the two 

two-level inverters, while board B creates gating signals for the single three-level inverter. 

Besides gating signal generation, phase current and rotor position values are required, so that IRFOC 

can be successfully implemented. Current measurements are provided by current sensors, while values 

are obtained by ADC board DS2004. Acquisition is started at each execution step by use of 

DS2004ADC_BLx block. Acquired current values are multiplied by predefined current sensor gains and 

offset is removed. Since acquisition is happening in the beginning and in the middle of the switching 

period, where current has an average value over switching period when triangular carrier is used, no 

additional filtering was needed. 

In order to capture encoder pulses, encoder board DS3002 is used. Position measurement is realised 

by counting the number of encoder pulses between two sample intervals. This behaviour is embedded 

in the DS3002POS_B1_C1 Simulink block which provides position and speed. Since this type of 

measurement is intended for high speed measurement and only few pulses were generated in one 

sampling interval when machine operates at 1000 rpm, error in measured position and speed could not 

be neglected. Therefore, position and speed measurement is started every 10 samples and additional 

filtering is implemented by use of the 2nd order low-pass filter. 

As mentioned earlier, all measurements are captured by dSPACE and oscilloscopes. However, these 

measurements need to be synchronised, so that both devices capture the same data. dSPACE and 

oscilloscopes are synchronised by use of DAC board DS2101, i.e. signal used to start the measurements 

over the dSPACE platform is used as a trigger signal for both oscilloscopes. For example, if a certain 

sequence needs to be recorded, starting of the sequence would be used to start both dSPACE and 

oscilloscope measurements. Control Desk Recorder is used to capture data by the dSPACE, while 

custom Matlab functions were created to access oscilloscopes and transfer captured data over VISA 

protocol. Communication between Matlab and oscilloscopes is made possible by use of Instrument 

Control Toolbox. 
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Figure B.2 – Example of the graphic user interface developed in Control Desk. 

 

Last but not least, graphic user interface to the dSPACE platform is created by Control Desk. This 

software allows for real time access to the control variables. An example of the developed graphic user 

interface is shown in the Fig. B.2. All basic drive controls can be seen, such as: turn the drive on/off, 

set a speed reference, control the low order harmonics elimination or control the current sharing. 
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