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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 

machineôs 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 a-b 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 (a-b) 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 

L ITERATURE 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 ςὲ ρ 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 machineôs 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 Parkôs transformations to a 

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

Clarkeôs decoupling transformation plus rotation to an arbitrary reference frame. However, Clarkeôs 

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

[Fortescue (1918)]. Fortescueôs 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 a-b 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 Clarkeôs 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 +5ws and -7ws. 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 Clarkeôs 

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 Clarkeôs 

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 ï 1.5 times depending on the coil 

configuration. Furthermore, a test where one of the winding sets is shorted while the otherôs 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 ï 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 

a-b 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 a-b 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 



 

Literature Survey Chapter 2 

24 

 

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 Clarkeôs 

transformations have been used to produce a-b 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 l iterature 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: 

Å Wind turbine model with gearbox and pitch control 

Å Maximum power point tracking (MPPT) control 

Å Multiphase machine model 

Å Indirect rotor field oriented control (IRFOC) for machine-side converter control 

Å 2-level and 3-level inverters in back-to-back configuration 

Å PLL for grid-side inverter synchronisation 

Å 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 ï Control systems of a WECS with back-to-back VSIs. 

 

 
Figure 3.2 ï 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-,é 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 
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Figure 3.3 ï WECS with cascaded machine-side VSIs. 

 

 
Figure 3.4 ï 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 machineôs 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 ï 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 ï 3.5b. Each 
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 a) WECS supplying ac micro-grids. b) WECS supplying dc micro-grids. 

Figure 3.5 ï 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 r 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
r=  (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 ï 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 wt is 

rotational speed of the turbine blades and r t is turbine rotor radius, tip speed ratio is defined as follows: 

  
w

tt

v

rw
l=  (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 lopt and blade pitch angle is kept at the 

optimal value, maximum conversion efficiency is achieved at the rotational speed: 

  
t

w
optt

r

v
lw=  (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 ï 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 w  (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 w=  (3.5) 

Considering the above, MPPT can be realised by keeping the machineôs torque at the value 

proportional to the square of the shaft speed: 

  2~ mmT w  (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 a-b 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 a-b 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 a-b subspace. In order to obtain equations in d-q variables, rotational transformation 

by arbitrary angle qa needs to be applied to the machine equations in stationary reference frame [Hu 

and Yang (2011)], as follows: 
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Matrix [Tqa] is rotational transformation for arbitrary angle qa 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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 (3.9b) 

Torque equation for the n-phase machine is as follows: 

 ( )dqqde iiP
n

T yy -=
2

 (3.10) 

Angular speeds wa, we and wsl are arbitrary reference frame rotational speed, rotor electrical rotational 

speed and rotor slip speed respectively. Together with rotor flux rotational speed wel and angle qel they 

are defined as follows: 

 esslslsleleleeaa dtdtdtdt wwwwqwqwqwq -===== ññññ ,,,,  (3.11) 

ws 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 

machineôs 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. 

qa = qel. Consequently, q component of the rotor flux vector yqr 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 ï 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, ws is 

equal to the arbitrary reference frame rotational speed wa. In other words, ws and wa are equal to the 

rotor flux speed wel. Consequently, all stator variables will have dc values, allowing the use of standard 

PI controllers for current control. 

Applying yqr = 0 to the machine equations (3.9) - (3.10), the expressions for machine flux and torque 

become: 

 dm
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r

r
dr iL
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d
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y
y  (3.12a) 
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r
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L
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n
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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=y  (3.13) 

Equations (3.12b) and (3.13) show that the machine flux and torque control are decoupled when ydr 

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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 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 ï 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 qe and slip angle qsl. When 

stator variable angular frequency ws equals the arbitrary reference frame speed wa, slip angular 

frequency wsl can be estimated as: 
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Finally, angle of rotor flux oriented reference frame (rotor flux angle qel) 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) ï (3.9b) should be taken into account in designing current 

controllers. When IRFOC is applied, angle qel 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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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 ï 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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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 (a-b / 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 w++=  (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 (a-b, 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 qel. 

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 w1 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

kjhksk
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PhIhPh
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1w++
=  (3.22) 

Since only components at the fundamental frequency are controlled, term hw1 is equal to wel 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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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 ï Complex Vector Proportional-Integral controller. 

 

 
Figure 3.12 ï 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: 
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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 ï 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. 



 

Wind Energy Conversion System Chapter 3 

39 

 

 
Figure 3.13 ï Phase currents with the harmonic control switched off and on. 

 

 
Figure 3.14 ï 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 ï 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 phaseôs 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 ï 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 ï Carrier, reference and leg voltage of one period of sinusoidal reference. 

 

 
Figure 3.17 ï 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], 
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Figure 3.18 ï Two carriers, reference, and leg voltage of one period of sinusoidal reference of 3L-CBPWM. 

 

 
Figure 3.19 ï Min-max injection. 

 

Table 3.3 ï 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 31 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 32. 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 **

**
maxmin

phiphi

phiphi

vv
vv

+
-=-  (3.27) 

to all phase voltage references. Implementation is shown in Fig. 3.19. 




















































































































































































































































