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Abstract 

This thesis proposes a high voltage DC generation system for off-shore wind applications. 

The proposed scheme consists of a high voltage (HV) hybrid generator, a passive rectifier, 

DC/DC converters and HVDC interconnection and transmission. The HV hybrid generator 

prime mover is a wind turbine that may incorporate a gear-stage or be a direct drive system. 

Mathematical models for the wind turbine operation are extracted from published literature 

and verified via comparisons with published commercial wind turbine characteristics. Two 

regions of operation for the wind turbine are proposed; a limited speed region and a high 

speed operation region. In the high speed region, the turbine rotor operates above the 

nominal speed and hence machine torque is reduced for a constant generated power output. 

This operating region would necessitate detailed aerodynamic and mechanical design of 

the turbine system which is out of the scope of this thesis. However, the operating principals 

are explored to study the operational implication of this mode on the HV hybrid generator 

design. The detailed machine design study focusses on the limited speed region which is 

current industry practice for wind turbine control and operation.  

The proposed wind generation scheme is studied and compared with a commercial off-

shore wind system installed in the UK. The analyses are carried out considering system 

steady-state operation for full-, three-quarter-, half- and one-quarter loads to identify the 

system envelope specification requirements, key technology gaps, benefits and system 

performance and deduce component ratings. Dynamic analysis is not addressed in this 

thesis. The proposed system results in higher efficiency, lower mass for the turbine power-

train and also interconnection and transmission cables. However, of greater significance is 

the reduction in power conversion plant at the turbine a feature that could reduce cost and 

improve system reliability. Specifically, the active power electronic converters and turbine 

transformer used in existing commercial systems are eliminated in the proposed system, 

therefore system complexity and component count are reduced.  

The proposed system offers a variable controlled voltage to the local wind farm 

interconnection and a fixed voltage for transmission through variable step-ratio DC/DC 
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converters. The proposed hybrid generator is a high voltage machine with two rotor 

components namely a wound field (WF) rotor and a permanent magnet (PM) rotor. The 

PM rotor provides a fixed voltage at a given fixed speed while the DC wound field adjusts 

the machine total output voltage within a specified range. Therefore, the machine output 

voltage is actively controlled to a desired level as the generator rotor speed varies during 

normal wind speed variations. Both rotors share a common stator wound with 9-phase 

distributed winding. It is shown that the 9-phase machine results in higher output voltage 

and hence it is more power dense when compared to a 3-phase machine. The hybrid 

generator design is based on an industrial high voltage machine, test results from which 

provides verification of the proposed design feasibility. Performance of the HV hybrid 

generator when connected via a passive rectifier is compared to the case when the machine 

is connected via a voltage source converter with pulse width modulation (PWM) current 

and over-modulated voltage control schemes.  

Two designs for the HV hybrid generator are proposed; a surface PM rotor and an 

embedded PM rotor design.  The DC wound field rotor design is the same in both designs. 

Finite element analysis (FEA) is used to study the machine electro-magnetic performance 

and MATLAB Simulink to process the results data. Machine losses including copper, 

windage and friction are calculated while the iron losses are predicted analytically from the 

machine field solution information and materials characteristics.  

Different insulation systems for the HV winding are studied based on commercial high 

voltage winding practice with the conclusion that the winding scheme is highly practicable.  
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Chapter 1 

 

Wind Energy Systems   

 

1.1 Introduction    

Wind energy systems have been the center of much attention in recent years resulting in 

many research publications and an increasing number of installed systems by industrial 

manufacturers, electrical grid operators and utilities [1-7]. Wind energy is a renewable and 

sustainable source of energy that is environmentally clean with regard to CO2 production 

[8]. However, wind energy varies with the wind velocity therefore it needs to be 

appropriately harvested to be useful [9]. Wind turbines are used to capture the kinetic wind 

energy and transform it to mechanical energy which is then converted to electrical energy 

by electrical generators. The flow chart in Fig. 1.1(a) shows a conversion scheme from 

wind to electrical energy. Basic power conversion train for a wind turbine is presented in 

Fig. 1.1(b). Wind turbine blades capture the energy in the wind by slowing down wind 

velocity. This energy is then transferred to the turbine rotor which spins a generator and 

electrical energy is produced. A gearbox is sometimes used to increase the turbine rotor 

speed to higher speed for suitable for the generator. If no gearbox is used the turbine 

generator is called direct drive generator (DDG). Existing turbine power-trains use 

industrially rated generator technologies such as the induction generator (IG) [4], 

synchronous generator (SG) [5], doubly fed induction generator (DFIG) [6], and permanent 

magnet (PM) generator [7] either with or without a gearbox. The turbine hub, shaft and 

other rotating parts are referred to as wind turbine rotor. Fig. 1.1(c) shows a 2.7 MW 

commercial wind turbine, ECO 122-2.7 MW, manufactured by Alstom. The turbine 
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conversion power-train is located at the top of the turbine tower i.e. in the Nacelle. 

Approximate length, size and mass of main turbine structure for the Alstom ECO 122-2.7 

MW is shown in Fig. 1.1(c). 

 

 

Turbine blades harvest the 
wind energy by slowing 
down the wind velocity

Harvested wind  energy 
appears as  mechanical 

energy on the turbine rotor

The turbine rotor spins an 
electromagnetic generator

Input wind energy 
(function of wind 

velocity)

Output electrical 
energy 

 

GB G

Generator: 
Induction generator (IG)
Synchronous generator (SG)
Permanent magnet generator (PMG)
Doubly-fed induction generator (DFIG)

Turbine 
Blade

Gearbox or 
Direct Drive 

Wind 
Energy 

 

(b) Basic wind turbine power-train components.  

Tower
(260 tonnes)

15 m

5 m3.5 m50 m

(20 tonnes)

100 m 

Nacelle (140 tonnes)Hub 
(40 tonnes)

 

(a) Conversion from wind to 

electrical energy. 
(c) Example 2.7 MW wind turbine [3].  

Fig. 1.1. Wind energy conversion. 
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Modern wind turbines normally have three blades with the capability of changing the angle 

of the blades with respect to the plane of the rotation of the turbine. This angle is called the 

pitch angle and is an important parameter in wind turbine control. Fig. 1.2 shows main 

components inside an Alstom wind turbine.  

Gear box

DFIG rated at 
1000 V

Transformer

Yaw system
Pitch control system

Turbine shaft

 

Fig. 1.2. Main components in an Alstom wind turbine [3]. 

The pitch control system changes the direction that the turbine blades are facing the wind. 

Therefore, by adjusting the pitch angle of a turbine desired amount of energy is harvested 

from the wind. At zero pitch angle the blades are fully facing the wind hence maximum 

wind energy is captured and as the pitch angle increases the energy harvested is reduced. 

The pitch angle is one of the tools that is used to control the power output of a wind turbine. 

The yaw control system rotates the turbine top parts (Nacelle, blades and hub) with respect 

to the turbine tower. In case the wind direction changes the yaw system moves the turbine 

towards the wind velocity direction or out of it if desired. The generator low output voltage 

is stepped-up using a transformer to a level suitable for transmission. The turbine 

transformer is placed at the bottom of the turbine tower in some wind turbines. For the same 
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power the direct drive generator has usually a bigger diameter than a gearbox coupled 

generator while its axial length is smaller. Fig. 1.3 compares a 3.6 MW commercial wind 

turbine with gearbox coupled generator manufactured by Siemens, SWT-3.6-107 3.6 MW, 

with a 2 MW wind turbine with direct generator manufactured by Enercon.  

1. Spinner
2. Blade
3. Pitch bearing
4. Rotor hub
5. Main bearing
6. Main shaft
7. Gearbox
8. Service crane

9. Brake disc
10. Coupling
11. Generator
12. Yaw gear
13. Tower
14. Yaw ring
15. Generator fan
16. Canopy

(a) Siemens SWT-3.6-107 3.6 MW wind turbine [10].  

 

 

1. Rotor blade
2. Rotor hub
3. Blade adapter
3. Annular generator
5. Main carrier
6. Yaw drive  

(b) Enercon E-82 2 MW wind turbine [11].  

Fig. 1.3. Wind turbine components. 
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To collect the wind energy in a desired large amount a number of wind turbines are 

normally clustered in a group and installed at an off-shore or on-shore ‘wind farm’ or ‘wind 

park’ an example of each is shown in Fig. 1.4.   

  

(a) Brazos on-shore wind farm, US [1]. (b) Walney off-shore wind farm, UK [2]. 

Fig. 1.4. Wind farms. 

There has been concerns about the on-shore wind parks mainly due to turbine noise, visual 

impacts on the environment in which the turbine is installed [12], harms to birds and also 

affecting neighboring property prices and limited land [12]. Therefore, much of the work 

in wind generation systems has shifted towards the off-shore wind installations. In the off-

shore locations the wind is usually stronger and steadier hence more power can be captured 

[12]. However, it is worth noticing that the cost of installations in the off-shore sites is 

normally higher than that of on-shore farms.  
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1.2 Motivation and Research Contributions     

The author of this thesis has contributed to future wind generation systems by introducing 

a new off-shore, high voltage DC generating system and a new high voltage generator 

concept for wind turbine applications. As far as the author is aware there has been no 

published data on high voltage (HV) generator design (22 kV and above) for wind turbine 

applications. A major obstacle to this has been the lack of commercially available power 

electronic switches at high voltage and high power. However, in the proposed system, the 

active converter is replaced with passive (diode) rectifiers that are commercially available. 

The novel generator technology proposed in this this thesis is referred to as a hybrid 

generator (HG). The HG uses two rotor parts, a permanent magnet (PM) and a DC wound 

field (WF) rotor, hence the hybrid term refers to combination of PM and WF rotors. The 

PM rotor has a fixed field and induces a fixed voltage into the stator as a function of rotor 

speed. The WF rotor is fed by a controlled DC current and induces a controlled variable 

voltage. Therefore, the machine output voltage is controlled over a limited speed range. A 

major requirement in existing wind generation schemes is that the turbine electrical supply 

system is required to operate at or near a constant voltage for all wind speed conditions. 

This is to ensure operation of the back-to-back VSC’s and ancillary components in the 

system including monitoring, measurements and maintenance equipment. However, by 

controlling the induced voltage due to the WF in the proposed HG, the machine output 

voltage and hence interconnecting system voltage is allowed to vary but in a controlled 

manner. To-date HVDC is mainly used for the transmission connections. Elimination of 

the two back-to-back VSC’s that are common in existing wind conversion systems has 

allowed the author to use HVDC connections for interconnection cables as well as the 

transmission cables. The proposed system contributes to mass reduction in the turbine 

Nacelle by using a HV generator and the turbine tower by eliminating the step-up 

transformer. The proposed system thus offers a much simplified power conversion system 

for wind generation, in particular the gearbox (GB), low voltage generator, back-to-back 

VSC’s and turbine transformer typical of existing commercial systems are replaced with a 

HV HG, a gearbox with lower gear ratio, and a passive rectifier. The new power conversion 
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system for off-shore applications further opens up new research areas. The high voltage, 

high power DC/DC converters used in the proposed system are an interesting technology 

that are subject of much research and development effort in the field of HVDC transmission 

and distribution. Finally, the thesis proposes a new operational region for wind turbines, 

here referred to as the high speed region, where the turbine rotor speed is allowed to exceed 

the nominal value, thus resulting in lower torque requirements for the machine in the 

constant power generation region.  
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1.3 Developments in the Wind Generation Systems    

Early wind mills date back to the year 644 A. D. used by Persians (Iranians) in the today’s 

Persian-Afghan border region of Seistan shown in Fig. 1.5 [9].   

 

Fig. 1.5. Early wind turbines were used by Persians in the Siestan region (Photo 

courtesy of Google Map). 

The early wind mills were used locally for different purposes such as grinding wheat and 

pumping water but producing electricity [9]. Around 1890s first wind turbines were 

manufactured to produce electricity using DC generators [9]. Design of wind turbines 

developed through the years by improved conversion power-train such as mechanics, new 

generators, power electronics and control systems. One of the early modern wind turbine 

technology used induction generator directly connected to the gird know as direct online 

(DOL) [13] as shown in Fig. 1.6. The DOL system was limited in energy conversion and 

required machine speed control via variable gearbox and blade pitch control. In the DOL 

IG magnetizing current and reactive current is supplied by local grid. In an improved DOL 
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connection the reactive power were countered by variable (switched) capacitance 

connected in parallel to machine terminals.  

DOL to local 
Network

GB IG

 

Fig. 1.6. DOL wind turbines.  

The DOL systems were later improved using DFIG and power electronic converters shown 

in Fig. 1.7. The two converters in the scheme presented in Fig. 1.7 are so call connected 

back-to-back. Each converter typically processes 1/3rd of the rated DFIG power [12]. The 

two converters decouple the rotor from machine output and allow the variable speed 

operation of DFIG within limited speed range [12], [14-20]. By injecting a variable 

frequency and amplitude voltage into the DFIG rotor the machine output voltage and 

frequency are control to fixed values [14-20].  
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Local 
Network

GB DFIG

AC/DC DC/AC

Fig. 1.7. DFIG and power electronic converters. 

The wind turbine power-trains based on DFIG are used in the today’s systems. However, 

wind turbine systems with fully rated power electronic converters, shown in Fig. 1.8, are 

current industry practice for many wind generation systems. The two converters are voltage 

source converter (VSC) being connected back-to-back. For the current systems the 

generator is usually an IG, a PM or a SG. Due to varying nature of the wind velocity the 

generator output voltage amplitude and frequency is variable. The generator side VSC i.e. 

VSC1 in Fig. 1.8 converts generator variable frequency and voltage amplitude to a fixed 

DC-link voltage. VSC2 converts DC-link voltage to a fixed frequency and voltage 

amplitude at the transformer input. The VSC’s decouples the generator from the grid, 

enabling variable speed operation. The DC-link voltage is maintained at its nominal value 

via grid connected VSC2. The transformer steps-up the voltage to a level suitable for 

transmission and sent it to the local grid.  
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GB Gen.
Local 

electricity 
grid

VSC1 VSC2VDC

IG, PM or 
SG 

Converts DC-link 
voltage to a fixed 

frequency and 
voltage amplitude 

Converts variable 
frequency and voltage 
amplitude to a fixed 

DC-link voltage    

Variable frequency 
and voltage 
amplitude 

Decouples the generator from the grid, enabling 
variable speed operation  

Turbine step-up transformer; is 
mounted in the nacelle, or in the 
tower, or at the base of the tower    

Fixed frequency and 
voltage amplitude 

 

Fig. 1.8. Wind turbine power-train with fully rated power electronic VSC’s.   

To-date studies have investigated many areas related to wind generation including, but not 

limited to, the control and stability of wind farms [21-22], power electronic converters for 

the turbine-generator power-trains [23-25] and DC grids for wind generation [26-34]. Liu 

et al [21] addresses wind farm stability and control using an impedance-based criterion 

where the VSC based HVDC transmission is used in an off-shore wind farm. For existing 

commercial wind generation systems, the aggregated power at the off-shore substation is 

transmitted to the shore via either high voltage AC (HVAC) or HVDC systems. Above a 

so called ‘break-even distance’ HVDC will have lower costs than HVAC systems, 

providing the same transmission power capacity is considered. However, with existing 

technologies the HVDC terminal station costs are generally more than those of AC systems 

[23], although this trend may change in the future with the development of higher voltage 

and current handling power electronic devices and converters. The choice between HVDC 

and AC system depends on several factors including voltage and power level, cost of 

devices, installations and labor costs, loss analysis and control capabilities [23]. However, 

trends suggest that as more systems are commercialized, HVDC converter station costs will 

continue to reduce making it the favored choice in the future. 
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Feldman et al [24] presents a hybrid modular multilevel VSC for the HVDC with voltage 

control option for real and reactive power. A review of different converter topologies, 

control method and efficiency is provided in [25] that includes (i) a PMG connected to 

passive rectifier back-to-back with thyristor (SCR) converter, (ii) PMG connected to a 

passive rectifier back-to-back with a voltage source inverter (VSI), (iii) PMG connected to 

a passive rectifier back-to-back with a VSI and chopper in between, (iv) PMG connected 

to two back-to-back VSC, (v) DFIG with a rectifier and a SCR, (vi) DFIG with two back-

to-back VSC (vii) DFIG with a matrix converter, (viii) IG connected to a passive rectifier 

and a VSC, and (ix) SG connected to passive rectifier with a DC/DC boost converter and 

an inverter. Advantages and disadvantages of different generator-converter topology is also 

addressed in [25]. The HVDC system proposed in [27] reduces the number of VSC in the 

system by using a higher rated VSC for a group of wind turbines. However, such a scheme 

results in lower (electrical) control functionality at the individual turbines. Veilleux [28] 

proposed a series HVDC interconnection system using PMG, passive recitifer and DC/DC 

converter for each turbine such that the off-shore platform is eliminated. However, not 

having a platform off-shore increases the system maintenance and serviceability. 

Moreover, the reliability of such system is at risk if the series connection fails. A HVDC 

system is proposed by ABB known as Windformer [29] that uses PMG connected to a 

passive rectifier which makes the Windformer unable of controlling the generator output 

voltage due to fixed PM excitation and lack of active power electronic converter hence it 

is infeasible to implement. The ABB Windformer was initially proposed in 2000 but has 

not been installed or investigated further.  

Muyeen et al [30] investigates dynamic and transient analyses of an off-shore wind farm 

with on three-level neutral point clamped VSC HVDC transmission where the maximum 

power point tracking (MPPT) control of the wind turbine is implemented via VSC’s while 

[31-334] provide a review of HVDC systems based on different topologies, application and 

models. Meyer et al [35] proposes a system of parallel DC interconnections where different 

topologies based on location of DC/DC converter is investigated and the topology where 

the DC/DC converters are placed on an off-shore substation is chosen. The DC grid 
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proposed by [35] employs DC/DC converters with a so-called single active bridge (SAB) 

topology [36]. Other topologies for high voltage, high power DC/DC converters have also 

been proposed based on dual active bridge (DAB) and resonant circuits [37-40].  

DC/DC converter based on two resonant circuits is discussed by in [38] while Meyer [40] 

studies a series resonant DC/DC converter based on a modified topology of a three-phase 

series resonant circuit (SRC) system. Max [41] discusses design and control considerations 

for a SAB DC/DC converter where the losses are evaluated and a variable frequency control 

method results in low losses. Two topologies for resonant switched-capacitor DC/DC 

converter are proposed in [42] while [43] provides design of a bidirectional resonant 30 kW 

DC/DC converter where it is capable of DC fault isolation. A series and a cascade topology 

for multiple modules DC/DC converter is offered by [44] where the converter achieves 

high gains at high voltages. Ortiz et al [45] present design of a high power DC/DC converter 

where DAB and SRC configurations are investigated with zero current switching (ZCS) 

and the converter efficiency reaches 98.6%.  

Different generator topologies and their comparison have also been proposed and 

demonstrated, although in small laboratory prototype scale [46-47]. Chau et al [46] 

proposed a hybrid excitation PM generator for the wind turbine application where a DC 

wound field winding is used in the stator in series with PM. The field winding regulates the 

machine fixed output voltage due to the PM excitation. However, the topology is complex 

and the paper offers a low voltage low power machine design. The hybrid excitation PM 

machine proposed in [47] has two stators and an outer rotor with 24 salient poles with no 

windings. The outer stator has a three-phase winding while the inner stator uses both PM 

and DC wound field windings. The configuration is complex and the machine is a low 

voltage low power generator. Pillai et al [48] discusses different generator topology for the 

wind turbine applications including cage and wound rotor IG, DFIG, PM and investigates 

the SG in more details. Benefits presented for the SG in [48] includes better power 

capability, transformer free since the HV SG is commercialized and widely in use, 

harmonic free and better fault current capability. However, on the disadvantages it 

discusses increased drive train mass and complexity for the SG compared to other generator 
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topologies. Margaris [49] studies a direct drive wound field SG connected to a grid via a 

passive rectifier, DC/DC converter and a VSC where three different control strategies are 

discussed (i) constant output voltage by SG excitation, maximum power point tracking by 

DC/DC converter and constant DC-link voltage using the VSC (ii) power control using SG 

excitation, voltage control by DC/DC converter and DC-link voltage control by VSC (iii) 

output voltage control by SG excitation, DC-link voltage control by DC/C converter and 

power control by the VSC.  Achilles et al [50] discusses a model used for both dynamic 

and steady state analysis of a SG connected to a grid using a passive rectifier, DC/DC 

converter to and a VSC. Behnke [51] develops a reduced order model for the SG connected 

a grid via VSC’s to study system response to disturbances. Performance of wind turbine 

during grid voltage disturbance and speed variations is studied. Spooner [52] proposed 

direct drive lightmass PM generator where the stator has no iron while Brisset [53] 

discusses different topologies for axial-flux direct drive PM generator for wind turbine 

application. The machine stator has 9-phase concentric winding and choice of 

configurations is based on finite element analysis (FEA).  A comparison between large 

scale geared and direct-drive generators for wind turbine applications has been presented 

in [54-56], however, the comparison does not include a total wind generation scheme hence 

the comparison is not comprehensive and cannot be generalized. Liserre [57] provides an 

overview of wind turbines in terms of generator technology, power electronic interface and 

control strategies for the system. It also briefly discusses system issues including harmonics 

and faults. Most turbine-generator systems are rated to an upper voltage limit of 1000 VAC. 

Although there are some experimented or prototype installations using higher voltage 

generators, such as a SG example operating at 13.8 kV [58]. 
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1.4 Thesis Outline      

This Chapter has presented a general overview of the wind generation industry to-date to 

introduce the subject area, energy conversion schemes and systems currently existing 

worldwide. The discussion is not presented as a comprehensive review of the industry, but 

as an introduction to the topic. A more detailed discussion of a wind energy form will be 

presented in later Chapters, in particular Chapter 3, where the Walney off-shore system is 

studied in some detail.  

Chapter 2 discusses the basics of wind turbine systems and their components. A 

commercial wind turbine is characterized using mathematical models derived from the 

turbine mechanics. Different models reported in the literature for turbine power are 

evaluated and turbine power and torque characteristics studied. Two operating schemes are 

studied for wind turbines (i) normal rated speed and (ii) high speed regions of operations. 

The normal turbine operation is chosen for further studies and taken forward to subsequent 

Chapters.  

Chapter 3 discusses an off-shore HVDC wind generation scheme proposed by the author. 

The Walney off-shore wind farm in the UK is chosen as benchmark system against which 

comparisons with the proposed HVDC wind generation system are made. Both the 

proposed and Walney wind farm systems are modelled and power flow analyses at different 

loads are carried out to evaluate the system in terms of performance and required plant. 

System loss, mass and efficiency are analyzed and comparisons summarized.   

Chapter 4 presents an overview of different electric generator topologies and power 

electronics interface for wind turbine applications. The hybrid generator (HG) concept is 

discussed and a low power, low voltage prototype is tested and results are compared with 

that of MATLAB simulations. The scope of the thesis does not permit the build and test of 

a full power HG hence, an industrial high voltage synchronous generator design is used to 

benchmark the high voltage HG. In Chapter 4 the benchmark machine is analyzed and 

results compared against published data to validate the analysis procedures. Having 

established validity of the design tools and procedure the benchmark machine design is 
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used in Chapter 5 to develop the proposed high voltage HG and in Chapter 6 to study 

winding insulation systems. 

Chapter 5 presents design of a high voltage high power HG for the proposed HVDC wind 

generation system. A multiphase (9-phase) stator winding is considered for the HG, a 

choice that results in improved machine power density above 3-phase implementations. 

Moreover, the multiphase design improves the machine rectified output power quality thus 

reducing the mass and volume of passive (electrolyte) capacitors. FEA is used as a tool for 

electromagnetic analysis where machine air-gap flux-density, per-phase flux-linkage, 

torque and inductances are calculated. MATLAB Simulink is used to evaluate and process 

results data and to confirm machine operational characteristics. Two rotor sections i.e. WF 

and PM are designed separately and then combined to form the HG. For the PM rotor a 

surface PM and an embedded PM rotor design is considered. Sintered NdFeB and Ferrite 

magnets are used for the PM rotors to compare their relative merits. The combined HG 

consideration is made where the WF and PM rotor split ratio is deduced for the chosen 3.6 

MW example generator such that the desired output specification is met. Loss analysis for 

copper, windage and friction and iron losses are presented at the end of Chapter 5.  

Design of high voltage insulation systems are presented in Chapter 6. Circuit models for 

the machine winding insulations are presented. Since this is a theoretical study the 

benchmark SG insulation system is used to benchmark the new designs and thus give some 

validation to the designs proposed. The machine voltage and hence insulation is increased 

in steps to obtain desired output voltage. It is assumed that the insulation requirements vary 

linearly with voltage and changes in the number of strands, conductor cross-sections and 

coil dimensions are discussed. Slot size and machine mass variations due to the coil height 

increase are also investigated.  

Finally, Chapter 7 concludes the thesis research findings, main achievements and presents 

recommendations for future work.   
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Chapter 2 

 

Wind Turbine Systems 

 

2.1 Introduction    

This Chapter will present the equations used to analyze wind turbine systems and apply 

them to confirm the general operating characteristics of two commercial systems used in 

the wind industry, the Enercon E-82, 2MW turbine [11] and the Siemens SWT-3.6-107, 

3.6 MW turbine [10]. With this validation, the models are then used to identify the general 

industry operating principles of wind turbines, referred to herein as (i) the Limited Speed 

Operating Regime, and to propose an alternative (ii) High Speed Operating Regime. These 

two operating regimes are further utilized in Chapter 4 to develop the power- and torque-

speed requirements of the Hybrid Generator.   

2.2 Wind Turbine Power and the Betz Limit   

A wind turbine is an energy converter that transforms the kinetic energy of the wind into 

mechanical energy that is then used as the prime mover to an electric generator. The electric 

generator subsequently converts mechanical to electrical energy [9]. However, all the 

available energy in the wind cannot be harvested as observed by the German scientist Albert 

Betz [59] who showed that an ideal loss-less wind turbine can only convert 59.3% of the 

total wind energy. Referring to the schematic diagram of Fig. 2.1, the kinetic energy in a 

moving parcel of air is given by [60]: 



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

18 
 

21
    

2
U m v=      (Joules) (2.1) 

which, considering the mass equation:   

    m A xρ=      (kg) (2.2) 

 Becomes:   

( )2 21 1
          

2 2
U m v A x vρ= =      (Joules) (2.3) 

where,  

m : Parcel mass (kg)  

v : Parcel speed (m/s) 

A : Cross-sectional area (m2) 

ρ : Air density (kg/m3) 

x : is the thickness of the parcel (m) 

  
A

dx

x
v

Wind mass flow

 

Fig. 2.1. Air flow with velocity of v through an area of A. 
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The power in the wind is obtained by taking the time derivative of the kinetic energy [60] 

as follows:  

21
      

2w

dU dm
P v

dt dt
= =      (W) (2.4) 

where the mass flow is:  

      
dm dx

m A
dt dt

ρ= =ɺ      (kg/s) (2.5) 

Linear velocity is:  

  
dx

v
dt

=                (m/s) 
 

Hence,   

31
       

2w

dU
P A v

dt
ρ= =      (W) (2.6) 

The wind turbine harvests energy from the wind by slowing down the wind velocity. 

Therefore, with an unchanged mass flow, the cross-sectional area behind the turbine 

increases as a result of velocity reduction [9] as shown in Fig. 2.2.  

v1

A1

v2

A2

v3

A3

Pt

Wind mass flow

 
Fig. 2.2. Increase in cross-sectional area. 
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The power extracted from the wind is then related to the power difference of air before and 

after the turbine [9]. Thus, referring to Fig. 2.2:   

( )3 3 3 3
1 1 3 3 1 1 3 3

1 1 1
                  

2 2 2t
P A v A v A v A vρ ρ ρ= − = −      (W) (2.7) 

For an unchanged mass flow [9]: 

1 1 3 3        m A v A vρ ρ= =ɺ      (kg/s) (2.8) 

Therefore:   

( )2 2
1 1 1 3

1
        

2t
P A v v vρ= −      (W) (2.9) 

or in terms of mass flow:     

( )2 2
1 3

1
        

2t
P m v v= −ɺ           (W) (2.10) 

The force that the air exerts on wind turbine can be expressed as [9]: 

 ( )1 2   F m v v= −ɺ              (N)   (2.11) 

This force is counteracted by an equal force exerted by the wind turbine on the air flow. 

Therefore:    

( )2 1 2 2      
t

P F v m v v v= = −ɺ       (W)   (2.12) 

Equating equations (2.10) and (2.12) results in:  

( )1 3
2

  
  

2

v v
v

+
=                 (m/s) (2.13) 

Therefore:   

1 3
2 2 2          

2

v v
m A v Aρ ρ

+ 
= =  

 
ɺ    (kg/s) (2.14) 
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Thus, the wind turbine power can be expressed as:   

( ) ( ) ( )2 2 2 2
1 3 2 1 3 1 3

1 1
                  

2 4t
P m v v A v v v vρ= − = − +ɺ      (W) (2.15) 

According to equation (2.6) the power in the wind can be expressed as:   

3
1 1

1
     

2w
P A vρ=      (W) (2.16) 

The ratio of the wind turbine power to the available power in the wind is called the wind 

turbine power coefficient 
P

C  [9]:   

   t

P

w

P
C

P
=       (2.17) 

Using equations (2.15) and (2.16) the wind turbine power coefficient is calculated from [9]:  

2

3 3

1 1

1
   1   1  

2P

v v
C

v v

    
 = + −   
     

      
  

(2.18) 

The turbine power coefficient variation with respect to the ratio of velocities before and 

after the turbine is plotted in Fig. 2.3. Here, 
P

C  is maximum at a velocity ratio that is

3/1/ 13 =vv , hence the maximum turbine power coefficient is:   

max 16
   = 0.593

27P
C =   per unit (2.19) 

This is the ‘Betz limit’ or ‘Betz factor’ as referred to previously. Therefore, an ideal loss-

less wind turbine can harvest a maximum of 59.3% of the wind energy.  

The net extractable turbine power therefore is expressed as:    

31
      

2t P
P A v Cρ=

            
(W) (2.20) 

For non-ideal turbines, where there is further loss of energy conversion, the turbine power 

coefficient is modified.  
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Using the turbine rotational speed ω  (rad/s), the turbine torque, 
t

T  , is obtained from:    

 3 31 1
   =           

2 2
t P

t

P C
T A v A v Cτρ ρ

ω ω
= =                 (N.m)   (2.21) 

where    P
C

Cτ
ω

=  is the turbine torque coefficient.  

 

 

 

Fig. 2.3. Turbine power coefficient variation with respect to the ratio of wind velocities 
before and after the turbine. 
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2.3 Wind Turbine Power Coefficient    

The wind turbine power coefficient defines the portion of the power that is extracted from 

the wind. The power coefficient therefore, depends on the aerodynamic design of the wind 

turbine. In order to obtain the turbine power coefficient, different measurements at various 

wind velocities are taken and the turbine power coefficient estimated from the post process 

analysis. Analytical methods may also be applied to model the turbine power coefficient. 

Normally, manufacturers provide the turbine power along with the power coefficients at 

different velocities.  

2.3.1 Tip Speed Ratio  

The turbine power coefficient 
P

C , is normally expressed as a function of two parameters, 

blade pitch angle, β , and blade tip speed ratio, λ. The blade pitch angle is defined as the 

angle between the blade cross-section chord and the plane of rotation [9], [61-63] as 

depicted in Fig. 2.4.  

Blade cross-
section

Plane of 
rotation

Chord

Pitch 
angle β  

 
Fig. 2.4. Blade pitch angle.   
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The tip speed ratio is defined as follows:  

 
    

u R

v v

ω
λ = =                (2.22) 

where,  

u : is the tangential velocity of the blade tip 

R : is the rotor radius (≈ blade length)  

 

The rotor radius includes the hub radius plus the blade length, but in large wind turbines 

the blade length is much longer that the hub radius, hence it is acceptable to assume that R  

is the total blade length.  

The turbine power coefficient is different for various turbine designs and configurations. 

Typical wind turbine power coefficient (
P

C ) and also torque coefficient ( Cτ
) curves for 

different turbine configurations are presented in Fig. 2.5 [9]. The upper limit for the turbine 

power coefficient is the Betz limit. As it can be seen the three-blade wind turbine has the 

highest power coefficient amongst various designs, hence modern wind turbines generally 

use three-blade designs.  
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Fig. 2.5. Wind turbine power and torque coefficients’ curves [8]. 
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One difficulty in assessing manufacturer’s turbines is that the relevant turbine pitch blade 

angles at which the power coefficients are obtained are not usually provided. As an example 

the turbine power and the power coefficient for Enercon E-82 2 MW [11] is presented in 

Fig. 2.6.  

 

Fig. 2.6. Turbine power and power coefficient for Enercon E-82 [11]. 
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2.3.2 Mathematical Expression for Wind Turbine Power Coefficient  

The power coefficient of wind turbines can be approximated by nonlinear functions as 

discussed in great detai by O. Wasynczuk in 1981 [64] and P. M. Anderson [65] in 1983, 

who reported the power coefficient for a MOD-2 wind turbine that is an upwind, 2-blade, 

2500 kW wind turbine installed and tested in the USA [66]. Upwind is a term used when 

the wind turbine is facing the wind in front of the electric machine while for downwind 

turbines the electric machine is behind the turbine in terms of wind flow. The equation for 

the power coefficient from [64-65] is:   

( )2 0.17  0.5  0.022 5.6  ePC β − Γ= Γ− −                   (2.23) 

where,  

  
v

ω
Γ =  

S. Heier [61] proposed the following model for the wind turbine power coefficient:   

( ) ( ) 6

1 2 3 4 5  ,               e cx

PC c c c c cλ β β β −= − − −  (2.24) 

Using parameters stated in equation (2.25), equation (2.24) fits to equation (2.23):   

1 2 3 4

5 6

  0.5                    0       0.022     

  5.6            0.17            x  2

v
c c c c

v
c c

ω

ω

= = = =

= = =             
   (2.25) 

The power coefficient following parameters have been proposed by S. Hiere [61], Z. 

Lubosny [63] and B. Almang [67]:  

1 2 3 4 5 6

3

116 21
  0.5                   0.4        0         5         

  

1 1 0.035
    

  0.08   1

i i

i

c c c c c c
λ λ

λ λ β β

= = = = = =

= −
+ +

            
 (2.26) 
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Further, a modified version of the turbine power coefficient and parameters is reported in 

the literature [68-69] as follows:   

( ) ( ) 6

1 2 3 4 5 7

1 2 3 4 5 6 7

3

  ,                e    

116 21
  0.5176  ,      ,    0.4  ,    0  ,    5  ,      ,    0.0068

  

1 1 0.035
    

  0.08   1

cx

P

i i

i

C c c c c c c

c c c c c c c

λ β β β λ

λ λ

λ λ β β

−= − − − +

= = = = = = =

= −
+ +

 
(2.27) 

 

The maximum of the turbine power coefficient stated in equation (2.24) when applying 

parameters in equation (2.26) is 0.41 p.u., while using equation (2.27) a maximum of 0.48 

p.u. is achieved. Note that the turbine power coefficient cannot be higher that the Betz limit, 

i.e. 0.593 p.u.  Today’s wind turbine design’s trend suggests 
P

C  values in the range of 0.47-

0.5 p.u. [10-11], [58].  Therefore, in this study equation (2.27) for the wind turbine power 

coefficient is used for further analysis. 

The power coefficients can be different for various turbines [61], [63].  The 
P

C  equations 

provide an approximation to the actual turbine power coefficient, hence the equations and 

their parameters can vary depending on the design of the turbine. As an example the 

maximum value of 
P

C  for Enercon E-82 2 MW wind turbine is 0.5 that does not match the 

maximum 
P

C  in equation (2.27). Other methods of approximating the turbine power 

coefficient such as curve fitting [70] and exploiting the drag and lift characteristics of the 

turbine [63] have been proposed. However, if the 
P

C  data and pitch angles for different 

wind velocities and rotor speeds are provided by manufacturers, analysis of the wind 

turbine should rely on real data. But in many cases the manufacturers only provide a curve 

of power coefficient versus wind velocity without pitch angles and rotor speeds, thus 

approximation equations are used.      

By varying the tip speed ratio, λ

 
, the turbine power coefficient curves for different pitch 

angles using equation (2.27) are plotted in Fig. 2.7. The turbine power coefficient curve at 
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0=β  achieves the highest value compared to curves at other pitch angles hence a wind 

turbine harvests the highest power when it operates at zero pitch angle.  

 

 

Fig. 2.7. Turbine power coefficient curves.  
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2.4 Wind Turbine Operation   

By replacing wind velocity from equation (2.22) to equations (2.20) and (2.21) the turbine 

power and torque are respectively expressed as:   
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t
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(2.29) 

where, the air density in normal conditions is 1.225ρ =  (kg/m3) [9], [61-63]. The turbine 

power and torque are cubic and square function of the turbine rotor speed (and wind 

velocity) respectively.  

Using blade a length of 41R=  (m) for the Enercon E-82 2 MW [11] the wind turbine power 

and torque characteristics versus rotor speed, for 0β =  and at different wind velocities are 

plotted in Fig. 2.8. The so called maximum power point tracking (MPPT) of the turbine is 

achieved by controlling the turbine system such that it operates at the maximum points of 

the power curves shown in Fig. 2.8(a), i.e. every point on the MPPT corresponds to a 

maximum power being extracted from the wind at a specific wind velocity. Commercial 

wind turbines are normally rated to operate over a variable wind velocity range that defines 

the minimum and maximum operating points for the turbine. The minimum wind velocity 

at which the turbine starts delivering power is called the ‘cut-in velocity and the maximum 

wind velocity for turbine operation is called the ‘cut-out velocity’. Although the output 

power of the wind turbine varies with wind velocity, industrial turbines are generally 

designed and controlled to deliver a constant power referred to as ‘rated power’ over a 

variable range of wind velocity.  Rated here usually refers to the system mechanical, 

thermal and electromagnetic capabilities. 

For the purpose of comparison and further discussion, the wind velocity at which the 

turbine starts delivering rated power will be defined in this thesis as the ‘rated power base 

velocity’, or simply the ‘rated velocity’. This definition is industry practice [10-11] and is 

clarified by reference to the power versus wind velocity characteristic for the Siemens 
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SWT-3.6-107 3.6 MW wind turbine [10], as illustrated in Fig. 2.9, while Table 2.1 presents 

the Siemens SWT-3.6-107 3.6 MW wind turbine operational parameters. 

Therefore, using equation (2.20) and according to Fig. 2.9, the power versus wind velocity 

characteristics of a wind turbine is mathematically expressed as follows:  
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Fig. 2.10 illustrates turbine power coefficient curves with respect to wind velocity at 

different rotor speeds for the Enercon E-82 wind turbine (rated at 2 MW). Using these 

curves, turbine power with-respect-to wind velocity variation at different rotor speeds are 

plotted in Fig. 2.11, from which it is seen that in order to extract the maximum power at a 

specific wind velocity, the rotor speed should be at a certain value which is referred to as 

the ‘optimum rotor speed’. Therefore, for each wind velocity there is an optimum rotor 

speed and the wind turbine is controlled to operate at optimum rotor speeds.   
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(a) Turbine power curves. 

 

(a) Turbine torque curves. 

Fig. 2.8. Wind turbine power and torque characteristics for β=0. 
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Fig. 2.9. Siemens SWT-3.6-107, 3.6 MW wind turbine power curve with respect to 

wind velocity [10]. 

  

Table 2.1. Operational parameters for the Siemens SWT-3.6-107, 3.6 MW turbine 

Parameter Symbol Value 

Optimum tip speed ratio opt
λ  8.1 

Maximum turbine power coefficient m ax
P

C  0.48 

Wind velocity (m/s) v  0-25 

Cut-in velocity (m/s) c u t in
v −

 3-5 

Rated velocity (m/s) ra ted
v  13-14 

Cut-out velocity (m/s) cut out
v −

 25 

Rated power (MW) nominalP  3.6 

Air density (kg/m3) ρ  1.225 
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Fig. 2.10. Turbine power coefficient with respect to wind velocity variations at 

different rotor speeds for β=0. 

 

 

Fig. 2.11. Turbine power curves with-respect-to wind velocity variations at different 

rotor speeds (in rad/s) for β=0. 
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Referring to Fig. 2.9, from cut-in to rated wind velocity the turbine is controlled via MPPT, 

hence, power varies with wind velocity as defined by:   

2 3 max1
        

2t P
P R v Cρ π=

     
(W)    (2.31) 

where, max  PC is the maximum turbine power coefficient.  

Hence, the turbine power is a cubic function of the wind velocity. For wind velocities above 

the rated velocity, the wind turbine is controlled to deliver a constant power, as shown in 

Fig. 2.9.  

Commercial manufacturers use a control method that is explained in this study as ‘Limited 

Speed Operation’ region. The ‘Limited Speed Operation’ is regarded as the standard 

industry practice to control turbines to deliver fixed power. However, a new control method 

for operating at wind velocities above the rated velocity is proposed in this study and 

referred to as ‘high speed operation’. This control function allows the wind turbine to 

operate at higher rotor speeds while delivering a fixed power output. Note that for both 

Limited and High Speed Operation regions the wind turbine is controlled to ideally operate 

with MPPT from cut-in to the rated velocity. Hence, only when above the rated velocity 

will the control methods differ for Limited and High Speed Operation.  
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2.4.1 Limited Speed Operation    

For the Limited Speed Operation Scheme, the turbine blade pitch angle is controlled such 

that turbine operates on the MPPT curve from cut-in up to rated velocity. Therefore, as the 

wind velocity increases, the turbine rotor speed and hence the power extracted from the 

wind increases. However, once at rated wind velocity and above, the turbine speed is 

maintained around a fixed upper speed, referred to here as the ‘turbine rated speed’, or 

simply ‘rated speed’. For wind velocities above rated velocity the turbine blade pitch angle 

is controlled to maintain turbine speed at rated and the turbine delivers a fixed rated power. 

It might be practically infeasible to control the turbine to operate exactly at the rated speed 

and a limited speed variation of 10% around the turbine rotor rated speed is usually allowed 

[71]. 

In order to illustrate operation of a wind turbine in the Limited Speed Operation region, the 

following case using the Enercon E-82 commercial wind turbine is analyzed and presented. 

The rated wind velocity for the turbine under study is 13 (m/s). Figs. 2.12 to 2.14 show 

turbine power curves at different blade pitch angles and for velocities above rated. If the 

blade pitch angle is maintained when the wind velocity increases to 15 (m/s) the turbine 

rotor speed and hence output power increase. However, to keep a constant output power 

and control the rotor at rated speed, the blade pitch angle is changed from zero to 15β = °, 

as shown in Fig. 2.12. For higher wind velocities the blade pitch angle increases further to 

keep the turbine power and the speed around their nominal rated values. For example at 19 

and 25 m/s the blade pitch angle is increased to 25β = ° and 33β = ° respectively, as shown 

in Figs. 2.13 and 2.14 respectively. Fig. 2.15 illustrates the turbine per unit power-speed 

and torque-speed characteristics for the Limited Speed Operation control regime. The speed 

variation around rated speed is about 10%, as explained previously arising from the result 

of practical implementation of the rotor blade pitch angle control. 
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Fig. 2.12. Turbine power curves at wind velocity 15 m/s.  

 

 

 

Fig. 2.13. Turbine power curves at 19 (m/s). 
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Fig. 2.14. Turbine power curves at 25 (m/s).   
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(a) Power-speed.  

 

(b) Torque-speed.  

Fig. 2.15. Per unit power and torque characteristics of the wind turbine when 

operating in Limited Speed region.   
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It may be inferred from Fig. 2.15 that from cut-in to rated wind velocity the turbine power 

is a cubic function of the turbine speed while the turbine torque is a square function of 

turbine speed, as per equations (2.28) and (2.29) respectively. For wind velocities higher 

than rated, power is controlled to be nearly constant while the turbine speed has small 

changes around the rated speed, which yield a small torque variation. Turbine rotor speed 

with respect to the wind velocity variations for Limited Speed Operation is plotted in Fig. 

2.16. 

 

 

Fig. 2.16. Rotor speed for the Limited Speed Operation region.  
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Using equation (2.28) -(2.29) and according to Fig. 2.16, following expressions for power- 

and torque-speed characteristics of a turbine in the Limited Speed Operation are derived:  
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where,  

cut in
ω −

: is the rotor speed at cut-in wind velocity (rad/s) 

b
ω : is the rotor rated speed (rad/s)  

α : is the percentage of the speed variations around the rated speed 
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2.4.2 High Speed Operation    

Commercial wind turbines normally operate in the Limited Speed Operation region. The 

High Speed Operating Region is a new control concept, the operation of which is presented 

in this thesis. For wind velocities up to rated, the operation of the wind turbine in High 

Speed Region is as that of the Limited Speed Operation scheme. The only difference in the 

two schemes is when the turbine operates above the rated wind velocity. Therefore, from 

cut-in to the rated wind velocity, the blade pitch angle is controlled such that maximum 

power is extracted from the wind and the turbine operates on the MPPT curve. However, 

for wind velocities above rated, the turbine speed is allowed to increase while harvesting 

rated power from the wind by controlling the blade pitch angle. By way of example, 

consider the results shown in Fig. 2.12. At a wind velocity of 15 (m/s) the blade pitch angle 

is increased to 15° to maintain the turbine power output at 2 MW, i.e. control in the Limited 

Speed region. However, if the blade pitch angle is held at zero, the turbine rotor would 

accelerate to 4.5ω =  (rad/s) if the power output was maintained at 2MW. This speed is 

obviously higher than that at rated wind velocity. The rotor speed at rated wind velocity for 

the Enercon E-82 is 2ω = (rad/s). Similarly to harvest 2 MW from the turbine at velocities 

of 19 m/s (Fig. 2.13) and 25 m/s (Fig. 2.14) and 0=β , the turbine rotor speed would have 

to be controlled at 5.9ω = (rad/s) and 8 ω = (rad/s) respectively. The per unit power-speed 

and torque-speed characteristic of the wind turbine when operating in the high operation 

speed region are plotted in Fig. 2.17, where it can be seen that above the rated speed, turbine 

torque reduces as a result of increased rotor speed at constant power. If, to be consistent 

with the Limited Speed Operating scheme, the rated turbine rotor speed is referred to as 1 

p.u., then for the Enercon E-82 studied here, maintaining the turbine blade pitch angle at 

zero results in the rotor speed increasing up to 2.66 p.u. at the wind cut-out velocity of 25 

m/s. An alternative High Speed Operating regime would be to limit the increase in speed 

above the rated speed via control of the turbine blade pitch angle. This angle could be 

modified to limit speed, as illustrated in Fig. 2.17 showing the power-speed (a), and torque-

speed (b) profiles for both of the High Speed (HS) Operating regimes, i.e. without (i) and 
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with (ii) blade pitch control.  In this example, the highest turbine rotor speed is 2.66 p.u. 

for HS(i) and 1.67 p.u. for HS(ii). 

Fig. 2.18 shows rotor speed with-respect-to wind velocity variation for both the Limited 

and the two High Speed Operation regimes. According to Fig. 2.17 following expressions 

for power and torque-speed characteristics of a turbine in the high speed operation regime 

is derived:  
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The High Speed region of operation is not usually implemented by high power wind turbine 

system manufacturers, but it has been discussed by Schofield et al [72] for small wind 

applications (up to 5 kW) where it may be interesting from the machine point of view due 

to the reduced torque at higher speeds and possible control simplifications. However, a 

major challenge for this operating regime is the impact of higher rotor speeds on the wind 

turbine mechanics, the assessment of which is out of the scope of this study and is an area 

of future research, as captured in Chapter 6. Although the mechanical implementation of 

the High Speed Operating Regime is not further investigated, the impact of the scheme on 

generator power-speed and torque-speed specifications is discussed for completeness.  

 

 

 



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

44 
 

 

(a) Power versus speed.  

 

(a) Torque versus speed.  

Fig. 2.17. Per unit power and torque characteristics of the wind turbine when 

operating in High Speed region.   

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

T
ur

bi
ne

 P
ow

er
(p

.u
.)

Rotor speed (p.u.)

HS(i)

HS(ii)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

T
ur

bi
ne

 T
or

qu
e 

(p
.u

.)

Rotor speed(p.u.)

HS(i)

HS(ii)



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

45 
 

 

Fig. 2.18. Rotor speed for the Limited and High Speed Operation regions.   
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2.5 Summary     

In this Chapter wind turbines are introduced and the basics of wind energy conversion 

discussed. Using basic mechanic concepts an expression for harvested wind power is 

developed from sources in the literature and used to show the Betz limit and the 

performance of different turbine configurations and designs from which it is confirmed that 

modern 3-blade turbines yield higher power, hence their utilization by most of high power 

wind generation industry.  

Analytical models for the turbine characteristics including power-speed and torque-speed 

are derived and mathematical models which may be used in optimization analysis and 

modelling are given. Public domain data for the Enercon E-82, a commercial 2 MW wind 

turbine system [11], is used to validate the developed analytic models in the form of a case 

study exploring the system operational performance. Power-speed, torque-speed, power 

versus wind velocity at different rotor speeds and turbine power coefficient characteristics 

of the Enercon E-82 wind turbine are calculated. Two wind turbine operational regimes are 

explored and presented, the Limited Speed and High Speed schemes. The Limited Speed 

regime is that which is widely implemented by the wind industry, while the High Speed 

regime is a new control approach studied in this thesis. In contrast with the Limited Speed 

regime, the turbine rotor speed is allowed to exceed the rated speed in the High Speed 

region (hence the rated speed has to be redefined as the base speed) which results in reduced 

torque, an interesting concept in terms of the generator design. However, for the High 

Speed operating regime the turbine mechanics would require redesign; hence the mechanics 

of this concept are not further analyzed and assessed in this thesis.  
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Chapter 3 

 

Proposed Wind Generation System 

 

3.1 Introduction    

In this Chapter a new off-shore wind generation scheme comprising of a high voltage 

hybrid generator (HG), HVDC interconnections and transmission is proposed. The 

proposed system is compared with a commercial wind generation system in terms of losses, 

component count, efficiency and mass. Steady-state analysis is presented to identify the 

system envelope rating specification requirements, key technology gaps, benefits and 

system performance.  The Walney wind farm [2] is chosen as the commercial benchmark 

system against which comparisons are made. In this Chapter the Walney wind farm is 

modelled using operational data from the commercial components, then different loading 

conditions are investigated by performing load flows. MATLAB code is developed and 

used to calculate voltages, currents and losses at different points in the network from which 

system performance is analyzed and assessed. Then, the proposed high voltage system is 

introduced and modeled. Similar analyses are carried out for the proposed system and 

comparisons made with the Walney benchmark system.  

3.2 Overview of the Walney Off-shore Wind Farm    

The Walney wind farm, shown in Fig. 3.1, is at present one of the largest off-shore wind 

farms in the UK, located in the Irish Sea about 15 km off the UK coast near Barrow-in-
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Furness, Cumbria [2]. The total installation consists of two wind farms, Walney 1 and 

Walney 2, each with 51 turbines giving 102 turbines in total.  

 

Fig. 3.1. Walney off-shore wind farm [2].  

The wind turbine arrangements for Walney 1 and Walney 2 are shown in Fig. 3.2. The 

Walney wind farm turbines are connected to two off-shore substations, one for each farm, 

via under sea AC cables. The off-shore substations collect the output from all turbines at 

33 kV and step-up the voltage to 132 kV for transmission to the on-shore substation using 

AC cables buried under the sea. The Walney 1 off-shore substation is connected to the UK 

national grid at Heysham via a 44.4 km long buried cable.  

The Walney wind farm is claimed to be operational for 25 years from the start of 2012. 

Table 3.1 presents summary details of the Walney wind farm while Table 3.2 presents 

details of the Siemens 3.6 MW wind turbine SWT-3.6-107 which is used in Walney 1 wind 

farm. In this thesis the Walney 1 wind farm is chosen as a representative commercial 

benchmark against which the new high voltage scheme is assessed.    
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Fig. 3.2. Walney wind farm turbine arrangements [2]. 

 

 

Table 3.1. Summary of Walney wind farm summary of details [2] 
 

Item Walney 1 Walney 2 

Wind turbine type Siemens SWT-3.6-107 Siemens SWT-3.6-120 

Number of turbines 51 51 

Output power (MW) 183.6  183.6  

Transmission type MVAC / HVAC 

Operating voltage level (kV) 33 / 132  

Off-shore substation (MVA) 2 × 120  2 × 120  

Distance between turbines (m) 749-958  

Distance from sub. to shore (km) 44.4  43.7  

Approximate total area (km2) 34  39  

Approximate water depth (m) 21-26  
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Table 3.2. Details of Siemens SWT-3.6-107 wind turbine [10] 

Operating data 

Cut-in wind speed (m/s) 3-5  

Nominal power at (m/s) 13-14  

Cut-out wind speed (m/s) 25  

Average wind speed at 84 m (m/s) > 9  

Generator, converter and transformer 

Generator type IG 

Generator rated power (MW) 3.6  

Generator rated voltage (V) 690 (RMS Line-to-Line) 

Generator number of poles 4 

Frequency (Hz) 50  

Generator rated speed (RPM) 1500 

Power electronic converter Full scale back-to-back VSCs 

Location  of VSC’s  One in nacelle, one in tower  

Turbine transformer location Tower base 

Transformer voltage ratio (kV) 47.83 (=0.69/33)  

Rotor 

Rotor speed (RPM) 5-13  

Rotor diameter (m) 107  

Blade length (m) 52  

Rotor type 3-blade horizontal axis 

Rotor position Upwind 

Hub height 83.5 m  

Power regulation Full span pitch regulation  

Gearbox ratio 1:119 

Gearbox type 3-stage planetary/helical 

Mechanical brake Hydraulic disc brake 
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Fig. 3.3 simply illustrates the electrical installation of the Walney 1 wind farm showing the 

major system components. The power-train in this system uses an induction generator (IG) 

that is interfaced to the fixed frequency grid via two fully rated VSC’s (Converter 1 and 

Converter 2) in a back-to-back configuration. The two VSCs decouple the IG output from 

the fixed-frequency, (essentially) fixed-voltage grid facilitating variable speed operation of 

the wind turbine. The maximum rated output voltage of each IG is 690 V. This is converted 

via the two VSC’s to DC and then back to a 690 V maximum, 3-phase voltage that is 

stepped-up to 33 kV by a transformer located in the turbine tower base. VSCs are bulky 

and costly for high voltage and high power applications. In fact, the power electronic 

switching devices that are the building blocks of the VSCs in the Walney system are not 

commercially available to-date at high voltages, hence high voltage, high power VSCs 

necessitate series connected, modular or multilevel structures to realize the voltage 

requirements and a number of parallel units to achieve the required power levels. This is 

one factor that constrains the wind industry to low voltage commercial industrial VSC 

designs and the necessary step-up transformer to realize reasonable transmission voltage 

levels. Further, VSCs also have reliability issues in terms of passive capacitors sited on the 

DC-link. These components are one of the major causes of failure in industrial VSC drive 

systems [73] compromising wind turbine service life and necessitating maintenance/refit 

schedules. Given the low voltage nature of the wind energy conversion, high currents have 

to be handled in the turbine tower; currents in the order of 3,000 Amps for each 3.6 MW 

turbine as discussed later.  
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Fig. 3.3. Walney wind turbine connection to terrestrial grid.  
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3.3 Walney System Component Model      

The site layout for the Walney 1 wind farm is illustrated in Fig. 3.4. Walney 1 consist of 

six circuits. Circuit 1 and Circuit 2 have six and five wind turbines respectively whereas 

the other circuits have 10 turbines. The electrical single line diagram of Walney 1 is 

illustrated in Fig. 3.5 showing the detailed components of Circuit 2. Each turbine is 

equipped with an induction generator, two back-to-back VSC’s, Converter 1 and Converter 

2, and a transformer. The IG and Converter 1, Fig. 3.5, are located in the Nacelle while 

Converter 2 and transformer are at the bottom of turbine tower. In this section models for 

all the component are presented.  
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Fig. 3.4. Walney 1 site layout. 
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Fig. 3.5. Walney 1 site layout. 

3.3.1 Induction Generator (IG) Model  

The turbine generators used in Walney 1 are squirrel cage IG manufactured by Siemens, 

the conventional, balanced per-phase, steady-state equivalent circuit model for which is as 

shown in Fig. 3.6 and parameters listed in Table 3.3 [10].  

 

R1 jX1

RC jXmVi

jX2

R2 / s

 

Fig. 3.6. Balanced, per-phase, steady-state equivalent circuit IG model. 
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Table 3.3. Induction generator (IG) parameters [10] 

Description Parameter Value (Ω) 

Stator resistance  1R  0.0019 

Rotor resistance referred to stator  2R  0.0019 

Loss resistance   c
R  4.41 

Magnetizing reactance m
X  1.16 

Stator leakage reactance 1X  0.048 

Rotor leakage reactance referred to stator  2X  0.035 

3.3.2 VSC Model  

Referring to Fig. 3.5 the two power electronic VSC’s decouple the variable frequency 

output of the generator from the fixed frequency grid. Converter 1 controls the speed of the 

generator to extract the maximum power from the wind via MPPT while Converter 2 

regulates the DC-link voltage to keep it constant. Converter 2 therefore maintains a constant 

DC-link voltage at all times, i.e. from full-load to no-load. Thus, all circuits from the DC-

link to the point of connection at the on-shore grid are always excited to full nominal 

voltage. Pulse Width Modulation (PWM) vector control of the two VSC’s is implemented 

to maximize power conversion of the induction generator and the DC-link to AC output of 

Converter 2. Converter 1 is placed in the nacelle while Converter 2 is located at the bottom 

of the turbine tower adjacent to the tower transformer. The output of Converter 2 is 

synchronized to the on-shore 50 Hz grid. The back-to-back VSC model is presented in Fig. 

3.7. Each converter consists of three phase legs and there are two power electronic 

switching devices, e.g. S1 and S2, per leg. To allow higher power each power electronic 

switch consists of a number Insulated-Gate Bipolar Transistors (IGBT’s). The anti-parallel 

diodes, e.g. D1 and D2, are freewheeling diodes that allow the flow of reverse energy when 

appropriate. The PWM signals for the IGBT’s gates are generated by comparing a control 
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(modulating) signal which is essentially normalized phase voltage of the AC terminals with 

a high frequency saw-tooth (triangular) carrier signal. Note, in the industry these power 

electronic switching devices are often referred to as valves, a throw-back to earlier valve 

technologies. In the steady-state system analysis presented later the VSC’s are modeled via 

their input, output and efficiencies.  
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Fig. 3.7. VSC model. 

3.3.3 Transformer Model      

Each turbine has an associated 4.5 MVA, 0.69/33 kV tower mounted transformer 

manufactured by Siemens. Further, the off-shore substation has 2 transformers each rated 

at 120 MVA, 33/132 kV manufactured by ABB. The conventional, balanced, per-phase 

equivalent circuit used to model the turbine and the off-shore substation transformers is 

shown in Fig. 3.8 and their parameters are listed in Table 3.4. Note, that the output of 

Converter 2 is fixed at on-shore electrical utility grid frequency of 50 Hz.  

 

Fig. 3.8. Balanced, per-phase, steady-state transformer equivalent circuit model. 
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Table 3.4. Transformer parameters at 50 Hz [10], [74] 

Description Parameter 

Value 

Turbine 

transformer 

Substation 

transformer 

Rated power (MVA) - 4.5  2 × 120  

Rated voltage (kV) - 0.69 / 33  33 / 132  

No load losses (kW) - 3.7  63.3  

Load losses (kW) - 46.5  370  

Percentage impedance (%) - 6.4 10.5 

Iron loss resistance (Ω)  c
R  128.68  1741.71  

Magnetizing reactance (Ω) m
X  10.62  213.5  

Transformer equivalent resistance 

referred to primary (Ω) 
T

R  0.001  0.002  

Transformer equivalent leakage 

reactance referred to primary (Ω) 
T

X  0.00677  0.089  

Transformer ratio a 
33

47.83
0.69

=  
132

4
33

=  

 

3.3.4 AC Cables Model      

The inter-array cables connecting the turbines in Fig. 3.4 are composed of 3×150 mm2 

copper conductors while each circuit is connected to the off-shore substation using a cable 

composed of 3×500 mm2 copper conductors. The cable connecting the off-shore substation 

to shore is 44.4 km in length and is composed of 3×630 mm2 copper conductors. The 

balanced, per-phase Pi (π) equivalent circuit model of the cables is shown in Fig. 3.9 and 

their parameters are listed in Table 3.5.  
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Fig. 3.9. Cable balanced, per-phase, steady-state, Pi equivalent circuit model. 

Table 3.5. Cable equivalent circuit parameters at 50 Hz [75-76] 

Description/ Parameters 

Circuit 2 Off-shore 

substation to 

on-shore 

Inter-array 

between turbines 

Inter-array to off-

shore substation 

Cable length (km) - 0.75 0.458 44.4 

Material - Copper 

Cable size (mm2) - 3 × 150 3 × 500 3 × 630 

Rated voltage (kV) - 33 33 132 

AC resistance (Ω /km) R 0.16 0.0515 0.028 

Reactance (Ω /km) X 0.116 0.0974 0.116 

Capacitance (μF /km) C 0.191 0.3 0.21 

 

3.3.5 DC-link Model      

The connection between Converter 1 and Converter 2 is via a DC-link. Information for the 

DC-link cable was not accessible to the author. Therefore, in order to calculate the DC-link 

cable impedance, the DC-cable cross section of the DC-cable is estimated using voltage 
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and power information as follows. Considering the PWM switching scheme for the VSC 

the DC-link voltage at the output of the Converter 1, Fig. 3.5, is given by [77]:   

1 1

1

2 2
   

3 
dc L

a

V V
m

=      (V)    (3.1) 

where,  

1L
V : is the IG RMS line-to-line voltage fundamental component  

1a
m : is amplitude modulation index for Converter 1 

The amplitude modulation index is defined as the ratio of amplitudes of control signal over 

carrier signal. Alternatively, the amplitude modulation index can be defined as the ratio of 

the IG operating speed over maximum speed where a simple V/f control scheme is 

implemented:  

1

max

ˆ
      

ˆ   

gencontrol
a

tri

V
m

V

ω

ω
= =        (3.2) 

where,  

ĉontrolV : is the amplitude of the control signal      

t̂riV : is the amplitude of the carrier signal 

genω : is the IG operating speed    

maxω : is the IG maximum speed  

The DC-link current is calculated as follows: 

1

1

  
 

dc

dc

dc

P
I

V
=    (A)     (3.3) 

where 
1dc

P

 
is the input active power to the DC-link from Converter 1.  

The average current through the DC-link capacitor is zero therefore the DC current 

throughout the entire length of the DC-link is the same. Assuming operation at the 

maximum IG output speed and voltage, the output DC link voltage from Converter 1 is 

1126.77 V. The two capacitors in the DC-link support a constant DC-link voltage and 

reduce voltage ripple. Note that the IG is assumed to be closely connected to Converter 1 
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such that the resistances of the connecting inter-leads are negligible. Considering a 

maximum generated power output of each IG of 3.6 MW, the DC-link cable conductor 

cross-section area and resistance are thus calculated [78]:   

   
 

dc
dc

dc

I
A

J
=     (mm2)   (3.4) 

  
  

 
cu dc

dc

dc

l
R

A

ρ
=     (Ω)     (3.5) 

where,  

cu
ρ : is the electrical resistivity of the DC-link cable  

dc
l : is the DC-link cable length that runs from the nacelle to the bottom of the tower 

dc
J : is the DC-link cable current density that is assumed to be 1.0 A/mm2 i.e. the same as 

the AC cables current density in order to have the same thermal performance for the cables.   

The power loss and voltage drop in the DC-link cable are calculated from: 

2  2  loss dc dc dcP R I− =     (W)      (3.6) 

2 1  2  
dc dc dc dc

V V R I= −      (V)     (3.7) 

where the factor 2 is due to the sum of the resistances of the two equal cable conductors in 

the DC-link i.e. the go and return conductors. The DC-link calculation results are given in 

Table 3.6. 
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Table 3.6. DC-link calculations 

Parameter Description Value 

1L
V  IG RMS Line voltage (V) 690 

1a
m  Converter 1 Modulation index 1.0 

1dc
V  Converter 1 DC-link voltage (V) 1126.77 

1dc
P  Input power to the DC-link  (MW) 3.6 

dc
I  DC-link current (A) 3195 

dc
J  DC-link cable current density (A/mm2) 1.0 

dc
A  DC-link cable cross-section area (mm2) 3195 

cu
ρ  Copper resistivity (µΩm) 0.0172 

dc
l  DC cable length (m) 83.5 

dc
R  DC-link cable resistance (mΩ) 0.45 

2dc
V  Converter 2 DC-link voltage (V) 1123.9 

dc
V∆  DC-link voltage drop (V) 2.87 

loss dc
P −

 DC-link power loss (kW) 9.2 
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3.4 Walney System Analysis at Different Loads       

The Walney 1 wind farm has been modeled using equivalent models for the induction 

generator, power electronic converters, DC-link cables, transformer and cables as discussed 

previously. MATLAB programs have been written to perform the system power flow study. 

Different loading conditions were studied and analysis conducted with the following 

assumptions:   

(1) The distance between the induction generator and Converter 1 in the nacelle is 

negligible and hence neglected.  

(2) The distance between Converter 2 and the transformer at the bottom of the tower is also 

negligible and hence neglected.  

(3) Converter 2 is controlled to deliver a unity power factor output for all turbines and at 

all loading conditions, except for the no-load case. 

(4) Therefore, based on (3), all of the circuits connect to the off-shore substation with the 

same power factor.   

(5) The length of the undersea transmission cable is the distance from the off-shore 

substation to an immediate substation on-shore. In other words, the distance that might 

exist from the shore termination station to the on-shore substation is not considered.  

(6) The turbines produce no power at no-load hence, since the system is energized, the 

power to supply the system losses, monitoring, measuring devices and for other 

ancillary services is taken from the on-shore grid to which the wind farm is connected. 

3.4.1 Full-load Results 

The results of the system analysis at full-load operation is presented in Tables 3.7 and 3.8. 

Here, full-load assumes that all the IG’s in the wind farm generate 3.6 MW to their 

respective Converter 1. Full-load condition may occur when the turbines are operating 

within a certain wind velocity range i.e. between 13-25 (m/s) for Siemens SWT-3.6-107 
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wind turbine. The frequency of this loading condition is not considered here since the 

primary objective of the analysis is to deduce the system operating envelope.  

 

Table 3.7. Walney 1, full-load analysis results: voltages and currents  

Turbine 

Turbine No.  1 2 3 4 5 
IG line voltage (V) 690 689.7 689.2 688.4 687.37 

IG phase current (A) 3075.7 3076.9 3079.2 3082.7 3087.5 
DC-link voltage at Converter 2 (V) 1123.9 1123.5 1122.6 1121.3 1119.6 

DC-link current (A) 3052.65 
Converter 2 line voltage (V) 688.24 687.98 687.45 686.7 685.61 

Converter 2 power factor 1.0 
Converter 2 phase current (A) 2835 2836 2838.2 2841.4 2845.8 

Transformer output voltages and currents 

Phase voltage and angle (kV), (deg.) 
18.90, 
-2.79 

18.89, 
-2.80 

18.88, 
-2.84 

18.86, 
-2.89 

18.83, 
-2.95 

Transformer line voltage (kV) 32.74 32.73 32.71 32.67 32.62 
Power factor  (leading) 0.9981  0.9981  0.9980  0.9980  0.9979  

Phase current (A) 59.22 59.24 59.28 59.35 59.45 
Inputs at the off-shore substation 

Phase voltage and angle (kV, degrees) 18.83, -2.99 
Input line voltage at the off-shore substation (kV) 32.61 

Power factor 1.0 
Phase current from Circuit 2 (A) 296.30 

Outputs from the off-shore substation 

Phase voltage and angle (kV, degrees) 75.34, -3.40 
Off-shore substation line voltage (kV) 130.48 

Phase current (A) 751.46 
Power factor (leading) 0.998 

Inputs at the on-shore substation 

Phase voltage and angle (kV, degrees) 74.19, -6.33 
Line voltage at the on-shore substation (kV) 128.50 

Power factor (lagging) 0.99 
Phase current (A) 763.10 
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 Table 3.8. Walney 1, full-load analysis results: power and losses  

Power and losses in the nacelle and tower  

Turbine power (kW) 3,600 
IG output power (kW) 3,492 

Converter 1 output power (kW) 3,439.62 
Converter 2 output power (kW) 3,379.39 

IG efficiency (%) and losses (kW)  97 108.00 
Converter 1 efficiency (%) and losses (kW) 98.5 52.38 
Converter 2 efficiency (%) and losses (kW) 98.5 51.46 

DC-link power loss (kW) 8.77 
Turbine transformer efficiency (%) 99.18 

Turbine transformer loss  

Transformer No. 1 2 3 4 5 
Loss (kW) 27.74 27.76 27.79 27.84 27.90 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 1.26 5.05 11.36 20.21 

Cable loss, Circuit 2 to the off-shore substation (kW) 6.21 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 16,713.83 Losses (kW) 1,286.17 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 170,481.05 Losses (kW) 13,118.95 
Off-shore substation transformers efficiency (%) 99.27  

Loss at off-shore substation (kW) 1,248.35 
Cable losses, Off-shore to on-shore substations (kW) 2,110.20 

Total power at on-shore substation (kW) 167,346.54 
Total losses at on-shore substation (kW) 16,477.50 

Total system efficiency (%) 91.15 
 

Referring to the system schematic shown in Fig. 3.5 and the results of Tables 3.7 and 3.8, 

the following points are observed from the system full-load analysis: 

(1) The scalar voltage drop from the first turbine to the off-shore substation input is 0.4% 

at full-load, i.e.:  

          1 6

1

  32.74  32.61
 100  100 0.4 %

32.74

V V

V

 − − 
= =   
  

      (3.8) 
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This is a considerably small drop voltage resulting in a small voltage difference at 

the output of each turbine.    

(2) The phase voltage angle decreases from the turbines to the off-shore substation and 

from the off-shore substation to the on-shore substation, i.e.:   

             
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
1 2 3 4

5 6 7 8

                          

                      

angle V angle V angle V angle V

angle V angle V angle V angle V

> > > >

> > >
  (3.9) 

This results in an active power flow from Turbine 1 to the off-shore substation and 

from the off-shore substation to the on-shore at full-load operation.  

(3) The power factor at the output of the turbine transformer is leading as defined by the 

measurements at the transformer terminals assuming transformer-to-shore power flow. 

Moreover, the power factor at the output bus-bar of the off-shore substation is leading 

resulting in reactive power being absorbed by the off-shore substation. The power factor 

at the on-shore bus-bar is lagging. Therefore, the line capacitance of the cable 

connecting the off-shore substation to the on-shore substation is providing some the 

reactive compensation for the system at full-load operation.     

(4) Loss analysis shows that:   

• The total loss for the Walney 1 system is 16,477.50 kW.  

• Circuits 1-6 loss contribute to 79.62% of the total loss. 

• The two off-shore substation transformers contribute to 7.58% of the total loss. 

• Losses in the cable connecting the off-shore to on-shore substations contribute to 

12.80% of the total loss. 

• Walney 1 efficiency is 91.15% at full-load.  

The off-shore substation and the cable connecting the off-shore substation to the on-shore 

bus-bar make up a large portion of the total system loss at full-load operation. Note that the 

result is specific to this benchmark system and is not to be a generic conclusion for other 

systems.  
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3.4.2 Results for Three-quarter-, Half- and One-quarter- Load  

Power flow results for the Walney wind farm at three-quarter- , half- and one-quarter-load 

are presented in Tables 3.9 to 3.14. At three-quarter-load generator power is 2.7 MW while 

the generator produces 1.8 MW and 0.9 MW at half- and quarter-loads respectively. Note 

that the PWM vector control of the IG by Converter 1 keeps a constant 97% efficiency for 

the machine as the load changes. Also, the efficiency of the VSC’s for other loads is the 

assumed to be same as full-load i.e. 98.5 % [79].  

Table 3.9. Walney 1, three-quarter-load analysis results: voltages and currents  

Turbine 

Turbine No.  1 2 3 4 5 
IG line voltage (V) 690 689.80 689.41 688.82 688.04 

IG phase current (A) 2306.76 2307.41 2308.72 2310.70 2313.33 
DC-link voltage at Converter 2 (V) 1123.89 1123.57 1122.93 1121.97 1120.69 

DC-link current (A) 2289.49 
Converter 2 line voltage (V) 688.24 688.05 687.65 687.07 686.28 

Converter 2 power factor 1.0 
Converter 2 phase current (A) 2126.17 2126.77 2127.99 2129.81 2132.25 

Transformer output voltages and currents 

Phase voltage and angle (kV), 
(deg.) 

18.93, 
-2.09 

18.92, 
-2.10 

18.91, 
-2.12 

18.90, 
-2.16 

18.88, 
-2.21 

Transformer line voltage (kV) 32.78 32.77 32.76 32.73 32.69 
Power factor  1 

Phase current (A) 44.40 44.41 44.44 44.48 44.53 
Inputs at the off-shore substation 

Phase voltage and angle (kV, degrees) 18.87, -2.24 
Input line voltage at the off-shore substation (kV) 32.68 

Power factor 1.0 
Phase current from Circuit 2 (A) 222.06 

Outputs from the off-shore substation 

Phase voltage and angle (kV, degrees) 75.51, -2.54 
Off-shore substation line voltage (kV) 130.78 

Phase current (A) 562.61 
Power factor (leading) 0.997 

Inputs at the on-shore substation 

Phase voltage and angle (kV, degrees) 74.54, -4.71 
Line voltage at the on-shore substation (kV) 129.11 

Power factor (lagging) 0.97 
Phase current (A) 582.34 



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

66 
 

Table 3.10. Walney 1, three-quarter-load analysis results: power and losses  

Power and losses in the nacelle and tower  

Turbine power (kW) 2,700 
IG output power (kW) 2,619 

Converter 1 output power (kW) 2,579.72 
Converter 2 output power (kW) 2,534.54 

IG efficiency (%) and losses (kW)  97 81.00 
Converter 1 efficiency (%) and losses (kW) 98.5 39.29 
Converter 2 efficiency (%) and losses (kW) 98.5 38.60 

DC-link power loss (kW) 6.58 
Turbine transformer efficiency (%) 99.32 

Turbine transformer loss  

Transformer No. 1 2 3 4 5 
Loss (kW) 17.21 17.21 17.22 17.24 17.27 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 0.71 2.84 6.38 11.35 

Cable loss, Circuit 2 to the off-shore substation (kW) 3.49 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 12,561.79 Losses (kW) 938.21 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 128,130.21 Losses (kW) 9,569.79 
Off-shore substation transformers efficiency (%) 99.03 

Loss at off-shore substation (kW) 1,241.92 
Cable losses, Off-shore to on-shore substations (kW) 1,186.61 

Total power at on-shore substation (kW) 125,792.79 
Total losses at on-shore substation (kW) 11,998.32 

Total system efficiency (%) 91.35 
 

The voltage drops from turbine one to the off-shore substation at different loads is:  

 

(1) Three-quarter load:  1 6

1

  32.78  32.68
 100  100 0.31 %

32.78

V V

V

 − − 
= =   
  

                              (3.10) 

(2) Half  load:                    1 6

1

  32.83  32.76
 100  100 0.21 %

32.83

V V

V

 − − 
= =   
  

                                  (3.11) 

(3) one-quarter load:       1 6

1

  32.88  32.85
 100  100 0.1 %

32.88

V V
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 − − 
= =   
  

                                 (3.12) 
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Therefore, as the load decreases the voltage drop from the turbines to the off-shore 

substation reduces. Hence, as the load decreases the system nodal voltages increase. For all 

loads the absolute value of the voltage angle decreases from turbine to the on-shore 

substation.   

 

Table 3.11. Walney 1, half-load analysis results: voltages and currents  

Turbine 

Turbine No.  1 2 3 4 5 
IG line voltage (V) 690 689.87 689.61 689.22 688.70 

IG phase current (A) 1537.84 1538.13 1538.70 1539.57 1540.74 
DC-link voltage at Converter 2 (V) 1123.89 1123.68 1123.26 1122.62 1121.77 

DC-link current (A) 1526.32 
Converter 2 line voltage (V) 688.24 688.11 687.85 687.46 686.94 

Converter 2 power factor 1.0 
Converter 2 phase current (A) 1417.45 1417.71 1418.25 1419.05 1420.12 

Transformer output voltages and currents 

Phase voltage and angle (kV), 
(deg.) 

18.95, 
-1.39 

18.95, 
-1.40 

18.94, 
-1.41 

18.93, 
-1.44 

18.92, 
-1.47 

Transformer line voltage (kV) 32.83 32.82 32.81 32.79 32.77 
Power factor  1 

Phase current (A) 29.58 29.59 29.60 29.62 29.64 
Inputs at the off-shore substation 

Phase voltage and angle (kV, degrees) 18.92, -1.49 
Input line voltage at the off-shore substation (kV) 32.76 

Power factor 1.0 
Phase current from Circuit 2 (A) 147.87 

Outputs from the off-shore substation 

Phase voltage and angle (kV, degrees) 75.69, -1.69 
Off-shore substation line voltage (kV) 131.10 

Phase current (A) 374.37 
Power factor (leading) 0.99 

Inputs at the on-shore substation 

Phase voltage and angle (kV, degrees) 74.92, -3.10 
Line voltage at the on-shore substation (kV) 129.76 

Power factor (lagging) 0.91 
Phase current (A) 407.84 
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Table 3.12. Walney 1, half-load analysis results: power and losses  

Power and losses in the nacelle and tower  

Turbine power (kW) 1,800 
IG output power (kW) 1,746.00 

Converter 1 output power (kW) 1,719.81 
Converter 2 output power (kW) 1,689.69 

IG efficiency (%) and losses (kW)  97 54.00 
Converter 1 efficiency (%) and losses (kW) 98.5 26.19 
Converter 2 efficiency (%) and losses (kW) 98.5 25.73 

DC-link power loss (kW) 4.38 
Turbine transformer efficiency (%) 99.43 

Turbine transformer loss  

Transformer No. 1 2 3 4 5 
Loss (kW) 9.69 9.69 9.69 9.69 9.70 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 0.31 1.26 2.83 5.04 

Cable loss, Circuit 2 to the off-shore substation (kW) 1.55 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 8,389.03 Losses (kW) 610.97 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 85,568.13 Losses (kW) 6,231.87 
Off-shore substation transformers efficiency (%) 98.55 

Loss at off-shore substation (kW) 1,239.36 
Cable losses, Off-shore to on-shore substations (kW) 530.17 

Total power at on-shore substation (kW) 83,822.82 
Total losses at on-shore substation (kW) 8,001.40 

Total system efficiency (%) 91.31 

 

For all loads the IG’s receive reactive power. Transformer reactive power is off-set by the 

interconnection line capacitance. The power factor at the off-shore substation input is unity 

for all loads, however the off-shore substation output power factor is leading. Therefore, 

for all loads reactive power for the off-shore substation transformers is being supplied by 

the transmission line capacitance connecting the off-shore to on-shore substation. 

Nonetheless, the power factor at the on-shore substation is lagging which means the wind 

farm injects reactive power to the grid.  
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The total system efficiency for different loads is:  

(1) Three-quarter load:                                    91.35 %                                                   (3.13) 

(2) Half load:                                                     91.31 %                                                     (3.14) 

(3) One-quarter load:                                        90.23 %                                                    (3.15) 

The system efficiency reduces slightly as the load is decreased. Hence, similar benefits and 

system performance is seen at all loads. However, note that the IG and VSC efficiencies 

are kept constant at all loads.   

Table 3.13. Walney 1, one-quarter-load analysis results: voltages and currents  

Turbine 

Turbine No.  1 2 3 4 5 
IG line voltage (V) 690 689.94 689.81 689.62 689.36 

IG phase current (A) 768.92 768.99 769.13 769.35 769.64 
DC-link voltage at Converter 2 (V) 1123.89 1123.79 1123.58 1123.27 1122.85 

DC-link current (A) 763.16 
Converter 2 line voltage (V) 688.24 688.18 688.05 687.86 687.60 

Converter 2 power factor 1.0 
Converter 2 phase current (A) 708.72 708.79 708.92 709.12 709.39 

Transformer output voltages and currents 

Phase voltage and angle (kV), 
(deg.) 

18.98, 
-0.69 

18.98, 
-0.70 

18.98, 
-0.71 

18.97, 
-0.72 

18.97, 
-0.73 

Transformer line voltage (kV) 32.88 32.88 32.87 32.86 32.85 
Power factor  1 

Phase current (A) 14.77 14.78 14.78 14.78 14.79 
Inputs at the off-shore substation 

Phase voltage and angle (kV, degrees) 18.96, -0.74 
Input line voltage at the off-shore substation (kV) 32.85 

Power factor 1.0 
Phase current from Circuit 2 (A) 73.75 

Outputs from the off-shore substation 

Phase voltage and angle (kV, degrees) 75.89, -0.84 
Off-shore substation line voltage (kV) 131.44 

Phase current (A) 188.13 
Power factor (leading) 0.97 

Inputs at the on-shore substation 

Phase voltage and angle (kV, degrees) 75.33, -1.50 
Line voltage at the on-shore substation (kV) 130.47 

Power factor (lagging) 0.73 
Phase current (A) 252.59 
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Table 3.14. Walney 1, one-quarter-load analysis results: power and losses  

Power and losses in the nacelle and tower  

Turbine power (kW) 900 
IG output power (kW) 873.00 

Converter 1 output power (kW) 859.90 
Converter 2 output power (kW) 844.85 

IG efficiency (%) and losses (kW)  97 27.00 
Converter 1 efficiency (%) and losses (kW) 98.5 13.10 
Converter 2 efficiency (%) and losses (kW) 98.5 12.87 

DC-link power loss (kW) 2.19 
Turbine transformer efficiency (%) 99.39 

Turbine transformer loss  

Transformer No. 1 2 3 4 5 
Loss (kW) 5.18 5.18 5.18 5.18 5.18 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 0.08 0.31 0.70 1.25 

Cable loss, Circuit 2 to the off-shore substation (kW) 0.38 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 4,195.61 Losses (kW) 304.39 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 42,795.27 Losses (kW) 3,104.73 
Off-shore substation transformers efficiency (%) 97.10 

Loss at off-shore substation (kW) 1,240.68 
Cable losses, Off-shore to on-shore substations (kW) 140.31 

Total power at on-shore substation (kW) 41,415.46 
Total losses at on-shore substation (kW) 4,485.71 

Total system efficiency (%) 90.23 
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3.5 Proposed Off-shore HVDC Wind Generation System    

The preceding section analyzed the Walney benchmark system against which the proposed 

HVDC wind generation scheme is compared. The proposed HVDC wind generation 

scheme comprises of a high voltage HG, passive rectification, DC/DC converters, HVDC 

interconnection and HVDC transmission systems. A schematic view of the proposed 

system based on the Walney wind farm is illustrated in Fig. 3.10.  
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Fig. 3.10. Proposed wind generation scheme with high voltage hybrid generator (HG), 

HVDC interconnection and HVDC transmission. 

The proposed HVDC wind generation scheme potentially results in reduced system cost 

due to reduced component count and complexity. Compared to the Walney system energy 

conversion components, Fig. 3.3, the HG and passive rectifier in the proposed system 

replace the IG, back-to-back VSC’s and tower mounted transformer, yielding a much 

simplified hardware scheme and comprising of no active electronics and electrolyte DC-

link capacitor. The HG output rectifier is mounted close or integral to the HG machine 

assembly i.e. in the machine housing. To minimize passive components and improve 
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generated DC power quality, a 9-phase winding design is chosen for the HG. For the same 

ampere-turns per phase and total copper losses the 9-phase winding yields a 4.2% higher 

DC-link voltage (and hence power) when compared to a 3-phase winding solution due to 

an improved winding distribution factor. The peak-peak to average DC-link voltage ripple 

is also reduced from 14% for the 3-phase design to 1.53% for the 9-phase design, 

effectively negating the requirement for DC-link smoothing capacitance. This will be 

discussed in detail in Chapter 5. The scheme proposed in this study is different from other 

proposed DC schemes in particular the ABB Windformer system [29] that was initially 

reported in 2000 but has not been further developed or installed. The ABB Windformer 

system uses a PM generator connected to a rectifier without any control of the system DC-

link. This feature makes the Windformer system infeasible to implement because of the 

unregulated generator output voltage, unlike the system proposed in this study that has 

dynamic regulation of the generator output voltage via the wound field (WF) component 

of the HG. 

3.5.1 Hybrid Generator (HG)    

A brief discussion of the HG concept is presented in this section. However, the detailed 

design and analysis of the HG is addressed in Chapter 5. The HG is a multiphase, high 

voltage generator that uses two rotor sections, namely a PM rotor and a WF rotor, to provide 

the total machine excitation. Hence, the name hybrid refers to the combination of these two 

rotors excitation schemes. The PM and WF rotor sections exist on one rotor assembly inside 

one machine housing. Thus, the rotors rotate with the same speed. A schematic view of the 

HG is depicted in Fig. 3.11. DC current for the WF rotor excitation is provided via a 

brushless exciter system common to industrial synchronous machine systems.  
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Fig. 3.11. Schematic view of the HG.  

Therefore, the HG combines the output voltage due to a fixed field from the PM rotor and 

a controlled variable voltage due to the variable field of the WF rotor. The total machine 

output voltage is the sum of the voltages due to PM and WF sections.  The WF therefore 

contributes a controllable variable voltage at the stator output over a limited range. The 

range of the total voltage variation depends on the design of the WF rotor of the HG. Fig. 

3.12 shows the HG in a wind turbine system.  
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Fig. 3.12. HG in a wind turbine. 
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3.5.2 Gearbox     

The gearbox used in the benchmark (Walney) wind turbines is a Siemens manufactured 3-

stage planetary/helical gearbox with a ratio of 1:119 [10]. Fig. 3.13 illustrates example 

planetary and helical gear designs. Since, the nominal turbine rotor speed is 13 RPM for 

the Siemens wind turbine, this input to the low speed gearbox shaft is increased to around 

1500 RPM on the high speed gearbox output shaft to drive the IG.  This speed is defined 

as the IG nominal speed. Other gearbox ratios with lower stages have been proposed in the 

literature [56], [80]-[83]. Polinder [56] considers different generators and gearboxes 

including a doubly fed induction generator with a 3-stage and single-stage gearbox having 

nominal rated speeds of with 1200 RPM and 90 RPM rates speed respectively, a direct 

drive synchronous and a PM generator with 15 RPM rated speed and a PM generator with 

single stage gearbox with a rated speed of 90 RPM. In [56] the ratio of single stage and 2-

stage gearbox is 6 and 80 respectively. A comprehensive study of other gearbox stages and 

ratios are discussed in detail in [84]. However, for this study a 2-stage gearbox with a ratio 

of 46.154 is chosen to increase the turbine rotor speed of 13 RPM to a rated speed of 600 

RPM for the HG. This ratio is chosen such that the HG rated speed is consistent with a 

wound field SG chosen to benchmark the HG electro-magnetic design, as discussed in 

Chapter 4.   

 

Sun gear

Planets

Ring gear

 

(a) Helical gears.  (b) Planetary gears. 

Fig. 3.13. Example planetary and helical gearbox implementation [85]. 
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3.5.3 Voltage Control Scenarios     

Although the Walney IG’s are generating at a variable voltage, the remaining electrical 

system is required to be operated at constant voltage, i.e. at around the nominal rated 

voltage at all times and for all wind speed conditions. This is to ensure operation of the 

back-to-back VSC’s and ancillary components in the system including monitoring, 

measurements and maintenance equipment. For the proposed HV scheme the system 

voltage are allowed to vary. Two control methods could be considered for the HG output 

DC-link voltage:  

(1) Fixed voltage 

(2) Variable (but controlled) voltage 

(1) Fixed voltage. In the fixed voltage approach the rectified output voltage of the HG is 

kept around its nominal DC value at all wind speed conditions i.e. from cut-in to cut-out 

velocities. This is implemented by controlling the HG WF current. In this case the voltage 

transfer ratio of the DC/DC converters, Fig. 3.10, is fixed at 1:4, chosen to be the same as 

the Walney wind farm turbine transformer step-up ratio (i.e. 33/132), a ratio that is easily 

implementable by DC/DC converter circuits. Note that there will be small differences in 

voltage transfer ratios amongst the system DC/DC converters to maintain power flow and 

avoid rectifier turn-off due to variations in the wind farm turbine speeds (and hence 

generated DC voltage perturbations). The DC/DC converter voltage transfer ratio is 

realized by pulse width modulation (PWM) of the converter power electronic devices.  This 

control function produces a switching duty ratio ‘D’ that is directly related to the voltage 

transfer ratio of the DC/DC converters [77]: 

input

t

output

Voltage transfer ratio
V

n D
V

=         
(3.16) 

where 
t

n  is the turns (transfer) ratio of the DC/DC isolation transformer.  
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(1) Variable but controlled voltage. In the second control scheme the rectified output 

voltage of the HG system varies with wind velocity below the rated velocity, refer to Fig. 

2.11. Above the rated velocity the WF is controlled to keep the DC-link at nominal 

maximum. Although again, there will be small perturbations around the maximum value 

due to wind transients. Therefore, the voltage across the interconnection cables between 

the wind turbines and the off-shore-substation are variable but controlled. However, the 

voltage across the transmission cables connecting the off-shore to on-shore substation is 

controlled to be fixed via the DC/DC converters at the off-shore substation, thus they have 

to have a variable voltage transfer ratio that is greater than 1:4, achieved by choice of the 

DC/DC isolation transformer turns ratio, or by a 2- or multi-stage DC/DC converter. For 

this study, the variable voltage control scenario with variable voltage transfer ratio DC/DC 

converter at the off-shore substation is chosen since this configuration results in a lower 

WF current requirement and hence machine mass for the HG and ensures that the off-shore 

to on-shore cable is operated at full voltage, thus minimizing Ohmic loss. These features 

are discussed in detail in Chapter 5, but brought forward here as input to the systems study.   

3.5.4 DC/DC Converter      

Different topologies have been proposed for DC/DC converters at high voltage and high 

power [36-45]. The single active bridge DC/DC converter topology uses an input VSC, an 

intermediate transformer and an output rectifier, as shown in Fig. 3.14.  
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Fig. 3.14. Three-phase, single active bridge (SAB) topology for DC/DC converter. 
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The input VSC converts DC to an AC voltage with medium or high frequency [40], where 

this voltage is stepped-up by the intermediate transformer and then rectified by a passive 

rectifier. The topology shown in Fig. 3.14 is a three phase SAB. Single phase SAB 

topologies can also be realized by a single phase VSC, single phase transformer and 

rectifier. However, the higher the number of phases improves the volume power processing 

capability and can improve DC quality if interleaving technologies are implemented [86]. 

Power and frequency control is realized using the active power electronic switches in this 

topology.  

If the output rectifier in the SAB is replaced with a VSC a dual active bridge topology is 

realized for the DC/DC converter as shown in Fig. 3.15. Similar to the SAB a single phase 

DAB can also be implemented.  
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Fig. 3.15. Three phase dual active bridge (SAB) topology for DC/DC converter. 

Jovcic [87-88] has proposed a high power DC/DC converter topology with high step-up 

ratio DC/DC converter that utilizes thyristors and LC circuits. The DC/DC converter does 

not include a step-up transformer, as shown in Fig. 3.16. Jovcic has shown that this 

proposed topology can achieve efficiencies of 95% for a 5 MW DC/DC converter while 

stepping-up 4 kV to 80 kV, i.e. gain of 20.  
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Fig. 3.16. LC circuit based DC/DC converter with Thyristors. 

Different topologies for high voltage DC/DC converters and their comparison in terms of 

losses and efficiency have been addressed by [89-90]. Note that detailed design of the 

system DC/DC converters is out of scope of this study. However, the DC/DC converters in 

this study are modeled as a component with specific parameters and efficiency 

characteristics as reported in literature [89-90]. 

3.5.5 Turbine Safety Considerations      

For the Walney wind farm generators, variable power-speed operation of the wind turbine 

is implemented by the back-to-back VSC’s as well as mechanical controls such as blade 

pitch-angle control. In the proposed system, the WF voltage and mechanical blade pitch 

control are the main mechanisms for generator output power-speed control. This results in 

component reduction, which in turn results in lower power-train mass. As with the Walney 

scheme, wind turbine control above cut-out speed would be mainly performed by 

mechanical control mechanisms i.e. pitch and yaw control. Once the cut-out velocity is 

exceeded, the WF current in the HG is reduced to zero and the turbine blades pitched 

towards feather position and/or the nacelle is moved out of the wind to limit the over speed 

of the turbine. Moreover, a mechanical brake is provided on the shaft as an ultimate 

mechanical control in both Walney and the proposed scheme. 
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3.6 Proposed System Analysis        

The proposed system is analyzed and compared with the Walney wind farm keeping the 

geometrical topology of the wind farm i.e. distances, site layout, turbine arrangements etc., 

unchanged. The single line diagram of the proposed system is shown in Fig. 3.17. The 

analysis studies are carried out with following assumptions:  

(1) The passive rectifier is integral to the generator and installed in the nacelle, hence the 

distance between the HG and rectifier is neglected.   

(2) At full-load the voltage is at its rated value and the voltage transfer ratio of the off-shore 

substation DC/DC converters is nominally 1:4. As the wind velocity changes and the 

voltage drops the DC/DC voltage transfer ratio increases.   

(3) The nominal output power of each turbine in the proposed system is the same as that of 

the Walney system, i.e. 3.6 MW. Therefore, the HG and passive rectifier in the proposed 

system are rated at 3.6 MW.   

(4) The rated RMS line-to-line voltage of the IG in Walney system is 690 V. However, the 

wind farm interconnection cables’ voltage and hence the turbine transformer output 

voltage are usually rated for RMS line-to-line voltages up to 66 kV (RMS phase voltage 

38.1 kV) [1-3], [10-11], [58], [91]. The turbine transformer is eliminated in the 

proposed system and the 9-phase HG is rated at 38.1 kV RMS per phase (quoted in per 

phase since generator line-to-line voltages are not all equal).  
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Fig. 3.17. Schematic of proposed system. 

Considering the 9-phase HG connected to a passive rectifier, the DC voltage at the rectifier 

terminals is obtained via [77]: 

 2  sin( / ) ˆ     
 dc ph

m m
V V

π

π
=       (V)      (3.17) 

where, 

m : is the number of phases        

ˆ
phV : is the peak phase voltage       

Therefore, for a 38.1 RMS kV phase voltage and 9-phase machine the resultant DC output 

voltage is:  

  105.6dcV =     (kV)           (3.18) 
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3.6.1 DC Cable Calculations  

In order to calculate the required cable cross-sectional areas and cable resistances, the cable 

current densities are assumed to be the same as the corresponding cables in Walney 1 wind 

farm at their highest loading, hence skin effects are neglected in order to calculate a 

conservative estimate. This ensures the same copper thermal performance for both the AC 

and DC cables. Since the wind farm topology is unchanged, the length of the cables in the 

proposed system is the same as the AC cable lengths in the Walney 1 wind farm. In Walney 

the highest loaded inter-array cable is the one that connects Turbine 4 to Turbine 5, Fig. 

3.15, the current in this cable at full-load is the sum of currents from Turbines 1 to 4. Using 

the calculated currents stated in Table 3.7 and cross-section area of the AC cables listed in 

Table 3.5, the AC cable current density is deduced to be:  

 273.09
      1.58

150

array
array ac
ac array

ac

I
J

A
= = =     (A/mm2)         (3.19) 

where,   

array

acI : Inter-array cable current    

array

acA : Inter-array cable cross-section area   

The inter-array DC current for the highest loaded cable in Fig. 3.17 is again the sum of 

currents from Turbines 1 to 4. Individual turbine current is calculated using turbine output 

power and rectified voltage:   

6

3

3.6  10
      34.1

105.6  10
turbine turbine
dc

dc

P
I

V

   ×
= = =   

×  
      (A)    (3.20) 

Hence:  

  4   4 (34.1)  136.36array turbine

dc dcI I= = =       (A)         (3.21) 

where,  

turbine

dcI : is the turbine output current  

turbineP : is the turbine power  

 

Therefore, the inter-array cable cross-sectional area is:   
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136.36
      86.31

1.58

array
array dc
dc array

ac

I
A

J
= = =       (mm2)       

(3.22) 

Current density for the tower cable is considered to be the same as the one for inter-array 

cable. Therefore, the tower able cross-sectional area is:  

34.1
      21.58

 1.58 

turbine
tower dc
dc array

ac

I
A

J
= = =       (A/mm2)    

(3.23) 

The current in the cable connecting Circuit 2 to the off-shore substation is sum of currents 

in Turbines 1 to 5. Using current values stated in Table 3.7 and cross-section area quoted 

in Table 3.5:   

296.54
      0.6

 500

circuit
circuit ac
ac circuit

ac

I
J

A
= = =       (A/mm2)      

(3.24) 

Therefore, the cross-sectional area of the DC cable connecting Circuit 2 to the off-shore 

substation in Fig. 3.17 is:  

( )5 34.1
      284.2

0.6

circuit
circuit dc
dc circuit

ac

I
A

J
= = =      (mm2)     

(3.25) 

where,  

circuit

acI : is the current in the cable connecting Circuit 2 to the off-shore substation   

circuit

acA : is the cross-section area for the cable connecting Circuit 2 to the off-shore substation   

Similarly, for the transmission cable connecting off-shore to on-shore substation, the 

current density using Tables 3.7 and 3.5 is:  

715.46
      1.2

630

trans
trans ac
ac trans

ac

I
J

A
= = =       (A/mm2)    

(3.26) 

Thus, the current in the cable connecting off-shore to on-shore substation for the proposed 

system is the sum of currents from 51 turbines and with consideration to a step-up ratio of 

4 for the DC/DC converters. Therefore, the cross-sectional area of the corresponding DC 

cable for the proposed off-shore to on-shore transmission cable is:  

( )( )51 34.1 1/ 4
      362.31

1.2

trans
trans dc
dc trans

ac

I
A

J
= = =       (mm2)      (3.27) 
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where trans

dcI  is the current in the cable connecting off-shore to on-shore substation.  

The cable resistance for each DC cable is calculated using equation (3.5). Note that the total 

length of a DC cable is double the length of the point-to-point connection since there are 

two DC wires for each cable connection. A summary of proposed system DC cable 

calculations is listed in Table 3.15.  

Table 3.15. Proposed system cables specifications   

Description Tower 

Circuit 2 
Off-shore 

substation to 
on-shore 

Inter-array 
between turbines 

Inter-array 
to off-shore 
substation 

Cable length (km) 0.0835 0.750 0.458 44.4 
Material Copper 

Copper resistivity (µΩm) 0.0172 
Rated voltage (kVDC) 110 110 110 425 

Current density (A/mm2) 1.58 1.58 0.6 1.2 
Cross-section area (mm2) 21.58 86.31 284.2 362.31 
DC cables resistance (Ω) 0.13 0.3 0.055 4.2 

3.6.2 Results for Full-, Three-quarter-, Half- and One-quarter- Load  

The analysis results for the proposed system analysis at full-load is presented in Table 3.16. 

At full-load all generators in the system generate 3.6 MW to their respective rectifier. As 

mentioned previously, as the wind velocity changes the output voltage of the turbine HG 

changes. For the Siemens SWT-3.6-107 wind turbine the turbine rotor speed changes from 

5 RPM at cut-in to 13 RPM at rated speed. The output voltage of the HG changes linearly 

with turbine rotor speed. Moreover, as discussed in Chapter 2, turbine power is a cubic 

function of the turbine rotor speed. Therefore, the output voltage of the HG changes with 

cubic root of power. As discussed previously the voltage across interconnection cables 

varies but the off-shore substation output voltage is constant. Therefore, the DC/DC 

converter step-up ratio varies as the wind velocity changes. Table 3.17 presents rotor speed, 

HG output voltage and DC/DC converter ratio at different loads. 
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Table 3.16. Proposed system full-load analysis   

Turbine 

Turbine No.  1 2 3 4 5 
HG phase voltage (kV) 38.11 38.10 38.09 38.08 38.08 
HG DC voltage (kV) 105.6 105.59 105.57 105.54 105.54 

HG DC current output (A) 32.90 32.91 32.91 32.92 32.92 
DC voltage at the tower base, kV 105.6 105.59 105.57 105.54 105.50 

Interconnection and Transmission  

Input DC voltage at the off-shore substation (kV) 105.49 
Input DC current, Circuit 2 at off-shore sub. (A) 164.57 

Output DC voltage at the off-shore sub. (kV) 421.93 
Output DC current at the off-shore sub. (A) 413.36 
Input DC voltage at the on-shore sub. (kV) 420.22 
Input DC current at the on-shore sub. (A) 413.36 

Power and losses in the nacelle and tower  

Turbine power (kW) 3,600 
HG output power (kW) 3,492 

Rectifier output power (kW) 3,474.54 
HG efficiency (%) and losses (kW)  97 108 

Rectifier efficiency (%) and losses (kW) 99.5 17.46 
Tower cable power loss (kW) 0.14 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 0.32 1.30  2.92 5.20 

Cable loss, Circuit 2 to the off-shore substation (kW) 1.49 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 17,360.76 Losses (kW) 639.24 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 177,079.75 Losses (kW) 6,520.25 
DC/DC converters efficiency at off-shore sub. (%) 98.5 

Loss at off-shore substation (kW) 2,656.20 
Cable losses, Off-shore to on-shore sub. (kW) 717.66 

Total power at on-shore substation (kW) 173,705.90 
Total losses at on-shore substation (kW) 9,894.10 

Total system efficiency (%) 94.61 
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Table 3.17. Rotor speed, HG voltage and DC/DC converter ratio at different loads 

Loading Rotor speed HG voltage Off-shore 
substation   
voltage kV 

DC/DC 
converter 

step-up ratio 
Item p.u. kW p.u. RPM p.u. kV 

Full 1.00 3600 1.00 13 1.00 105.6 

420 

4 
Three-
quarter 

0.75 2700 0.91 11.83 0.91 96.1 4.4 

Half 0.5 1800 0.79 10.27 0.79 83.42 5 
One-

quarter 
0.25 900 0.63 8.19 0.63 66.53 6.3 

Cut-in 0.05 180 0.38 5 0.38 40.13 10.5 
 

 

Power flow results for the proposed system at three-quarter, half and one-quarter loads are 

presented in Tables 3.18, 3.19 and 3.20 respectively. Voltage drop at the tower base from 

turbine one to the off-shore substation at different loads is:  

(1) Full-load:                     1 6

1

105.6 105.49
 100  100 0.1 %

105.6

V V

V

 − − 
= =   
  

                                  (3.28) 

(2) Three-quarter load:     1 6

1

96.09 96
 100  100 0.09 %

96.09

V V

V

 − − 
= =   
  

                                      (3.29) 

(3) Half  load:                   1 6

1

83.42 83.35
 100  100 0.08 %

83.42

V V

V

 − − 
= =   
  

                                (3.30) 

(4) one-quarter load:         1 6

1

66.53 66.48
 100  100 0.075 %

66.53

V V

V

 − − 
= =   
  

                                  (3.31) 

Therefore, as the load decreases, the voltage drop from the turbines to the off-shore 

substation reduces as result of lower currents flowing the system. Note that for all loads the 

voltage decreases from Turbine 1 to the off-shore substation i.e.:  

1 2 3 4 5 6

7 8

          

   

V V V V V V

V V

> > > > >

>
       

(3.32) 

Therefore, a power flow from turbines to the grid occurs at all loads.   
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Table 3.18. Proposed system three-quarter-load analysis   

Turbine 

Turbine No.  1 2 3 4 5 
HG phase voltage (kV) 34.68 34.67 34.67 34.66 34.66 
HG DC voltage (kV) 96.10 96.09 96.07 96.05 96.05 

HG DC current output (A) 27.12 27.12 27.13 27.13 27.13 
DC voltage at the tower base, kV 96.09 96.09 96.07 96.05 96.01 

Interconnection and Transmission  

Input DC voltage at the off-shore substation (kV) 96 
Input DC current, Circuit 2 at off-shore sub. (A) 135.63 

Output DC voltage at the off-shore sub. (kV) 422.42 
Output DC current at the off-shore sub. (A) 309.70 
Input DC voltage at the on-shore sub. (kV) 421.12 
Input DC current at the on-shore sub. (A) 309.70 

Power and losses in the nacelle and tower  

Turbine power (kW) 2,700 
HG output power (kW) 2,619 

Rectifier output power (kW) 2,605.91 
HG efficiency (%) and losses (kW)  97 81 

Rectifier efficiency (%) and losses (kW) 99.5 13.10 
Tower cable power loss (kW) 0.10 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 0.22 0.88  1.99 3.53 

Cable loss, Circuit 2 to the off-shore substation (kW) 1.01 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 13,021.41 Losses (kW) 478.59 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 132,818.43 Losses (kW) 4,881.57 
DC/DC converters efficiency at off-shore sub. (%) 98.5 

Loss at off-shore substation (kW) 1,992.28 
Cable losses, Off-shore to on-shore sub. (kW) 402.85 

Total power at on-shore substation (kW) 130,423.31 
Total losses at on-shore substation (kW) 7,276.69 

Total system efficiency (%) 94.72 
 

The loss analysis at full-load shows that:   

• The total loss for the proposed system is 9,894.10 kW.  

• Circuits 1-6 loss contribute to 65.9% of the total loss. 
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• The off-shore substation DC/DC converter loss contributes to 26.38% of the total 

system loss.  

• The losses in the cable connecting the off-shore to on-shore substation contributes to 

7.25% of the total system loss. 

 Table 3.19. Proposed system half-load analysis   

Turbine 

Turbine No.  1 2 3 4 5 
HG phase voltage (kV) 30.1 30.1 30.1 30.09 30.09 
HG DC voltage (kV) 83.43 83.42 83.40 83.39 83.39 

HG DC current output (A) 20.82 20.83 20.83 20.83 20.83 
DC voltage at the tower base, kV 83.42 83.41 83.40 83.39 83.36 

Interconnection and Transmission  

Input DC voltage at the off-shore substation (kV) 83.35 
Input DC current, Circuit 2 at off-shore sub. (A) 104.12 

Output DC voltage at the off-shore sub. (kV) 416.77 
Output DC current at the off-shore sub. (A) 209.28 
Input DC voltage at the on-shore sub. (kV) 415.89 
Input DC current at the on-shore sub. (A) 209.28 

Power and losses in the nacelle and tower  

Turbine power (kW) 1,800 
HG output power (kW) 1,746 

Rectifier output power (kW) 1,737.27 
HG efficiency (%) and losses (kW)  97 54 

Rectifier efficiency (%) and losses (kW) 99.5 8.73 
Tower cable power loss (kW) 0.06 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 0.13 0.52 1.17 2.08 

Cable loss, Circuit 2 to the off-shore substation (kW) 0.6 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 8,681.57 Losses (kW) 318.43 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 88,551.99 Losses (kW) 3,248.01 
DC/DC converters efficiency at off-shore sub. (%) 98.5 

Loss at off-shore substation (kW) 1,328.28 
Cable losses, Off-shore to on-shore sub. (kW) 183.96 

Total power at on-shore substation (kW) 87,039.75 
Total losses at on-shore substation (kW) 4,760.25 

Total system efficiency (%) 94.81 
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Table 3.20. Proposed system one-quarter-load analysis   

Turbine 

Turbine No.  1 2 3 4 5 
HG phase voltage (kV) 24.01 24 24 24 24 
HG DC voltage (kV) 66.53 66.52 66.52 66.50 66.50 

HG DC current output (A) 13.06 13.06 13.06 13.06 13.06 
DC voltage at the tower base, kV 66.53 66.52 66.51 66.50 66.49 

Interconnection and Transmission  

Input DC voltage at the off-shore substation (kV) 66.48 
Input DC current, Circuit 2 at off-shore sub. (A) 65.30 

Output DC voltage at the off-shore sub. (kV) 418.85 
Output DC current at the off-shore sub. (A) 104.13 
Input DC voltage at the on-shore sub. (kV) 418.42 
Input DC current at the on-shore sub. (A) 104.13 

Power and losses in the nacelle and tower  

Turbine power (kW) 900 
HG output power (kW) 873 

Rectifier output power (kW) 868.63 
HG efficiency (%) and losses (kW)  97 27 

Rectifier efficiency (%) and losses (kW) 99.5 4.37 
Tower cable power loss (kW) 0.02 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 0.05 0.02 0.46 0.82 

Cable loss, Circuit 2 to the off-shore substation (kW) 0.23 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 4,341.30 Losses (kW) 158.70 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 44,281.21 Losses (kW) 1,618.79 
DC/DC converters efficiency at off-shore sub. (%) 98.5 

Loss at off-shore substation (kW) 664.22 
Cable losses, Off-shore to on-shore sub. (kW) 45.54 

Total power at on-shore substation (kW) 43,571.45 
Total losses at on-shore substation (kW) 2,328.55 

Total system efficiency (%) 94.93 
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The system total efficiency for different loads is:   

1) Full load:                                                  94.61 %                                                  (3.33) 

2) Three-quarter load:                                   94.72 %                                                   (3.34) 

3) Half load:                                                     94.81 %                                                     (3.35) 

4) One-quarter load:                                        94.93 %                                                    (3.36) 

The system efficiency is similar at different loads. Hence, similar benefits and system 

performance is seen at all loads. Note that the HG, rectifier and DC/DC converter 

efficiencies are constant at all loads.   
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3.7 Comparison between Proposed system and Walney Wind Farm      

Table 3.21 compares results of the proposed HVDC system and Walney wind farm in terms 

of total power, losses and efficiency at different loads. The proposed system increases the 

wind farm efficiency by 3.8% at full-load. Also, the system efficiency is increased by 3.7%, 

3.8% and 5.2% at three-quarter-, half- and one-quarter-load respectively. Therefore, the 

proposed system results in similar benefits at all loads compared to the Walney system. 

Note that the voltage throughout the system for the Walney is fixed. However, the 

interconnection voltage varies in the proposed system while the off-shore to on-shore 

transmission voltage is fixed. Table 3.22 presents a mass comparison of the proposed 

HVDC and Walney systems. Mass of different components for the turbine is quoted here 

using Siemens turbine datasheets [74], [92-93] and private correspondences with Siemens. 

The VSC’s mass and volume are estimated from commercial VSC datasheets available on-

line from ABB [94]. Rectifier mass is calculated based on datasheet for high voltage diodes 

available on [95].   

 

Cable volume is calculated as follows:  

   cable cable cableV A l=        (m3)      (3.37) 

The cable mass is then calculated as:  

Mass    cable cu cableVδ=        (kg)    (3.38) 

where,  

cableA : is cable cross-section (m2)  

cablel : is cable length (m)   

cuδ : is the copper density taken as 8960 (kg/m3) 

Mass for different cables in the Walney and proposed system is listed in Table 3.22. The 

analysis demonstrates the improvements of the proposed HVDC system when compared to 

the benchmark Walney 1.  For example, the proposed system results in 16% and 2.3% mass 

reduction for the power-train and total turbine structure respectively. The power-train in 
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Walney includes a gearbox, an IG, two VSC’s and a transformer i.e. 5 series connected 

components while for the proposed system it includes a gearbox, an HG and a rectifier i.e. 

3 series connected components. Therefore, the proposed system results in a lower 

component count. Note that the proposed system uses DC/DC converters at the off-shore 

platform as compared with two transformers. In addition, the cable system copper mass is 

75.8% lower. 

 

Table 3.21. Comparison between Walney and proposed system  

Item Walney 1 Proposed system 

Voltage scenario  
Interconnections: variable 

 Transmission: fixed  
Interconnections: variable 

Transmission: fixed  
Full-load  

Total installed capacity (kW) 183,600 183,600 
Total power (kW) 167,346.54 173,705.90 

Total system loss (kW) 16,477.50 9,894.10 
Efficiency % 91.15 94.61 

Three-quarter-load  

Total power (kW) 125,792.79 130,423.31 
Total system loss (kW) 11,998.32 7,276.69 

Efficiency % 91.35 94.72 
Half-load  

Total power (kW) 83,822.82 87,039.75 
Total system loss (kW) 8,001.40 4,760.25 

Efficiency % 91.31 94.81 
One-quarter-load  

Total power (kW) 41,415.46 43,571.45 
Total system loss (kW) 4,485.71 2,328.55 

Efficiency % 90.23 94.93 
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Table 3.22. Mass comparison  

Item 
Walney system Proposed system 

Mass (Tonnes) Mass (%) Mass (Tonnes) Mass (%) 
Power-train, turbine and tower mass 

Blades × 3 54 12.13 54 12.42 
Hub mass 38.5 8.65 38.5 8.85 

Shaft 27.5 6.18 27.5 6.32 
Gearbox 42.5 9.55 28.3 6.5 

IG 10 2.25 - - 
HG - - 24.2 5.6 

Two VSC’s 2.4 0.54 - - 
Rectifier - - 0.25 0.06 

Turbine transformer 8 1.80 - - 
Blades and hub bolts 2.16 0.49 2.16 0.50 

Tower* 260 58.42 260 59.78 
Total 445.06 100 434.91 100 

Cable mass** 

Tower cable 4.78 0.49 0.03 0.01 
Inter-array cables between 

turbines 
133.06 13.56 12 5.06 

Cable, Circuits to off-shore 91.24 9.3 9.89 4.17 
Cable, off-shore sub. to 

shore 
751.89 76.65 215.33 90.76 

Total 980.97 100 237.25 100 
*83.5 m above mean sea level 
**Copper density is taken as 8960 kg/m3 
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3.8 Summary       

A new wind generation scheme based on a high voltage HG, HVDC interconnection and 

transmission is proposed in this Chapter. The new system is compared with a commercial 

system, Walney 1, chosen as a representative benchmark of existing industry practice. 

Analysis results from the two systems show that the proposed system results in 3.8% higher 

energy conversion efficiency assuming all turbines are operating at, or near, their full-load 

thermal rating.  Results for the proposed wind generation scheme at other loads have also 

been assessed and show similar efficiency gains and benefits.   

The study highlights the potential reduction of system plant within the nacelle and turbine 

tower, features that will improve the serviceability and maintenance of the wind farm over 

time.  The proposed scheme has 2.3% lower mass for the turbine and 75.8% lower mass 

for the cable systems. These are achieved by using higher voltage for generation, 

interconnection and transmission.  

However, the major contribution of the new proposed system is the elimination of active 

VSC’s within the nacelle and tower and replacing them with passive rectifiers built into the 

HG or located close to the machine terminals. The proposed HG uses two rotor field 

excitations, PM and WF with a 9-phase stator that yields improved power quality while 

essentially eliminating the electrolytic smoothing devices (DC-link capacitance) that would 

otherwise be required.  

The VSC’s and electrolytic capacitors are major causes of variable speed drive system 

failures [73], hence the claim for improved serviceability, maintenance and lower 

operational cost. It is proposed that the turbine interconnection voltage is allowed to vary 

(but controlled), compared to the essentially fixed interconnection voltage for the 

benchmark AC system. For the proposed scheme, the active power electronic converters 

(high voltage, high power DC/DC converters) are located at the off-shore sub-station where 

access for maintenance and repair is easier and more cost effective. It is envisaged that 

these savings will make a significant contribution to overall cost reduction of the wind farm 

and system, although this is not assessed nor quantified in this thesis study. 
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Chapter 4 

 

Hybrid Generator (HG) Concept and Benchmark 

Machine  

 

4.1 Introduction    

In this Chapter an overview of different electric generator topologies and power electronics 

interface for wind turbine applications is presented to give some background to the 

proposed hybrid generator (HG) concept. The HG is discussed and a MATLAB/Simulink 

model presented to investigate the machine’s operational characteristics. The simulation 

model is validated by way of a low power (3 kW), low voltage (maximum phase peak 

voltage of 88.5 V at rated speed of 3000 RPM) laboratory prototype. The laboratory 

prototype wound field excitation is provided by an external DC source connected via 

rotating slip-rings and brush-gears. A brushless exciter system is designed and results are 

presented. The scope of the thesis does not permit the build and test of a full power HG 

comparable with one suitable for the Walney wind generation system. Hence, an industrial 

high voltage synchronous generator design is used to benchmark the high voltage HG. The 

benchmark machine is a 11 kV, 5.52 MW Siemens SG chosen since its power and speed 

ratings are close to those typical of wind generation system applications. The benchmark 

machine is analyzed and results compared against published data to validate the analysis 

procedures. Having established validity of the design tools and procedure the benchmark 

machine design is used in Chapter 5 to develop the proposed high voltage HG and in 

Chapter 6 to study winding insulation systems.  
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4.2 Electric Machines and Converters for Wind Turbines   

4.2.1 Doubly-Fed Induction Generators (DFIGs)  

Different turbine generator topologies, both direct drive and geared, have been proposed in 

the literature and developed by manufactures for wind turbine applications [3], [10-11], 

[25], [48], [91-92], [96-99]. Fig. 4.1 shows a doubly-fed induction generator (DFIG) 

connected to the grid via two back-to-back VSC’s that can be controlled to operate in four 

quadrants [48], [96].  

Wind 

Input

 
 

(a) Simplified schematic [48]. (b) Geared DFIG [96]. 

Fig. 4.1. DFIG configuration. 

The DFIG has a three-phase stator and wound rotor windings. The four-quadrant VSC’s 

connect the rotor variable voltage and frequency output back to the fixed voltage and 

frequency mains supply via a coupling transformer and enable the control of both the 

generator torque and reactive power flow. The rotor speed is controlled by absorbing or 

injecting active power to the DFIG rotor. A typical DFIG speed range is ±30% around 

synchronous speed [48] and since only a portion of the generated active power flows 

through the rotor the DFIG-side VSC power ratings are only around 30% of the generator 
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rating [48]. However, usually the VSC’s are oversized due to increased demand in reactive 

power controllability, wider speed range and low voltage ride through requirements [48].  

4.2.2 VSC Coupled Induction and Synchronous Generators   

In order to achieve a wider operating range of speed the induction generator (IG), 

permanent magnet (PM) or wound field synchronous generator (SG) are connected to the 

grid via two fully rated converters in a back-to-back configuration. Fig. 4.2 shows a squirrel 

cage rotor IG in a wind turbine connected to the grid via two back-to-back VSC’s. Note 

that the rating of each converter in this configuration has to be the rating of the generator 

since the total generator power flows through each converter.  

Wind 

Input  
 

(a) Simplified schematic [48]. (b) Geared IG [25]. 

Fig. 4.2. IG connected to grid via two fully rated VSC.  

The IG is a mature technology and are relatively inexpensive, robust and require low 

maintenance [25]. In the configuration shown in Fig. 4.2 the IG-side converter controls the 

IG speed via vector control to extract maximum wind power. The grid-side converter 

performs active and reactive power control. A comparison in terms of hardware 

components, operation and energy output between DFIG and IG are presented in [97]. 

There are pros and cons for each scheme, for example, the energy output from the DFIG is 

limited due to limited speed variation range. However, the converters in DFIG schemes are 

not fully rated, so it is a lower cost scheme. This said, most large wind farms are employing 

the dual converter scheme of Fig. 4.2, as per the Walney farms due to the increased energy 
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conversion capability. For such large wind farms as the Walney, life-time energy 

conversion clearly drives system choice as opposed to initial equipment capital costs. Fig. 

4.3 presents a wind conversion scheme employing a PM generator connected to the grid 

via two fully rated VSC’s. The functionality of the conversion system in Fig. 4.3 is similar 

to that of Fig. 4.2 hence, the machine-side converter controls the rotor speed to extract a 

maximum power from wind while the grid-side converter controls the active and reactive 

power flow and maintain a fixed DC-link voltage.   

 

Fig. 4.3. PM generator connected to grid via two fully rated VSC [26]. 

PM machines have higher flux-densities compared to IG’s and DFIG’s, they are usually 

more power-dense compared to other generator technologies, don’t need external supply 

and slip rings and avoid reactive power compensation [25]. Fig. 4.4 shows a 6 MW direct 

drive PM generator for the Alstom Haliade 150-6MW wind turbine [98], where the 

machine has larger diameter compared to its axial length due to low rotor speed, i.e. 

maximum 11.5 RPM. However, the 2 MW geared DFIG from DeWind D8.2 wind turbine 

[58] with a nominal rotor speed of 1700 RPM has a longer axial length compared to its 

diameter. Fig. 4.5 shows another scheme where the PM generator is connected to the grid 

via a passive rectifier, a DC/DC converter (chopper/booster) and a VSC. In this scheme the 

PM generator vector control is implemented thought the VSC while the DC/DC converter 

maintains a fixed DC-link voltage. Note that current industrial turbines are controlled to 
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operate in the limited speed operation regime (as discussed in Chapter 2) hence the PM 

generator maximum speed is the machine rated speed and no field weakening of the 

machine is required.  

3-phase 
Stator 

PM 
rotor

Rotor 
support 

structure  

(a) Alstom 6 MW direct drive PM 

generator [98]. 

(b) 2 MW geared DFIG from DeWind D8.2 

wind turbine [58]. 

Fig. 4.4. Direct drive PM and geared DFIG.  

 

Fig. 4.5. PM generator connected to grid via passive rectifier, DC/DC converter and a 

VSC [26]. 

 

Fig. 4.6 shows a wound field SG connected to the grid via a passive rectifier and a VSC. 

Using the wound field SG the machine-side VSC that was required for PM generator is 
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eliminated due to capability of the SG to have an active output voltage control via 

controlling the machine rotor field. However, in order to improve and facilitate the system 

control a DC/DC converter can be used as in the system shown in Fig. 4.5. The wound field 

SG is capable of providing its own field excitation by means of a brushless exciter mounted 

on its shaft. Unlike the PM generator the wound field SG output voltage can be controlled 

via controlling the machine field current independent of the load. However, for the same 

output power wound field SG’s are normally heavier than PM rotors, typically bulkier and 

have higher rotor losses [48].  

  

(a) Simplified model [48]. (b) Direct drive SG [99]. 

Fig. 4.6. Wound field SG connected to grid via passive rectifier and a fully rated VSC. 
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4.2.3 Comparison of Generators   

A theoretical comparison of different turbine generator topologies is presented by Polinder 

et al. in [56]. Polinder studies five different generator systems for a 3 MW rated output 

power and a 15 RPM turbine shaft speed. The generators include: 

• A DFIG with a three-stage gearbox (DFIG3G) and gear ratio of 1:80, i.e. a machine 

speed of 1200 RPM. 

• A DFIG with a single-stage gearbox (DFIG1G) and a gear ratio of 1:6, i.e. a machine 

speed of 90 RPM. 

• A direct drive wound field SG (DDSG) with nominal speed of 15 RPM.  

• A direct drive PM generator (DDPMG) with nominal speed of 15 RPM. 

• And a PM generator with single-stage gearbox (PMG1G) and gear ratio of 1:6, i.e. a 

machine speed of 90 RPM.  

The comparison is based on machine mass, energy yield, losses and cost. Table 4.1 

summarizes Polinder’s comparison. Note that these comparisons cannot be generalized. 

For example the DFIG3G is the lightest but for a fair mass comparison the mass of gearbox-

generator-converter systems need to be taken into account since the direct drive machine 

are normally heavier. Moreover, technical characteristics and benefits need to be 

investigated for a complete analysis. Data for the HV Siemens generator used as a 

benchmark validation and is available to the authors is also included in Table 4.1 to confirm 

machine suitability. Gearbox mass for the Siemens SWT-3.6-107 wind turbine that is used 

in Walney wind farm is also stated in Table 4.1.  
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Table 4.1. Comparison of different generators for wind turbine application as reported 

in [56] and the benchmark HV Siemens generator used in this study  

Item DFIG3G DDSG DDPMG PMG1G DFIG1G 
Benchmark 

SG 

Stator radius (m) 0.42 2.5 2.5 1.8 1.8 2.7 

Active axial length 

(m) 
0.75 1.2 1.2 0.4 0.6 0.4 

Air-gap thickness 

(mm) 
1 5 5 3.6 2 7 

Mass* (tonnes) 5.25 45.1 24.1 6.11 11.37 7.02 

Cost** (kEuros) 1870 2117 1982 1883 1837 - 

Annual energy 

yield (GWh) 
7.73 7.88 8.04 7.84 7.80 - 

Turbine speed 

(RPM) 
15 - 

Rated generator 

power (MW) 
3 5.52 

Machine speed 

(RPM) 
1200 15 15 90 90 600 

Gearbox ratio 1:80 1:1 1:1 1:6 1:6 - 

Gearbox mass for the Siemens SWT-3.6-107 wind turbine gear ratio (1:119)  

42.5 (tonnes) 

*Mass includes mass of Iron, Copper and PM material only, for the benchmark SG 
mass does not include mass of rotor iron.  
** Cost includes cost of generator material, construction, gearbox, power electronics,   
and other wind turbine parts. 
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4.3 Hybrid Generator (HG) Concept and Prototype  

4.3.1 Machine Concept 

Section 3.5 discussed the proposed off-shore wind generation system that could potentially 

result in reduced system cost due to reduced component count and complexity. The 

proposed system uses a multi-phase HG, the AC output of which is passively rectified for 

transmission from the turbine tower. The HG is an AC machine having a multiphase, high 

voltage winding and uses two rotor sections, namely a PM rotor and a WF rotor, to provide 

the total machine excitation. Hence, the name hybrid generator refers to the combination 

of these two rotors excitation schemes. The PM and WF rotor sections exist on one rotor 

assembly inside one machine housing. Thus, the rotors rotate with the same speed. A 

schematic view of the HG is depicted in Fig. 4.7(a). DC current for the WF rotor excitation 

is provided via a brushless exciter system common to industrial synchronous machine 

systems. Therefore, the HG combines the output voltage due to a fixed field from the PM 

rotor and a controlled variable voltage due to the variable field of the WF rotor. The total 

machine output voltage is the sum of the voltages due to PM and WF sections.  The WF 

therefore contributes a controllable variable voltage at the stator output over a limited range. 

The range of the total voltage variation depends on the design of the WF rotor of the HG. 

Fig. 4.7(b) shows the HG in a wind turbine system.  
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(a) HG Schematic view. (b) HG in a wind turbine. 

Fig. 4.7. Hybrid generator (HG) concept.  

In general PM machines have a fixed rotor field excitation that induces a fixed voltage into 

the stator winding at a fixed speed. Hence, in order to control the machine output 

voltage/current a fully rated power electronic converter is required [100]-[101]. However, 

if the power electronic converter is eliminated an alternative solution to regulate machine 

output voltage and hence power is the HG configuration with a passive rectifier, shown 

schematically in Fig. 4.7(a) and Fig. 4.7(b) for a wind turbine application. Referring to Fig. 

4.7(b) the output voltage of the machine induced by the PM excitation is regulated by the 

wound field (WF) excitation. The WF is fed a DC current through a brushless exciter and 

a rotating rectifier. The brushless exciter has a DC stator that is fed through the output of 

the HG as shown in Fig. 4.7(b). The machine terminal voltage is converted to a DC voltage 

via a passive rectification stage. The brushless exciter has an AC rotor that may use a 3- or 

multiphase configuration. Output of the brushless exciter rotor is then connected to a 

rotating rectifier that in turn provides the DC supply to the HG WF. A multiphase design 

for the brushless exciter can give good DC output quality with lower voltage ripple and 

higher output voltage than compared to three-phase exciter, hence eliminating the need for 

passive capacitors at its output.  
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4.3.2 HG Prototype Machine and Experimental Test facility  

To investigate the feasibility of the proposed HG concept a low power prototype HG was 

simulated and test validated in the laboratory. The original design of the prototype HG was 

to address an automotive application and was constrained to use a specific stator lamination 

and pole number configuration [102]. These design issues are outside the scope of this 

thesis and not wholly relevant to the design of a HG for wind applications. Where design 

decisions are relevant they are discussed in detail in Chapter 5.   

The objectives of this thesis were to develop a simulation model for the HG, use the model 

to investigate the machine operational characteristics when acting as a generator into a 

variable DC-link supply, validate model experimentally and then propose the operational 

philosophy with regard-to field control-to-DC-link interaction.  

The prototype HG was designed with a 30% WF to 70% PM voltage ratio and as a 9-phase 

generator with 32 poles. The stator lamination has 36 slots with concentric coils. The PM 

rotor has 32 sintered NdFeB magnets and the WF rotor uses a 32-slot laminations each 

wound with simple concentrated coils to form a 32-pole configuration as per the PM rotor 

section. Note that the PM and WF rotor share the same stator. For the prototype HG, the 

DC current for the WF is supplied via slip rings and brushes. However, a brushless exciter 

utilizing the same stator and rotor WF laminations has been designed by the author as 

discussed in [103]. Table 4.2 lists the HG prototype and brushless exciter specifications 

while Fig. 4.8 shows prototype HG details. The HG 9-phase output is full-bridge rectified 

and connected to a controlled DC source that emulates the system DC-link. Fig. 4.9 shows 

the HG laboratory prototype and test-rig. The HG assembly is housed is a single casing. 

The test-rig comprises of the laboratory prototype HG, in-line torque measurement 

transducer and a 4 kW electronically controlled industrial induction machine. The induction 

machine acts as a variable speed prime-mover emulating the wind turbine mechanical input 

to the HG.   
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Table 4.2. HG prototype and brushless exciter specifications 

Description Value 

PM rotor axial length, mm 25 

WF rotor axial length, mm 10 

Brushless exciter axial length, mm 4 

Number of turns per stator coil for the HG 14 

Number of turns per stator coil for the brushless exciter 50 

Number of turns per rotor coil for the WF 80 

Number of turns per rotor coil for the brushless exciter 73 

Number of HG and exciter stator slots  36 

Number of WF and exciter rotor lamination slots 32 

Number of HG stator phases 9 

Number of exciter rotor phases 16 

Number of HG poles 32 

Number of brushless exciter poles 36 
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PM section stator 
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Surface mounted 
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WF rotor 
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(a) Mechanical general assembly. (b) 1-phase of 9-phase stator winding. 

  

(c) Assembly showing stator and PM rotor. 
(d) Assembly showing stator and WF 

rotor. 

  

(e) PM rotor assembly. (f) WF rotor assembly.  

Fig. 4.8. Prototype HG details.  
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Fig. 4.9. HG prototype and test-rig.  

4.3.3 Simulation Model and Results 

A MATLAB Simulink model for the HG is shown in Fig. 4.10. The model implements the 

prototype HG machine (parameters), a representative 9-phase passive rectifier and DC-link 

source having some series impedance indicative of the experimental test facility. The HG 

was analyzed for various delivered electrical powers between 0.5 and 3.2 kW and for 

various DC-link voltage. For each delivered electrical power the rotor field current was 

chosen to match the HG output DC voltage to that of the test DC-link voltage. Fig. 4.11 

shows the set of simulated data at a fixed rotor speed of 3000 RPM. The characteristic is a 

set of V-curves, although these V-curves are not to be confused with classical V-curves for 

conventional wound rotor synchronous machines.  
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Fig. 4.10. HG MATLAB Simulink.  

 

 

Fig. 4.11. WF excitation current with respect to DC-link voltage for varying DC-link 

powers at 3000 RPM.   
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Fig. 4.12 presents measured and simulated results for the HG WF excitation current versus 

DC-link voltage variation at a nominal speed of 3000 RPM when delivering a fixed power 

of 2 kW to the DC-link. The HG was tested to confirm the generator operational 

characteristics within a laboratory environment; hence the rectified DC output of the 

generator at a fixed speed of 3000 RPM is in the region of 40 to 140 Volts depending on 

WF excitation. In practice, this variation exceeds the application requirements (i.e. ±30% 

voltage variations), but is tested here to illustrated the generator characteristic outside the 

application requirements.  

 

Fig. 4.12. HG WF current and DC-link voltage variations at nominal 3000 RPM speed.  

For the wind farm application, the maximum DC-link voltage variation at each speed due 

to the WF is only 25% (this will be discussed in Chapter 5) which results in a practical limit 

to the WF current, as illustrated in Fig. 4.12. Therefore, as the wind velocity and hence HG 

rotor speed varies, the resulting DC-link voltage variation can be modified by variation of 

the WF rotor current to maintain output voltage and generation. Table 4.3 compares 

simulated and measured results at three different DC-link voltage operating points, (A), (B) 

and (C) of Fig. 4.12, and at a fixed speed of 3000 RPM when delivering 2 kW electrical 
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power. Fig. 4.13 shows simulated waveforms for the HG output phase voltage, phase 

current and also rectified DC voltage and current at 3000 RPM speed while delivering 2 

kW power to the DC-link and for a DC-link average voltage of (a) 93.6 V point (A) and (b) 

117.4 V, point (B). Fig. 4.14 presents simulated and measured results when again delivering 

2 kW at a speed of 3000 RPM and a DC-link voltage of 136.4 V, point (C). The results of 

Fig. 4.14 show the good agreement between simulated (a) and measured (b) data.  

 

Table 4.3. Comparison of simulated and measured results for HG prototype at different 

DC-link voltage, 3000 RPM and delivering 2 kW 

Op. point 

DC-link HG 

Average 

voltage (V) 

Average 

current (A) 

RMS voltage 

(V) 

RMS  

current (A) 

WF DC 

current (A) 

Sim. Me. Sim. Me. Sim. Ms. Sim. Me. Sim. Me. 

(A) 93.6 93.6 22.14 22.18 53.44 46.11 4.31 5 0.68 0.34 

(B) 117.4 117.4 18.2 18.21 60.68 56.88 3.91 4.2 2.09 1.69 

(C) 136.4 136.4 15.9 15.72 67.01 64.84 3.56 3.8 3.32 3 

Op.: Operating; Sim.: Simulated; Me.: Measured  
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(a) DC-link voltage=93.6 V, point (A).  

 

(b) DC-link voltage=117.4 V, point (B). 

Fig. 4.13. HG simulated phase voltage and current, DC-link voltage and current at 3000 

RPM for a delivered power of 2 kW. 
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(a) Simulated waveform.  

 
(b) Measured waveforms.  

Fig. 4.14. HG simulated and measured phase voltage and current, DC-link voltage and 

current at 3000 RPM for a delivered power of 2 kW, point (C).  
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4.4 High Voltage Benchmark Synchronous Generator (SG)   

4.4.1 General Details   

The HG proposed in this study is a high voltage, high power machine. However, it is out 

of scope of this thesis to build and test validate a high voltage, high power machine. 

Therefore, in order to have a sensible and viable design consistent with industry practice, a 

high voltage SG manufactured by Siemens whose design specifications and performance 

data are available to the author is selected as benchmark machine. Design of the HG is 

developed based on the benchmark SG specifications. Hence, the benchmark SG is 

analyzed and compared to the performance data to verify the analysis procedures and tools. 

The electromagnetic characteristics of the benchmark SG are investigated using finite 

element analysis (FEA) to obtain machine electromagnetic field distribution and flux-

linkages. Analyses are carried out for no-load and full load conditions where the back-

EMF, torque and machine performance is simulated. Once the benchmark SG 

characteristics are obtained they are used as acceptable measures for the subsequent HG 

design discussed in Chapter 5.  

The benchmark SG is a 3-phase, 11 kV (line-to-line RMS voltage), synchronous generator 

which is in operation in a hydro generation plant. The benchmark SG is a salient pole 

machine rated at 5.52 MW with a nominal speed of 600 rpm. The machine is directly 

connected to the 3-phase, 50 Hz grid. Table 4.4 lists the main machine specifications. The 

high pole, low speed design was chosen to be compatible with the HG concept.  
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Table 4.4. Benchmark SG specifications 

Parameter Description/Value 

Generator type Salient pole synchronous generator (SG) 

Rated power (MW) 5.52 

Rated RMS line-to-line voltage (kV) 11 

Rated RMS phase current (A) 362 

Field DC current at rated power (A) 486.23 

Rated speed (RPM) 600 

Number of poles 10 

Frequency (Hz) 50 

Number of phases 3 

 

The benchmark SG stator outer diameter is 2700 mm with an inner diameter of 2150 mm 

and active axial length of 400 mm, as illustrated in Fig. 4.15. The benchmark SG main 

dimensions are summarized in Table 4.5 and for the purpose of comparison specification 

details for the IG used in the Walney wind turbines are listed in Table 4.6.  
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Table 4.5. Benchmark SG dimensions 

Parameter Value 

Machine axial length (mm) 400 

Machine outer diameter (mm) 2700 

Machine inner diameter (mm) 2150 

Minimum air-gap length (mm) 7 

Maximum air-gap length (mm) 11 

Maximum rotor diameter of body (mm) 2136 

Shaft diameter (mm) 400 

Bearing diameter (mm) 250 

Bearing length (mm) 200 

Rotor pole body height (mm) 195 mm 

Rotor pole body width (mm) 350 mm 

Rotor pole shoe minimum height (mm) 43.7 mm 

Number of stator slots/teeth 135 

Stator tooth tip width (mm) 31.35 

Stator slot width (mm) 18.50 

Stator slot length from air-gap (mm) 90 

Stator slot length for winding (mm) 87 

Wedge length (mm) 5 

Stator back-iron thinness (mm) 180 

Stator slot area available for winding (mm2) 1609.5 
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Table 4.6. Walney wind farm IG specifications 

Parameter Description 

Generator type: IG 

Rated power (MW) 3.6 MW 

Rated voltage (V) 690 

Rated current (A) 3075.7 

Rated speed (RPM) 1500 

Number of poles 4 

Frequency (Hz) 50 

Number of phases 3 

Machine length (m) 2.17 

Machine outer diameter (m) 1.15 

Machine inner diameter (m) 0.57 

 

 

The front-end cross-section of the benchmark SG is illustrated in Fig. 4.15 with annotated 

main dimensions. The stator tooth/slot and rotor pole geometries are presented in Fig. 4.16 

and Fig. 4.17 respectively. As seen from Fig. 4.17 (a) the rotor has a salient pole whose 

“shoe” length varies from 70 mm at the middle of the pole to 43.7 mm at the corners. 

Therefore, the air-gap length changes from a minimum of 7 mm in the middle of the pole 

to a maximum of 11 mm at the pole corners. Hence, the benchmark SG does not have a 

constant air-gap over the pole-face, referred to here as ‘adjusted’ air-gap. To test 

contribution of this design feature a modified rotor topology was modelled having a 

constant air-gap at the rotor pole-to-stator interface as illustrated in Fig. 4.17 (b). It will be 

shown later that the adjusted air-gap rotor topology reduces cogging torque. The stator slot 

length is 95 mm out of which 5 mm is the wedge length to keep the winding inside the slot, 

3 mm the stator tip and 87 mm the stator main body. The stator slot width is 18.5 mm and 

the tooth width is 31.53 mm. Therefore, the stator slot/tooth pitch is 50.03 mm.  
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Fig. 4.15. Front-end cross-section of the benchmark SG.   
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Fig. 4.16. Benchmark SG stator tooth/slot details.   
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(a)  Benchmark machine rotor with “adjusted” 

air-gap. 

(b)  Constant air-gap rotor topology to test 

“adjusted” air-gap feature. 

Fig. 4.17. Benchmark SG rotor pole structure.   

4.4.2 Winding Arrangement   

The benchmark SG stator has 135 slots with a 3-phase distributed winding. The pole pitch 

(number of slots per pole) is 13.5 slots while the coil pitch (span) is 12 slots. Therefore, 

since the coil pitch is less than the pole pitch the winding is short-pitched. The winding 

phase band (sometimes called phase belt) is:    

 / / 135 /10 / 3 4.5Phase band slots pole phase= = =         (4.1) 

Since the phase band is not an integer the winding is a double layer fractional-slot winding 

[104]. In order to form a fractional slot winding a pattern needs to be found. Over the years, 

motor designers have developed a set of rules that will produce a balanced 3-phase 

fractional slot winding. Using the set of rules described in [104] a pattern of 5 and 4 coils 

for the benchmark SG stator winding is found as illustrated in Fig. 4.18. A set of 5 coils are 

connected in series where one side of the coil is placed into the top layer and the other side 

is in the bottom layer. The 4-set coils are also laid out similarly and the two sets, 5-set and 
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4-set, are then connected in series to form a complete pattern. Fig. 4.18 presents the winding 

pattern for one phase, this pattern being repeated five times for all the 135 slots to form the 

completer phase winding. Therefore, there are 45 coils per phase which are connected in 

series. Fig. 4.19 shows connection of the coils in one phase. The pattern is repeated for the 

other two phases in the final 3-phase winding.  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Top 
layer

Bottom 
layer

iA iA

 

Fig. 4.18. Fractional-slot, short-pitched stator winding for the benchmark SG.    

In each stator slot there are two coils. Each coil consists of four conductors (turns) and each 

conductor has a total of six strands electrically connected in parallel. The cross-section of 

a stator slot including cross-section of coils, conductors and strands for the benchmark SG 

is shown in Fig. 4.20. The two coils in the slot are separated using a 4 mm insulating 

material. The insulation systems for the windings will be discussed in Chapter 6.  

The DC benchmark SG rotor winding consists of 10 coils each wound around one salient 

pole. Each coil has 51 turns and the 10 coils are connected in series. Fig. 4.21 shows the 
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rotor winding as well as stator slot windings. The rotor winding connections are shown in 

Fig. 4.22.  

  

5 coils 5 coils

4 coils

5 coils

4 coils
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4 coils
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Fig. 4.19. Stator phase coil connections for benchmark SG.  
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Fig. 4.20. Stator slot showing cross section of coil, conductor and strands.   
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Fig. 4.21. Rotor and stator windings.  

 

 

 

Fig. 4.22. Rotor coil connections for benchmark SG.  
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4.4.3 Magnetic Field Distribution and Flux-density    

Using FEA the benchmark SG open circuit (O.C.) flux distribution at zero rotor angle and 

for a full-field current of 486.23 A is shown in Fig. 4.23. It is seen that some parts of the 

stator back-iron and rotor laminations operate at flux-densities close to 2 T and hence are 

saturated. Indeed, the machine operates at high flux-density at full-load facilitating reduced 

inductance and hence better power capability. Higher flux-density implies higher iron 

losses, however, loss management, or cooling is accommodated to maintain machine 

performance.   

 

 

Fig. 4.23. Benchmark SG field distribution at full field.   

Fig. 4.24 illustrates the normal and tangential component of the air-gap flux-density with 

respect to rotor electrical angle and for two electrical cycles. The perturbations at the peak 

flux-density plot is caused by the stator slots and are called ‘slot effects’. The flux crossing 

the air-gap faces a magnetically uneven surface of slots and teeth combination with variant 

reluctance which causes the slot effect. Flux-densities for different parts of the machine 
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laminations are listed in Table 4.7 with reference to machine sections shown in Fig. 4.25. 

The flux-densities are measured perpendicular to the dashed/solid line for each section. 

 

Fig. 4.24. Air-gap flux-density versus rotor electrical angle for two electrical cycles. 

 

Table 4.7. Flux-density for different machine sections  

Section Flux-density (T) 

Average air-gap over half a cycle (normal component) 0.998 

Average air-gap over half a cycle (tangential component) 0.11 

A 1.69 

B 2.1 

C 2 

D 1.8 

E 1.5 

F 1.85 

G 1.87 

H 1.76 

I 1.3 
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Fig. 4.25. Stator and rotor sections for flux-density measurement. 

The average air-gap flux-density over half a cycle that is an indication of machine magnetic 

loading is 0.998 T (for the normal component). As seen from Table 4.7 the tooth tip 

operates at the highest flux-density in the machine i.e. 2.1 T. However, the mid-tooth and 

back-iron flux-density is 2 T and 1.8 T respectively. These numbers confirm that the 

machine operates at high flux-densities at full-field current excitation. In order to define 

how much the machine is operating into saturation the FEA analysis at different field 

currents is performed and plots for average air-gap, tooth and back-iron flux-densities are 

presented in Fig. 4.26 with their value listed in Table 4.8. The tooth flux-density is 

measured at the middle of the tooth i.e. section ‘C’ in Fig. 4.25. Also, the back-iron flux-

density is measured at points with highest saturation.   
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Fig. 4.26. Flux-density versus rotor field current for air-gap, back-iron and tooth. 

Table 4.8. Flux-density for different field currents  

Field current Flux-density (T) 

(A) (p.u.) Average air-gap Back-iron Tooth 

0 0.00 0 0 0 

48.623 0.10 0.222 0.4 0.52 

97.246 0.20 0.445 0.81 1.04 

145.869 0.30 0.653 1.21 1.5 

194.492 0.40 0.79 1.43 1.75 

243.115 0.50 0.854 1.53 1.85 

291.738 0.60 0.9 1.65 1.92 

340.361 0.70 0.932 1.67 1.986 

388.98 0.80 0.962 1.75 2 

437.61 0.90 0.988 1.79 2 

486.23 1.00 0.998 1.8 2 
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4.4.4 Flux-linkage and Back-EMF    

The open-circuit flux-linkage over one electrical cycle for one phase winding and at a full-

field current of 486.23 A is shown in Fig. 4.27. As discussed previously, the benchmark 

SG has an adjusted air-gap, Fig. 4.17 (a). The flux-linkage from the adjusted air-gap 

machine is compared with that for the constant air-gap machine shown in Fig. 4.17 (b), and 

the results presented in Fig. 4.27, where it can be noted that there is little difference.   

 

Fig. 4.27. Phase winding open-circuit flux-linkage for the benchmark SG at full-field. 

The stator phase winding induced open-circuit back-EMF is calculated from Faraday and 

Lenz’s laws viz:   

   
d

E N
dt

φ
= −         (V)           (4.2) 

where φ  is the flux-linkage per phase winding. The rate of change in flux-linkage with 

respect to rotor electrical angle can be expressed in terms of machine speed:  
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dt d dt

d

dt

θφ φ

θ

θ
ω

=
 (4.3) 

-60

-40

-20

0

20

40

60

0 90 180 270 360

P
ha

se
 w

in
di

ng
 f

lu
x-

li
nk

ag
e 

(W
b)

Angle (electrical degrees)

Adjusted air-gap Constant air-gap



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

127 
 

Therefore, the phase winding open-circuit back-EMF is:  

    
e

e

d
E N

d

φ
ω

θ
= −         (V)         (4.4) 

also,  

    
2e m

P
ω ω=        (electrical rad/s)      (4.5) 

2  
    

60m

nπ
ω =        (Mechanical rad/s)   (4.6) 

where,  

N : is the total number of phase turns  

e
ω : Machine electrical rotor speed (rad/s) 

m
ω : Machine mechanical rotor speed (rad/s) 

e
θ : Rotor electrical angle (rad)  

n : Rotor speed (RPM) 

P : Number of poles 

Fig. 4.28 shows the phase winding back-EMF for full-field current and nominal rotor speed 

of 600 RPM. Here the back-EMF is plotted for both the adjusted and constant air-gap rotor 

designs. It is observed that there is no substantial difference in the open-circuit back-EMF 

between the two topologies. However, it will be shown later that the cogging torque for the 

adjusted air-gap is significantly smaller. The phase winding open-circuit back-EMF for 

different rotor currents is shown in Table 4.9 while Fig. 4.29 illustrates these results 

graphically. Fig. 4.29 also confirms that the machine is magnetically saturated at full-field. 

In fact, the linear region only extends to field currents up to 150 A; field current above 150 

A progressively moving into the saturated region. Note that the rotor speed is kept at 600 

RPM at all field currents. The phase winding open-circuit back-EMF is not a pure 

sinusoidal waveform and hence the RMS values are calculated accordingly.    
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Fig. 4.28. Phase winding open-circuit back-EMF at full-field and nominal rotor speed of 

600 RPM.  

Table 4.9. Phase winding open-circuit back-EMF for different rotor field currents  

Field current Phase back-EMF (kV) 

(A) Peak  RMS  

0.00 0.00 0 

30.00 2.03 1.44 

60.00 4.09 2.91 

90.00 6.14 4.36 

122.32 8.25 5.87 

149.09 9.80 7.02 

193.97 11.32 8.26 

235.22 11.98 8.81 

298.43 12.66 9.35 

382.20 13.29 9.87 

486.23 13.77 10.32 
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Fig. 4.29. Phase winding open-circuit back-EMF versus rotor field current.  

4.4.5 Torque Calculations   

Cogging torque for the benchmark SG is plotted in Fig. 4.30. The cogging torque is 

calculated at no-load (zero stator current) and full-field rotor current for both the adjusted 

and constant air-gap rotor topologies. It is seen that for the adjusted air-gap rotor the 

machine cogging torque is substantially lower. Therefore, the effect of adjusting the air-

gap is a lower cogging torque in the benchmark SG under study.  

The machine torque versus rotor angle at full-load stator phase winding current (512 A 

peak) and full-field field current (486.23 A) is presented in Fig. 4.31. The benchmark SG 

has a salient rotor therefore the total torque has two components; (i) excitation torque and 

(ii) salient torque. The excitation torque is as a result of the interaction of the rotor and 

stator magnetic fields. The rotor magnetic field is produced by the rotor field current and 

stator magnetic field is produced by the stator 3-phase winding currents. The salient torque 

however, is only dependent on the machine geometry and the stator currents. As an estimate 

of each contribution, the excitation torque can be obtained by subtracting the salient torque 
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from the total torque, the results of which is shown in Fig. 4.31. However, the results of 

Fig. 4.31 is not as would be expected from contemporary machines theory. This feature 

was investigated further by varying the stator current amplitude and then the rotor field 

current amplitude. Fig. 4.32 presents machine total torque at full-field and for full, three-

quarter, half and one-quarter stator current excitation. It is seen that there appears little-to 

no saliency torque component at full rotor field current at any stator loading. In order to see 

this clearer, Fig. 4.33 shows the near linear variation of peak torque with respect to stator 

load current. Fig. 4.34 shows total torque for different rotor field currents and at full-load 

stator current excitation.  It is seen that as the rotor field current reduces the effect of 

saliency, i.e. the twice fundamental component, becomes clear in the total torque. 

Therefore, as the rotor field current decreases the machine magnetics move from saturation 

and the salient torque becomes more apparent in the machine torque versus angle 

characteristics. Fig. 4.35 presents the peak torque variations with respect to rotor field 

current. Thus, at full rotor field, saturation in the machine rotor (and to some extent the 

stator) negates the salient torque contribution.  

 

Fig. 4.30. Benchmark SG cogging torque for the adjusted and constant air-gap rotor 

topologies.  
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Fig. 4.31. Benchmark SG torque components at full rotor field current and full-load 

stator winding currents. 

  

 

Fig. 4.32. Benchmark SG total torque at full-field and varying load.  
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Fig. 4.33. Peak torque variation with-respect-to stator load current.  

 

 

Fig. 4.34. Benchmark SG total torque at full-load stator current and varying rotor field 

current.  
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Fig. 4.35. Benchmark SG total torque at full-load stator current and varying rotor field 

current.  

4.4.6 Inductances     

As discussed previously, the benchmark SG operates in saturation at rated full-field current 

and full-load stator current. One of the saturation effects is reduced machine inductance 

which contributes to the machine power capability. The SG synchronous reactance is a 

function of the rotor field current once the machine is outside the linear (magnetic) 

operation region, as shown in Fig. 4.36 [105]. Machine output power has a reciprocal 

relationship with the machine reactance hence the machine output power increases as the 

machine goes into saturation as result of reduced inductance. Fig. 4.37 presents the per 

phase unsaturated self-inductance for the benchmark SG. The inductance is a function of 

rotor angle due to the rotor saliency, as discussed.  
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Fig. 4.36. SG synchronous reactance as function of field current.   

The machine phase inductances are expressed as follows [106]:  
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and the mutual coupling between phases are:  
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 (4.8) 

where,  

 ,   ,  
a b c

L L L : Phase inductances for phase A, B and C respectively  

 ,   ,  
ab ac bc

M M M : Mutual inductances between phases 

0L : Average phase self-inductance (including leakage)  

2L : Phase inductance amplitude variations above average    
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The d-q axis inductances shown in Fig. 4.37 are defined as follows [106]:  

( )

( )

0 2

0 2

3
     

2
3

    - 
2

d

q

L L L

L L L

= +

=

 (4.9) 

The variation of inductances with rotor angle for a cylindrical rotor SG are generally 

neglected and hence the term with angular variation, i.e. 
2L , is assumed zero. Hence, the 

machine synchronous inductance for a cylindrical SG is calculated as follows:  

0

3
       

2s d q
L L L L= = =  (4.10) 

Note, when leakage inductance is neglected, the synchronous inductance for a cylindrical 

SG with an identical sinusoidally distributed winding can be calculated as follows [102]:   

0   
2s

m
L L=  (4.11) 

where,  

m : Number of phases   
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Fig. 4.37.  Unsaturated phase self-inductance for the benchmark SG.    

To account for saturation in subsequent modelling a saturation factor is calculated using 

the machine open circuit characteristics [107]. Referring to Fig. 4.36 the saturation factor 

is defined as:  

_

_

    f rated lin
s

f lin rated

I E
k

I E
= =  (4.12) 

where,  

_f rated
I : Field current at rated stator load current (produces rated back-EMF)  

_f lin
I : Field current that produces rated back-EMF on the linear air-gap characteristic  

lin
E : Back-EMF produced by rated rotor field current on the air-gap linear characteristic   

rated
E : Rated back-EMF    

 

The saturated inductance is obtained by dividing the unsaturated inductance by a saturation 

factor [107]:  
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  su

ss

s

L
L

k
=  (4.13) 

where,  

ss
L : Saturated inductance    

su
L : Unsaturated inductance 

 

Machine inductances for the benchmark SG are listed in Table 4.10 along with the machine 

per phase resistance quoted at an operational steady-state winding temperature of 75°C.  

Table 4.10. Benchmark SG inductances and resistance    

Parameter  Value  

0L  (mH) 64.42 

2L  (mH) 13.22 

d
L  (mH) 116.45 

q
L  (mH) 76.8 

su
L  (mH) 96.63 (1 p.u.) 

ss
L  (mH) 42.76 (0.44 p.u.) 

s
k  2.26 

Phase resistance at 75°C (Ω) 0.102  

4.4.7 Modelling of Benchmark SG     

The finite element parameters obtained for the benchmark SG are input to a 

MATLAB/Simulink simulation model of the machine. The benchmark SG is an industrial 

HV generator that is designed to connect to a three-phase, 50 Hz grid as shown in Fig. 4. 

38. Hence, the grid is modeled as an 11 kV line-to-line infinite bus-bar. The MATLAB 

model for the benchmark SG is shown in Fig. 4.39. The machine is analyzed with saturated 
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and unsaturated inductance for result comparison. The unsaturated inductance is regarded 

here as 1 p.u., hence the saturated inductance is 0.44 p.u.  

 

Fig. 4.38. Benchmark SG connected to 11 kV infinite bus-bar.   

 

Fig. 4.39. MATLAB model for benchmark SG connected to 11 kV infinite bus-bar.   

The SG output power is related to the sine of the load angle [108]. Fig. 4.40 shows power-

angle characteristics for the benchmark SG. As seen the power increases as the inductance 

reduces. Therefore, a machine operating in the saturation region has a better power 
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capability due to reduced inductance. Machine phase back-EMF, phase voltage and current 

for a load angle of 22.15 electrical degrees are plotted in Fig. 4.41. In generator mode of 

operation, the back-EMF leads the phase voltage and power is injected to the bus-bar. The 

phase current lags the phase voltage by 35.57 degrees i.e. a power factor of 0.81. Table 

4.11 compares simulation results against the published datasheet values for the benchmark 

SG, illustrating a good agreement between the two sets of data.  

 

 

Fig. 4.40. Power-angle characteristics for the benchmark SG connected to an infinite 

bus-bar.   
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Fig. 4.41. Benchmark SG back-EMF, phase voltage and current.   

Table 4.11. Comparison between benchmark SG simulated results and datasheet 

Parameter  Simulated  Datasheet 

Rated output power (MW) 5.52 

Full-field rotor current (at rated power) (A) 486.23 

Open circuit phase RMS back-EMF at full-field current (kV) 10.32 8.25 

Grid line-to-line RMS voltage (kV) 11 

Full-load stator RMS current (A) 357.2 362 

Load angle (degrees) 22.15 29.9 

Power factor at full-load stator current (p.u.) 0.81 0.8 

Grid frequency (Hz) 50 

Synchronous inductance (Ω) 13.43 14.2 

Phase resistance (Ω) at 75 °C 0.102 0.131 

Rotor winding resistance (Ω) at 75 °C 0.13 0.1260 
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4.5 Summary      

In this Chapter different machine topologies and power conversion schemes for wind 

generation systems are reviewed. The hybrid generator concept is discussed and results 

from a laboratory prototype HG are presented. The prototype HG is a 3 kW machine with 

88.5 V maximum peak phase voltage and nominal speed of 3000 RPM. A brushless exciter 

provides DC supply for the HG wound field. A MATLAB/Simulink model is developed to 

simulate the HG operational characteristics at various DC-link voltages and wound field 

currents. The simulations results are compared with HG prototype measured results and 

show a good agreement hence confidence in model accuracy. An industrial 11 kV, 5.52 

MW synchronous generator is chosen as benchmark machine based on which the high 

voltage hybrid generator is designed in Chapter 5. The benchmark SG is analyzed and 

simulated to validate the machine published data. Benchmark SG air-gap flux-density, flux-

linkage, back-EMF, torque and inductance are evaluated using finite element analysis. It is 

shown that machine operates in saturation region at full-load stator current and full-field 

rotor current. This results in a reduced inductance and improved power capability. The good 

agreement between the simulated benchmark SG and its associated published data gave 

confidence to progress the high voltage HG design using the finite element and 

MATLAB/Simulink circuit simulation tools.  
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Chapter 5 

 

Hybrid Generator (HG) Design    

 

5.1 Introduction    

In this Chapter the benchmark SG presented in Chapter 4 will be used to develop HG 

designs suitable for the proposed wind generation scheme discussed in Chapter 3. The HG 

designs are evolved from benchmark machine design maintaining magnetic and electric 

loading equivalence so as to realize designs that have some practical validation, since the 

build and test of a full-size machine is out of the scope of this thesis study.  As discussed 

in preceding Chapters, the HG has two rotor parts, a WF and a PM. Both rotors are mounted 

on the same shaft hence rotate with the same speed and share one stator. The HG WF and 

HG PM rotors can be designed as separate machines that are then combined with an 

appropriate split ratio to form a HG. The HG stator is the same as the benchmark SG, i.e. 

the same number of slots and geometry. However, two options will be considered for the 

stator winding:   

• A 3-phase winding, as per the benchmark SG, and,  

• A 9-phase winding within the same stator slot and geometry.  

The 3- and 9-phase designs will be compared to illustrate the benefits of the multiphase 

solutions. The rotor geometry for the WF is the same as the benchmark SG rotor with 10 

salient poles. The rotor geometry for the PM section is also 10 poles with suitable magnet 

dimensions. The design study will consider a full WF and a full PM solutions and a HG 

having a WF:PM split ratio.  
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5.2 HG Design Philosophies      

In Chapter 2 the wind turbine operation was divided into two regions:  

(i) Limited speed region of operation, and  

(ii) High speed region of operation.  

For the limited speed region, the HG speed is rated at 1 p.u., Fig. 2.15, while HG speed in 

the high speed region could be as high as 1.67 to 2.66 p.u. (≈ 3 p.u.), Fig. 2.17, depending 

on the pitch angle. Therefore, design of the HG varies depending on the choice of wind 

turbine operational region. In this section different design philosophies for the HG in both 

limited and high speed regions are investigated to address the wind turbine and system 

requirements. However, as it was discussed in Chapter 2, the high speed region of operation 

is not an industry practice for the wind turbine-generator. Hence, the remaining section of 

this Chapter only considers HG design for limited speed operation of the wind turbine.    

5.2.1 HG Design Philosophy for Limited Speed Region  

In a wind farm the wind turbines experience varying wind velocity with time. This is due 

to uneven distribution of the wind mass, uncertainty of the wind direction and also the 

location of the wind turbines. Therefore, in a large farm such as Walney, the output voltage 

and power of the wind turbine generators will vary slightly from one another [27], [109] - 

[114]. As discussed previously, for systems typical of the Walney wind farm, the two back-

to-back VSCs decouple the generator from the grid and control the voltage and frequency 

to match that of grid. However, in the proposed HG system there are no VSC’s, instead the 

HG is connected to a passive rectifier that has no inherent control functionality. Therefore, 

the WF of the HG must control the output voltage. Since the HG rectifiers for all the 

turbines in the farm are electrically connected in parallel any voltage disparity between 

generators will cause the rectification stage potentially to turn-off.  Therefore, the WF must 

be designed for the largest wind velocity variations between the wind turbines in the wind 
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farm. A maximum of less than 20% wind velocity variation between wind turbines 

throughout a wind farm are reported in the literature [110]. In this study a maximum wind 

velocity variation of 25% is considered for the HG design to assure some margin in design. 

The HG WF design is dependent on voltage and hence speed variations. Therefore, the split 

ratio between PM and WF rotor sections of the HG can be considered as varying from a 

fully WF rotor or traditional SG, to some ratio of PM to WF excitation. To satisfy the 25% 

wind velocity variation a HG with a PM:WF ratio of 0.75:0.25 is considered and compared 

with a (100%) WF (or SG). Here, the 100% WF (or SG) machine is considered to be a 

reference 1 p.u. machine.   

First consider a fully WF (or SG) machine. Fig. 5.1 presents total terminal voltage of a SG 

against rotor speed while the wind turbine is operating within the limited speed operation 

region. The output voltage of the SG is considered to be proportional to the rotor speed 

since the rotor WF current is fixed. As discussed in Chapter 2, Fig. 2.15, there are some 

speed and power perturbations around the rotor base speed which explains the voltage and 

current perturbations around base speed of Fig. 5.1.  

 

Fig. 5.1. Voltage variation of a fully WF (SG) for a turbine operating in the limited speed 

region. 
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Now consider that the SG is scaled down to act as the WF rotor of the HG. Therefore, the 

WF rotor provides 25% of the maximum HG terminal voltage and the PM rotor induces the 

remaining 75%. The HG total terminal voltage versus rotor speed variation is depicted in 

Fig. 5.2 when the HG is operating in the limited speed range. This WF boost voltage ensures 

that the HG is in a safe operating condition in the event of loss of rotor field, as opposed to 

a design where the WF voltage ‘bucked’ (reduced) that of the PM field. Loss of rotor field 

also acts as a protection feature in the event of generator faulted operation.   

 

Fig. 5.2. Voltage variations for a HG with 75% induced voltage due to PM rotor and 25% 

induced voltage due to WF rotor for a turbine operating in the limited speed region. 
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5.2.2 HG Design Philosophy for High Speed Region  

In the high speed region of operation, the rotor speed can exceed beyond the nominal rated 

(1.0 p.u.) depending on the pitch angle chosen to match the wind velocity. Note that the 

nominal 1.0 p.u. references the design to the limited speed region concept.  In practice, the 

wind turbine mechanics will have to be designed for speeds above 1.0 p.u. hence the 

maximum rated speed will be higher and could be between 1.0 and 3.0 p.u. (2.66 p.u. for 

the Enercon E-82 system discussed in Chapter 2) depending on pitch angle control 

implementation for the turbine under study.  

First consider a SG in the high speed region of operation. In the high speed region, the 

terminal voltage of the generator increases up to rated speed since it is assumed that the 

machine terminal voltage is proportional to the rotor speed. Above the rated speed, the 

output voltage of the generator stays constant at its nominal 1.0 p.u. value. Fig. 5.3 shows 

output voltage and WF current for the SG. The WF current is at its maximum from zero to 

rated speed and as the machine speed increase above 1.0 p.u. the WF current reduces to 

realize a constant voltage at the terminals of the SG. For the HG it is assumed that the HG 

terminal voltage at the highest rotor speed (3.0 p.u.) is only due to the PM excitation to 

ensure that there is no system over voltage should there be loss of WF. The induced voltage 

due to PM and terminal voltages are plotted in Fig. 5.4. The WF voltage is therefore 

calculated by subtracting the induced voltage due to PM rotor from the total required 

machine terminal voltage. The PM and WF induced voltages together with HG terminal 

voltage and WF current are shown in Fig. 5.4. The WF current is kept at a maximum value 

up to rated speed and reduced as the speed goes beyond the rated speed to maintain a 

constant terminal voltage.  
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Fig. 5.3. Voltage variations for a fully WF (SG) for a turbine operating in the high speed 

region. 

 

 

Fig. 5.4. Voltage variations for a HG with PM and WF rotor parts for a turbine operating 

in the high speed region. 
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5.3 Design of 3-phase HG with 100% Wound Field (WF)    

5.3.1 Generator Connected to a Passive Rectifier     

The 3-phase HG with 100% WF is essentially the same machine as the benchmark SG 

presented in Chapter 4. However, the benchmark SG is connected to a three-phase grid 

while here connected to a passive rectifier. The SG output power varies with the rotor angle 

when the machine is connected to an infinite bus-bar grid. However, for the HG connected 

to a rectifier, the rotor angle variation is constrained by the action of the diode bridge 

rectifier, hence some performance assessment has to be performed. Fig. 5.5 shows a 

schematic diagram of the 3-phase HG with 100% WF, referred to as 3-phae HG WF, 

connected to a passive rectifier.  

HG WF 

ωm

VDC

 

Fig. 5.5. 3-phase HG WF connected to a passive rectifier.   

A MATLAB model is set up for the 3-phase HG WF to evaluate the machine performance, 

as shown in Fig. 5.6. The DC-link is connected to a DC power supply (battery) acting as 

the load. The model is set up to simulate a HG WF connected to rectifier and also a voltage 

source converter (VSC) so that the machine performance can be evaluated when connected 

to an uncontrolled passive rectifier and to a fully controlled VSC and the two schemes 

compared. For passive rectifier operation the gates of the IGBT’s in the model are disabled. 

Therefore, the converter acts as a rectifier using the parallel diodes of the IGBTS’s. The 

average of the rectified DC-link voltage cab be analytically calculated as follows [77]:  



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

149 
 

3
   2 ave rms

dc LL
V V

π
=  (5.1) 

where,  

rm s

L L
V : RMS line-to-line voltage     

 

The no-load DC-link voltage for the rectifier output is plotted in Fig. 5.7. The average of 

the simulated no-load DC-link is 22.77 kV, which is consistent with the analytical value 

calculated from (5.1).  Table 5.1 lists the DC-link and HG WF main voltages.   
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Fig. 5.6. MATLAB model for the 3-phase HG WF connected to a rectifier or VSC.   

 

Fig. 5.7. No-load DC-link voltage at the rectifier output.  
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Table 5.1. DC-link and machine voltages for the 3-phase HG WF connected to a 

passive rectifier    

Parameter  Value (kV) 

Phase peak voltage  13.77 

Line-to-line RMS voltage 16.86 

Average no-load DC-link voltage 22.77 

Peak no-load DC-link voltage 23.85 

Minimum no-load DC-link voltage 20.65 

No-load DC-link voltage variations  3.2 

 

Fig. 5.8 shows the DC-link power with respect to DC-link voltage variations for different 

inductances when the 3-phase HG WF is connected to passive rectifier. The phase back-

EMF, phase voltage and current for a DC-link voltage of 14 kV and machine inductance of 

0.44 p.u. are plotted in Fig. 5.9.  At a DC-link voltage of 14 kV the fundamental component 

of the phase current lags the fundamental of the phase voltage by 5.12 degrees, i.e. a power 

factor of 0.996 for the fundamental components. The phase current is defined by the load, 

i.e. the battery voltage. Therefore, the power factor is defined by the load and cannot be 

controlled via passive diode rectifier.  The phase back-EMF is a sine wave generate by the 

HG WF but the phase voltage is a 6-step quasi square waveform with ±2/3 VDC and ±1/3 

VDC voltage levels, Fig. 5.9. The instantaneous DC-link power and current are plotted in 

Fig. 5.10. The DC-link power perturbations are due to the ripples in the DC-link current.  
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Fig. 5.8. DC-link power vs. DC-link voltage variations at the rectifier output.  

 

Fig. 5.9. Phase back-EMF, phase voltage and current for a DC-link voltage of 14 kV 

and 0.44 p.u. inductance for a 3-phase HG WF connected to a passive rectifier.  
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Fig. 5.10. DC-link power and current for a DC-link voltage of 14 kV and 0.44 p.u. 

inductance for a 3-phase HG WF connected to a passive rectifier.  

5.3.2 Generator Connected to a VSC      

In the previous section performance of the 3-phase HG WF connected to a rectifier was 

discussed. In commercial wind turbines, the Walney wind turbines for instance, the 

generator is sometimes connected to an active power electronic converter i.e. VSC. The 

VSC allows vector control of the HG WF hence improving the output power capability of 

the machine. In this section the performance of the HG WF connected to a three-phase VSC 

with two control schemes, PWM control and over modulated, is evaluated and results are 

compared with that of rectifier connected HG WF. Fig. 5.11 shows the 3-phase HG WF 

connected to a VSC and a battery as load.  
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HG WF 

ωm

VDC

 

Fig. 5.11. Three-phase stator HG WF connected to a VSC.    

The IGBT’s gate signals shown in the MATLAB model in Fig. 5.6 are generated via 

comparing a 3 kHz saw-tooth carrier signal with a sine wave control (modulating) signal. 

The phase fundamental component is synthesized based on the switching sequences hence 

will be proportional to the control signal, i.e. a sine waveform. An amplitude modulation 

index is defined as follows [77]:  

ˆ
  

ˆ
ctrl

a

saw tooth

V
m

V −

=  (5.2) 

where,  

ĉtrlV : Control signal amplitude        

ŝaw toothV − : Carrier signal amplitude        

 

The amplitude of the phase voltage fundamental component is controlled via the 

modulation index. Moreover, the phase angle and frequency of the phase voltage 

fundamental component is proportional to the control signal phase angle and frequency. 

Therefore, amplitude, angle and frequency of the phase voltage fundamental component 

are controlled by the control signal. For a sinusoidal PWM control scheme the modulation 

index varies between 0 and 1 and the output phase voltage envelope is a 6-step quasi-square 

wave with ±2/3 VDC and ±1/3 VDC voltage levels. Fig. 5.12 shows phase back-EMF, phase 

voltage and phase current of the 3-phase HG WF when connected to a VSC with PWM 

control, modulation index of 0.95, DC-link voltage of 14 kV and for an angle of 60 degrees 

between the fundamental voltage component and the back-EMF, i.e. the load angle. For 



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

155 
 

this load angle, the phase current lags the fundamental component of the phase voltage by 

0.11 degrees i.e. a power factor of ≈ 1.0 p.u.  

 

Fig. 5.12. Phase back-EMF, voltage and current for a 3-phase HG WF connected to a 

VSC with PWM control, modulation index 0.95, DC-link voltage 14 kV, inductance 

0.44 p.u. and load angle 60°.    

 

DC-link power and current for the same conditions stated in Fig. 5.12 are plotted in Fig. 

5.13. The average power and current in the DC-link are constant while the instantaneous 

values vary with time as result of PWM switching. For the over-modulated control scheme, 

the modulation index is greater than 1.0. For a modulation index from 0 to 1.0, the phase 

voltage increases linearly. Above a modulation index of 1.0, the phase voltage increases 

non-linearly to a maximum value of 1.273 p.u. as shown in Fig. 5.14. The machine phase 

back-EMF, voltage and current for over-modulated control scheme for the same conditions 

as PWM control scheme but with a modulation index of 100 are plotted in Fig. 5.15.  The 

phase voltage is a 6-step square wave with ±2/3 VDC and ±1/3 VDC voltage levels.  
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Fig. 5.13. DC-link power and current for the same conditions as in Fig. 5.12.  
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Fig. 5.14. Amplitude of the phase voltage fundamental component variations with 

respect to modulation index.  
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Fig. 5.15. Phase back-EMF, voltage and current for a 3-phase HG WF connected to a 

VSC with over-modulated control, modulation index 100, DC-link voltage 14 kV, 

inductance 0.44 p.u. and load angle 60°.   

In the over-modulated scheme, the phase current lags 10.06 degrees behind the phase 

voltage fundamental component, i.e. a 0.98 power factor. Note that the load angle in both 

PWM and over-modulated is kept at 60 degrees. The DC-link power and current for the 

over-modulated control scheme are shown in Fig. 5.16. The DC-link average power for the 

over modulated VSC control is 11.91 MW while for the PWM control scheme and the same 

load angle is 8.98 MW. This is due to a maximum 0.95 modulation index for the PWM 

control scheme (to maintain sinusoidal phase current control) and also the 1.273 factor 

increase in phase voltage for the over-modulated case. Fig. 5.17 illustrates the DC-link 

power with respect to load angle for PWM and over-modulated control schemes. It is seen 

that the power gain for the over-modulated control scheme occurs at all load angles. 

However, in the over-modulated scheme the amplitude of the phase voltage fundamental 

component cannot be controlled. The switching frequency for the over-modulated control 

is low which makes it desirable for high power applications.  
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Fig. 5.16. DC-link power and current for the same conditions as in Fig. 5.15.  

 

Fig. 5.17. DC-link power with respect to load angle for PWM and over-modulated 

control for a 3-phase HG WF connected to a VSC, DC-link voltage 14 kV, inductance 

0.44 p.u.  
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Table 5.2 shows the maximum DC-link power for a 3-phase HG WF connected to a passive 

rectifier and VSC. The DC-link power in the rectifier case is lower due to passive rectifier 

inability to control load angle, whereas with a VSC the load angle can be controlled to 90 

degrees. Therefore, when a passive rectifier replaces a VSC (or active rectifier), then in 

order to get the same DC-link power the 3-phase HG WF needs to be redesigned for a factor 

of 1.42 and 1.1 higher power for over-modulated and PWM schemes respectively.  

Hence, for the same application and DC-link power, it can be concluded that the machine 

rating must be larger if interfaced by a passive rectifier that when interfacing by a VSC.  

  

Table 5.2. Maximum DC-link power for the 3-phase HG WF connected to a passive 

rectifier and VSC     

3-phase HG WF connected to  
Maximum DC-

link power (MW) 

DC-link power ratio 

(VSC/Rectifier) 

Over-modulated PWM 

Passive rectifier  9.63 

1.42 1.1 

VSC with over-modulated 

control scheme  
13.70 

VSC with PWM control 

scheme  
10.31 

5.4 Design of 9-phase HG with 100% Wound Field (WF)    

In this section the 3-phase HG with 100% WF i.e. 3-phase HG WF is rewound as a 9-phase 

stator winding, referred to as 9-phase HG WF. The machine rotor and stator geometries, 

number of poles (10), number of stator slots (135) and physical specifications are 

maintained the same for the purpose of comparison. For the 9-phase winding, the phase 

band from equation (4.1) and is 1.5. The winding is short-pitched and also fractional-slot. 

Therefore, in order to rewind the stator to include 9 phases a pattern of 2 and 1 coils is 
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required. Fig. 5.18 illustrates a pattern for the 9-phase stator winding for the HG WF. The 

2-set and 1-set coils are connected in series to form a pattern. The pattern is repeated five 

times, therefore there are 15 coils per phase for the 9-phase winding. The coil span is 12 

slots and the winding is double layer. For the 3-phase winding each coil had 4 turns 

(conductors) but for the 9-phase winding each coil has 12 turns. Therefore, having the same 

coil span the number of turns per phase for the 3- and 9-phase windings is 180; for 3-phase 

45 coils and 4 turns per coil while for the 9-phase 15 coils and 12 turns per coil. The turn 

cross-sectional area in the 9-phase winding is one third that of the turn cross-sectional area 

in the 3-phase winding. Therefore, the per-phase resistance of the 9-phase winding is 3 

times that of the 3-phase winding. Based on the value listed in Table 4.10 for the per-phase 

resistance of the 3-phase winding, the per-phase resistance for the 9-phase winding at the 

operational temperature of 75°C is 0.305 Ω. Note that although the phase resistance is 3 

times higher for the 9-phsde design, the copper loss, for the 3- and 9-phase winding 

schemes is equitable since the 9-phase currents are reduced by a factor of 3.  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Top 
layer

Bottom 
layer

iA iA

 

Fig. 5.18. Fractional-slot, short-pitched stator winding for the 9-phase HG WF.   



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

161 
 

For the purpose of verification, the per-phase resistance of the 9-phase winding is also 

calculated from the geometry of the machine as follows. The turn resistance is:  

9  
  cu turn

turn

turn

l
R

A

φ ρ
=       (5.3) 

and,  

( )coil pitch
  2   4 2  

2turn a
l l= +  (5.4) 

where,  

cu
ρ : Copper electrical resistivity (Ω.m)     

turn
l : Length of a turn in a coil (mm)     

turn
A : Cross section of a turn in a coil (mm2)     

a
l : Axial length (mm)     

 

Each turn in a coil has two sides plus end winding. The two sides have the same length as 

the machine axial length. According to Fig. 5.18, the end winding has a diamond 

(triangular) shape whose base length is the same as the coil pitch and height is half of the 

coil pitch, where the coil pitch is 12 slots. There are two such triangles, one at each end of 

the machine.   

Therefore, for an N-turn coil:  

9 9   
coil stator turn

R N Rφ φ=      (5.5) 

There are 12 turns per coil and a total of 15 coils per phase. These 15 coils are connected 

in series using 9 interconnections. The interconnection also has a diamond shape with the 

base length of 13 slots and a height 13/2 slots: 

( )13 slots
  2 2  

2interconnection
l =  (5.6) 

9  
  cu interconnection

interconnection

turn

l
R

A

φ ρ
=  (5.7) 
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where,  

interconnection
l : Interconnection length (mm)     

9
interconnection

R φ : Interconnection resistance (Ω)     

 

Therefore, the phase resistance is:  

9 9 9  15   9 ph coil interconnectionR R R
φ φ φ= +  (5.8) 

Table 5.3 lists the winding specifications. Note that the calculated resistances are at 20C°. 

The resistance at the operational temperature of the machine, 75°C, is given by [115]:  

( )
2 1

9 9
( ) ( ) 2 1   1   

ph T ph T T
R R T T

φ φ α= + −      (5.9) 

where,  

2T : Machine operational temperature 75°C    

1T : Room temperature 20°C    

T
α : Temperature coefficient of resistance °C-1 
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Table 5.3. 9-phase winding specifications for the HG WF     

Item Value 

Copper electrical resistivity (Ω.m)     1.68×10-8 

Turn length (mm) 2498.1 

Turn cross-section area (mm2)* 31.72  

Axial length (mm) 400 

Coil pitch (12 slots) (mm) 600.36 

Turn resistance (Ω) 0.00137 

Coil resistance (Ω) 0.0165 

Interconnection length (mm)  919.79 

Interconnection resistance (Ω) 0.0005 

Phase resistance (Ω) at 20°C    0.252  

Temperature coefficient of resistance (°C-1) 0.003862 

Phase resistance (Ω) at 75°C    0.306 

*Turn cross-section for 3-phase winding (with 6 strands)=95.16 mm2 (= 6.1 × 2.6 × 6) 

 

The phase resistance calculated for the 9-phase winding from the machine geometry is the 

same as that estimated using the 3-phase resistance confirming the accuracy of the method. 

The rotor WF resistance is calculated from the rotor and coil geometry. Rotor winding has 

10 coils each wound around the 10 salient rotor poles and connected in series. Each rotor 

coil has 51 turns. Each turn has two sides, each the same length as the machine active axial 

length (400 mm) plus end windings that have the same length as the width of the rotor poles 

(350 mm). Also, the length of the interconnection between the series coils is the same as 

the pole-pitch. The turn resistance and length of a rotor coil turn is calculated via (5.10) and 

(5.11):  
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rotor

rotor cu turn
turn rotor

turn

l
R

A

ρ
=  (5.10) 

  2    2  rotor poles

turn a w
l l l= +  (5.11) 

Hence:   

   rotor rotor

coil rotor turn
R N R=  (5.12) 

 
  

rotor

rotor cu interconnection
interconnection rotor

turn

l
R

A

ρ
=  (5.13) 

Therefore, the rotor resistance is:  

  10   +  9 ro tor rotor

rotor coil interconnection
R R R=  (5.14) 

where,  

rotor

turn
R : Turn resistance for the rotor coil (Ω)  

ro tor

tu rn
l : Length of a turn in a rotor coil (mm) 

rotor

turn
A : Cross-section of a turn in rotor coil (mm2) 

poles

w
l : Width of rotor pole (mm) 

rotor

coil
R : Rotor coil resistance (Ω) 

ro to r
N : Number of turns in a rotor coil 

rotor

interconnection
l : Length of rotor winding interconnection (mm) 

rotor

interconnection
R : Rotor interconnection resistance (Ω) 

 

Rotor winding specifications are listed in Table 5.4.  
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Table 5.4. Rotor field winding specifications for the HG WF     

Item Value 

Length per turn (mm) 1500 

Turn cross-sectional area (mm2) 112 

Turn resistance (mΩ) 0.225 

Number of turns per coil  51 

Coil resistance (mΩ) 11 

Winding interconnection length (mm)  675.44 

Winding interconnection resistance (mΩ) 0.1 

Resistance (Ω) at 20°C    0.11 

Resistance (Ω) at 75°C    0.13 

5.4.1 Comparison of 3-phase and 9-phase Machines       

The flux-linkage per-phase and open-circuit induced back-EMF at a full-field current of 

486.23A for the HG WF are presented in Figs. 5.19 and 5.20 respectively. For the purpose 

of comparison, the 3- and 9-phase waveforms are shown. It is seen that the back-EMF for 

the 9-phase winding is less sinusoidal compared to that of the 3-phase back-EMF. This is 

due to a lower number of coils per phase in the 9-phase winding. Note that the angular 

difference (phase shift) between the two windings is simply due to a shift in the coil center 

reference. Since the HG is connected to a passive rectifier in the proposed wind generation 

scheme, it is no longer necessary to have a sinusoidal output voltage, indeed a move 

towards a more trapezoidal waveform would be beneficial. Table 5.5 shows the peak and 

RMS values for the induced back-EMF for the 3-phase HG WF and 9-phase HG WF. It is 

seen from Table 5.5 that the 9-phase winding results in higher peak and RMS values for 

the phase voltage. This is explained using the phasor diagram.  
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Fig. 5.19. Phase flux-linkage for the HG WF at a full-field current 486.23 A.    

 

 

Fig. 5.20. Phase back-EMF for the HG WF at a full-field current 486.23 A.       
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Table 5.5. RMS and peak voltages for 3- and 9-phase HG WF at full-field of 486.23 A 

and 600 RPM      

HG WF with  
3-phase stator 

winding  

9-phase stator 

winding  

Voltage ratio 

(9-phase)/(3-phase)  

Peak phase voltage (kV) 13.77 13.94 1.0123 

RMS phase voltage (kV) 10.37 10.80 1.0415 

 

Assuming that individual coils have sinusoidal back-EMF’s (which is not the case), the 

winding coil distribution factor can be estimated from the phasor diagram for a pattern of 

5-set and 4-set coils for the 3-phase winding, as shown in Fig. 5.21. Each coil is represented 

as a single phasor and the first coil is set as zero angle. The angles of other coils are defined 

with-respect-to the zero reference by the slot number in which the coil is laid in. Note that 

each slot is 2.67 degrees mechanical which equates to 13.33 degrees electrical.  For the 4-

set coils the phasors lie between 180 degrees and 270 degrees but since the current is 

reversed in the 4-set coils (due to the coil interconnections) a 180 degrees is deducted from 

their angles such that they lie in the first quadrant. In Fig. 5.21the 4-set coil phasors have 

lighter color for clarity. Also, note that the amplitude of the voltages for each coil is 

normalized to 1.0 p.u.  

VA5 =1∠53.33 

VA1 =1∠0 

V'A1=1∠6.67 

VA2 =1∠13.33 

VA3 =1∠26.67 

VA4 =1∠40 

V'A2 =1∠20 

V'A3 =1∠33.33 

V'A4 =1∠46.67 

 

Fig. 5.21. Phasor diagram for 3-phase winding, 5-set and 4-set pattern.   



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

168 
 

The pattern is repeated 5 times, and considering 4 turns per coil, the per unit phase voltage 

for the 3-phase winding is:  

( )(3) 1 2 3 4 5 1 2 3 4  4  5 

          = 171.98 26.67

ph A A A A A A A A A
V V V V V V V V V V′ ′ ′ ′= × + + + + − − − −

�
∡

 (5.15) 

Employing the same method, then for the 9-phase winding the phasor diagram for a pattern 

of 2-coils and 1-coil is shown in Fig. 5.22.  The same process explained for the 3-phase 

winding phasors is used here to obtain the phase voltage. Therefore, the per-phase voltage 

for the 9-phase winding including 12 turns per coil is:  

( )(9) 1 2 1  12  5 

          = 179.16 6.67

ph A A A
V V V V ′= × + −

�
∡

 (5.16) 

VA1 =1∠0 

V'A1=1∠6.67 

VA2 =1∠13.33 

 

Fig. 5.22. Phasor diagram for 9-phase winding, 2-set and 1-set patterns.   

The ratio of 9-phase to 3-phase voltages from the phasor diagram is 1.0417 

(179.16/171.98). Hence, the increased voltage in the 9-phase case is due to an improved 

winding factor. Therefore, an important conclusion here is that compared to the 3-phase 

stator winding for the HG WF, the 9-phase winding results in 4.2% higher output voltage 

at the machine terminals.    
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5.4.2 Generator Connected to a Passive Rectifier          

Fig. 5.23 shows the per-phase self-inductance of the 9-phase winding. The machine 

inductance changes with rotor angle since the rotor poles are salient. Fig. 5.24 shows nine 

coils each representing one phase where the displacement between adjacent coils is 40 

electrical degrees.  

 

Fig. 5.23. Per-phase self-inductance for one phase of the 9-phase HG WF.   
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Fig. 5.24. Coil representation for 9-phase inductance calculations.    
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Equation 5.17 gives the self- and mutual-inductances for the 9-phase winding. Only the 

mutual inductance between phase 1 and other phases are shown in equation 5.17. Mutual 

inductances between other phases are obtained similarly.  

( )9 9
1 0

9 9
2 0

9 9
3 0

9 9
4 0

9 9
5 0
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6 0
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7 0
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(5.17) 

where,  

i
L : Self-inductance for phase i (i = 1, …, 9)  

ij
M : Mutual inductance between phase i and j (i = 1, …, 9 and j = 1,..., 9) 

9
0L : Average phase inductance for the 9-phase winding  

9
g

L : Phase inductance amplitude variations above average for the 9-phase winding   

The phase inductance shown in Fig. 5.23 is unsaturated and its equivalent synchronous 

inductance is calculated from equation (4.11). However, the saturated synchronous 

inductance using equation (4.13) for the 9-phase HG WF is 112.33 mH. The MATLAB 

Simulink model for the 9-phase HG WF is shown in Fig. 5.25. Note that the gate signals 

are disabled so that the converter operates as a passive rectifier. The model embeds 3×3-

phase converter that are connected to form a 9-phase converter. On the DC-link a battery 
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is used as a load. The no-load rectified DC-link voltage for the 9-phase and 3-phase 

windings of the HG WF are shown in Fig. 5.26. The simulated average DC-link voltage is 

consistent with the analytical value i.e. 27.32 kV, giving confidence in the model accuracy. 

The rectified voltage for the 9-phase system is higher than the 3-phase rectified voltage as 

seen from Fig. 5.26. Moreover, the peak-to-peak voltage ripple is reduced in the 9-phase 

rectified voltage, hence lower requirements for filtering. Table 5.6 compares 3- and 9-phase 

voltages. Therefore, the 9-phase HG not only results in 4.2% higher RMS voltage but also 

19.98% higher DC-link rectified voltage. Therefore, a justified option for the HG stator.   

Phase voltage, current and also back-EMF for the 9-phase HG WF connected to a passive 

rectifier are shown in Fig. 5.27. DC-link power and current are shown in Fig. 5.28. 

Compared to the 3-phase the 9-phase system results in 4.2% higher power which is results 

of higher phase voltage due to improved winding factor. The important conclusion here is 

that by going from a 3-phase stator design to a 9-phase design the HG WF results is 4.2% 

higher power, higher DC-link voltage and reduced ripple hence improvement in power and 

voltage quality i.e. lower filtering requirement. From machine design point of view, the 9-

phase machine is more power dense.  
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Fig. 5.25. MATLAB model for the 9-phase HG WF connected to a rectifier.  

 

  

Fig. 5.26. No-load rectified DC-link voltage for the 3- and 9-phase HG WF.  
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Table 5.6. Comparison of three-phase and nine-phase machines at an average DC-link 

voltage of 14 kV       

HG WF with  
3-phase stator 

winding  

9-phase stator 

winding  

Ratio 

(9-phase)/(3-phase)  

No-load peak phase voltage (kV) 13.77 13.94 1.0123 

No-load RMS voltage (kV) 10.37 10.80 1.0415 

RMS phase current (A) 512.23 179.28 0.35 

Average phase power (MW) 3.21 1.115 0.35 

No-load average DC-link 

voltage (kV) 
22.77 27.32 1.1998 

No-load peak DC-link voltage 

(kV) 
23.85 27.45 1.151 

No-load minimum DC-link 

voltage (kV) 
20.65 26.74 1.295 

No-load peak to peak ripples 

(kV) 
3.2 (13.4%) 0.71 (2.6%) 0.22 

Average DC current (A) 687.93 715.06 1.04 

Peak DC current (A) 721.1 718.7 0.997 

Average DC power (MW) 9.63 10.03 1.042 

Peak DC power (MW) 10.685 10.06 0.94 
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Fig. 5.27. Phase back-EMF, phase voltage and current for a 9-phase HG WF connected 

to a passive rectifier and a DC-link voltage of 14 kV. 

 

 

Fig. 5.28. DC-link power and current for a 9-phase HG WF connected to a passive 

rectifier and with a DC-link voltage of 14 kV.  
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5.5 Design of HG PM Rotor with NdFeB Surface Magnets  

Previously design of the HG with 100% WF i.e. HG WF was discussed. In this section 

design of the HG with surface magnet rotor is addressed. The two machines, HG WF and 

HG with PM rotor, referred to as HG PM, are then combined to form the HG. The HG 

shares a common stator between WF and PM rotors. Therefore, the 9-phase stator winding 

designed for the HG WF is used for the HG PM machine. Two different designs for the PM 

rotor are discussed: 

• A surface magnet PM rotor, and  

• An interior magnet PM rotor design.  

Two different commercially available magnet materials are considered, sintered 

Neodymium-Iron-Boron (NdFeB) and sintered Ferrite. NdFeB is a rare-earth magnet 

material that has been used in wind applications due to its high energy density [116-117]. 

However, there was a supply issue in 2008 that raised many uncertainties in the source of 

all rare-earth martials [118-119], hence the investigation into a sintered Ferrite rotor 

topology.  

5.5.1 Sintered NdFeB Characteristics 

The intrinsic and normal characteristics for a typical high energy sintered NdFeB magnet 

supplied by Arnold Magnetics UK [120], referred to as N35H, is shown in Fig. 5.29.  The 

magnet characteristics are a function of temperature hence the machine internal and 

external operating ambient are important to understand. The magnet operating point lies on 

the linear characteristic and its intersection with the open-circuit load line. The slope of the 

linear B-H characteristic is related to the relative permeability and vacuum permeability, 

hence at machine operating temperature 80 °C (dotted line in Fig. 5.29):  
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µ

   −
=    

−  
 (5.18) 

where,  

r
µ : Magnet relative permeability  

0µ : Vacuum permeability (H/m)   

B : Flux-density (T)  

H : Demagnetizing field intensity (kA/m)   

 

Relevant properties of N35H are detailed in Table 5.7.  

(0,  1.12)
H1 B1

Blim= 0.1 T

Hlim= 700 kA/m
Hc= 805.72 kA/m

(825.61,   0)
H2 B2

Open-circuit load line 

 

Fig. 5.29. B-H characteristic for NdFeB N35H [120]. 
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Table 5.7. Neodymium-Iron-Boron magnet N35H properties at 80 °C 

Parameter Symbol Value 

Remanence (T)  r
B  1.12 

Relative permeability  r
µ  1.08 

Vacuum permeability (H/m)   0µ  4π × 10-7 

Coactivity (kA/m) c
H  805.72 

Magnetic intensity demagnetization limit (kA/m) limH  700 

Flux-density demagnetization limit (T) limB  0.1 

Magnet electrical conductivity (MS/m) mσ  0.556 

 

For the surface magnet PM rotor the magnets are mounted on the rotor surface as shown in 

Fig. 5.30. The surface magnet PM machine is designed to have 10 poles, as for the WF, but 

the poles are full-pitched, i.e. cylindrical rotor as opposed to the salient WF rotor. Due to 

the circumferentially long magnet length (670.968 mm), each magnet is split into 6 equal 

sections with each section magnetized separately. This will prevent the magnet being 

magnetized unevenly which would result in lower flux-density in some locations in the 

magnet pole.  
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Fig. 5.30. Surface PM rotor structure.   

For this large diameter machine, the magnet and air-gap surface areas can be assumed 

equal. Hence, the magnet flux-density can be estimated from [115]:  

  

1   

r
m

g

r

m

B
B

l

l
µ

=

+

                  (T)      (5.19) 

By rearranging equation (5.19) the magnet thickness is:  

  
 -  1 

r g

m
r

m

l
l

B

B

µ
=                   (mm)    (5.20) 

where,  

g
l : Air-gap radial thickness (mm)  
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The air-gap length is 7 mm, consistent with the minimum air-gap dimension for the WF 

rotor. Using the values in Table 5.7 the magnet thickness in terms of the magnet flux-

density is plotted in Fig. 5.31.  

The average air-gap flux-density for the WF rotor was 0.998 T, as previously shown in 

Table 4.8. For this average air-gap flux-density the magnet length from equation (5.20) 

would be 61.84 mm. At this flux-density the stator back-iron and tooth are saturated for the 

HG WF as seen from Fig. 4.26. While the WF is highly loaded it is not sensible to run the 

PM stator to the same load since this is an effective waste of the rotor magnet material. 

Hence, considering reduced magnet volume the magnet length is reduced and the stator 

tooth flux-density reduced to 1.85 T, corresponding to an average air-gap flux-density of 

0.854 T, as detailed in Table 4.8 (Chapter 4). The magnet thickness is now analytically 

calculated to be 25 mm. However, FEA results show that with a magnet thickness of 25 

mm the average air-gap flux-density is 0.77 T which is 10% lower than the targeted 0.854 

T. This is due to flux-leakage not accounted for by the simple analytic expression of 

equation (5.19). Therefore, the magnet thickness is increased to obtain the target average 

flux-density. Table 5.8 lists different magnet thicknesses and the average air-gap flux-

density calculated analytically and from FEA. The magnet thickness is therefore chosen to 

be 40 mm which produces an average flux- density of 0.842 T in the air-gap. Fig. 5.32 

presents the air-gap flux-density for the surface magnet rotor design for both tangential and 

normal components. Fig. 5.33 illustrates a typical open-circuit field distribution for the 

machine with surface magnets while Table 5.9 presents average flux-density in different 

sections of the machine. The flux-density for the tooth and back-iron are denoted for the 

sections with the highest density. 
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Fig. 5.31. Air-gap flux-density versus magnet thickness for sintered NdFeB surface 

magnet PM rotor.   

 

Table 5.8. Magnet thickness and average air-gap flux-density for NdFeB surface 

magnet PM rotor   

(mm) mlMagnet thickness,  
Average air-gap flux-density, Bm (T) 

Analytic FEA 

25 0.86 0.772 

30 0.9 0.804 

35 0.92 0.826 

40 0.94 0.842 
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Fig. 5.32. Air-gap flux-density for NdFeB surface magnet PM rotor. 

 

 

Fig. 5.33. Field distribution for NdFeB surface magnet PM rotor. 
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Table 5.9. Flux-density for different sections for NdFeB surface magnet PM rotor 

Section Flux-density (T) 

Average air-gap 0.842 

Stator tooth 1.27 

Stator back-Iron 1.44 

Rotor back-iron 1.72 

 

 

From the N35H characteristics the minimum flux-density for the magnet is 0.1 T as stated 

in Table 5.7. The minimum magnet thickness in order to prevent magnet demagnetization 

is calculated as follows:   

min

0 lim

-
     

  
g

m r g

l
l l

H
µ

µ
= −                   (mm)     

(5.21) 

yielding a minimum magnet length of 0.4 mm to prevent demagnetization a value much 

below the 40 mm design length. In order to verify this a FEA file is set up, Fig. 5.34, with 

full-load stator current in the 9-phase winding (peak phase current = 170.67 A). The PM 

rotor is rotated such that the magnet field is directly opposed by the stator field at each pole. 

This condition represents a direct symmetrical short circuit at the machine terminals. After 

solution the FEA results file is scrutinized and the weakened magnet flux-density is 

obtained at different locations inside the magnet. The minimum FEA measured flux-density 

in the magnet is 0.35 T, which is higher than the demagnetization limit of 0.1 T. Therefore, 

the magnets will not be demagnetized under this worst load condition. Note that the 

seeming high magnet length is not to counter worst case stator reaction field but to achieve 

the average air-gap flux-density while maintaining a mechanical air-gap of 7 mm. This air-

gap may be reduced with the ensuing reduction of magnet length (lm), however, it was 

thought prudent to maintain the working mechanical air-gap as per the benchmark SG.  
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Fig. 5.34. Demagnetizing field distribution for NdFeB surface magnet PM rotor. 

5.5.2 Flux-linkage, Back-EMF and Torque  

The surface magnet PM machine has 10 rotor poles each split into 6 sections and 

magnetized separately in a fixed axis relative to the magnet piece center-line. The air-gap 

thickness, stator inner and outer diameter and stator structure for the HG PM is the same as 

the HG WF. In order to facilitate the comparison, the axial length for the HG PM is chosen 

to be the same as the HG WF, i.e. 400 mm. Later on these two machines, i.e. WF and PM, 

are combined and scaled accordingly to obtain the final HG design. Table 5.10 lists magnet 

length and thickness for the surface magnet PM machine. In order to protect the magnets 

from damages due to centrifugal forces the periphery of the surface PM rotor is covered 

with a layer of banding applied under tensile of stress. Table 5.10 shows maximum stress 

in the banding for two different banding thicknesses and two typical banding materials, 
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Carbon Fiber and Kevlar. The peripheral velocity of the rotor at the nominal rotor speed of 

600 RPM is 67.5 m/s. A 20% over speed, i.e. 720 RPM, is considered to give a margin for 

safety. 

Table 5.10. Sintered NdFeB magnet dimensions for the surface magnet PM machine  

Item Value (mm) 

Magnet length  670.968 

Magnet radial thickness, lm  40 

Maximum banding material 

stress (MPa)  

Banding thickness (mm) 

1.50 2.00 

Carbon Fiber* 1011.20 765.51 

Kevlar* 1016.30 770.62 

*The yield stress is taken as 1100 MPa 
 

FEA results for the winding per-phase flux-linkage for the HG PM with NdFeB surface 

magnets is presented in Fig. 5.35, while Fig. 5.36 shows the phase open-circuit back-EMF 

at a nominal rotor speed of 600 RPM. For the purpose of comparison, waveforms for the 

3-phase HG WF and 9-ph HG WF are also shown. The difference in shape of the 9-phase 

HG PM and HG WF back-EMF arises from the different rotor structures, i.e. cylindrical 

rotor with full-pitched magnets for the HG PM compared to salient pole rotor for the HG 

WF. The peak back-EMF for 9-phase HG PM is lower compared to the 9-phase HG WF 

because the HG PM operates at lower air-gap flux-density (0.842 T) compared to 0.998 T 

for the HG WF.  
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Fig. 5.35. Phase winding flux-linkage versus rotor position.  

 

 

Fig. 5.36. Phase winding open-circuit back-EMFs.  
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The cogging torque (at zero stator current) for the HG PM is plotted in Fig. 5.37. For the 

purpose of comparison, the HG WF cogging torque for both constant and adjusted air-gaps 

are shown in Fig. 5.37. The peak cogging torque is lower for the HG PM due to lower air-

gap flux-density. However, the HG PM is higher than that of the adjusted air-gap HG WF. 

This cogging torque could be reduced by reducing the rotor pole-arc to pole pitch [115], 

but since this would not significantly affect the total torque or machine power capability, 

no further work was carried out here. Needless-to-say, this would be a future modification 

to any final machine design.  

The FEA results for the machine electromagnetic torque at full-load stator sinusoidal 

current excitation are presented in Fig. 5.38. The 9-phase full-load peak stator current for 

the HG PM and 9-phase HG WF is 170.67 A, while it is 512 A for the 3-phase HG WF. 

The nominal field current for the 3- and 9-phase HG WF is 486.23 A. The peak torque for 

the 9-phase HG WF is 4.2% higher than that of the 3-phase HG WF, due to the improved 

winding factor as discussed previously. However, the HG PM torque is lower due to lower 

air-gap flux-density.    
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Fig. 5.37. Cogging torque waveforms. 

 

Fig. 5.38. Electromagnetic torque at full-load peak stator current 170.67 A for 9-phase 

and 512 A for 3-phase, and rotor field current 486.23 A for the HG WF.   
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5.5.3 Inductances   

The HG PM with a surface magnet design has a cylindrical rotor. Therefore, the machine 

per phase inductance is essentially constant with respect to rotor position. Indeed, any 

perturbations due to stator slots are neglected by the large effective magnetic air-gap posed 

by the NdFeB magnets and mechanical air-gap. In order to calculate the machine 

inductance, the magnets are set to air and the rotor is rotated while one phase is excited 

with full-load stator current. Fig. 5.39 shows the per-phase self-inductance and mutual 

inductances between phase 1 and other phases for the HG PM with surface magnets. It is 

seen that the HG PM inductances are constant as expected.  

 

Fig. 5.39. Self- and mutual-inductances for the HG PM with surface magnets.   
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By setting the variable part of inductance to zero in equation (5.17) the self and mutual 

inductances for the 9-phase winding are obtained:   

1 2 3 4

5 6 7

8 9

     

          =  

          

PMs PMs PMs PMs
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L L L L
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= =
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Note that:  

  12 19 13 18

14 17 15 16

          

           

PMs PMs PMs PMs

PMs PMs PMs PMs

M M M M

M M M M

= =

= =
        

Referring to Fig. 5.24 the mutual inductances for the HG PM with surface magnets can be 

generalized as follows:  

, 1 , 8 1 , 2 , 7 1

, 3 , 6 1 , 4 , 5 1

2 4
   =  cos          =  cos

9 9

6 8
   =  cos          =  cos

9 9
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i i i i i i i i
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M M L M M L

π π

π π

+ + + +

+ + + +

   
= =   

   

   
= =   

   

   PMs PMs

ij jiM M=  (5.23) 

where,  

P M s

i
L : Self-inductance for ith phase for the HG PM with surface magnets   

P M s

ij
M : Mutual inductance between phases i and j for the HG PM with surface magnets 

The synchronous inductance for the HG PM with surface magnet is calculated from 

equation (4.11). The HG PM is designed such that operates in the linear magnetic region, 

hence the unsaturated inductance is only considered in the machine analysis. Table 5.11 

lists inductances for the HG PM with surface magnets.   
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Table 5.11. Inductances for the HG PM with surface magnets  

Item Symbol Value (mH) 

Self-inductance  P M s

i
L  25.23 

Mutual-inductances  

, 1 , 8  PMs PMs

i i i iM M+ +=  12.26 

, 2 , 7  PMs PMs

i i i i
M M+ +=  2.42 

, 3 , 6  PMs PMs

i i i iM M+ +=  -7.39 

, 4 , 5  PMs PMs

i i i iM M+ +=  -19.06 

Synchronous inductance  P M s

s
L  113.35 
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5.6 Design of HG PM Rotor with Ferrite Embedded Magnets   

In this section design of a HG PM machine with embedded magnet rotor using sintered 

Ferrite magnets is addressed. The B-H characteristics for a typical sintered Ferrite magnet 

manufactured by Arnold Magnetics, referred to as Ferrite AC-5, is shown in Fig. 5.40. The 

dotted line shows the desired characteristics at a nominal machine operating temperature 

of 80 °C. Properties of the Ferrite magnet at 80 °C are detailed in Table 5.12. Ferrite relative 

permeability is calculated using two points on the graph in Fig. 5.40 and equation (5.18).   

  

(0,  0.33)
H1 B1

Blim= 0.035 T

Hlim= 218.84 kA/m

Hc= 222.82 kA/m

(254.65,   0)
H2 B2

 

Fig. 5.40. B-H characteristic for Ferrite AC-5 [120].  

The sintered Ferrite magnet remanence at 80 °C (0.33 T) is much lower than that of the 

sintered NdFeB magnet (1.12 T). Therefore, if the Ferrite magnets are to replace the surface 

magnets in the HG PM design the air-gap flux-density will be lower than that of HG PM 

with NdFeB surface magnets by a factor close to the ratio of their respective remanences. 

This would require a longer machine axial length in order to obtain the same back-EMF 

and therefore not an ideal option for the HG PM design. However, the HG PM with 
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embedded Ferrite magnets in a ‘high field’ topology is studied here to investigate the 

feasibility of such design. Fig. 5.41 shows a HG PM with Ferrite ‘high field’ embedded 

rotor design.  

 

Table 5.12. Ferrite magnet AC-5 properties at 80 °C 

Parameter Value 

Remanence (T)  0.33 

Relative permeability  1.03 

Coactivity (kA/m) 222.82 

Magnetic intensity demagnetization limit (kA/m) 218.84 

Flux-density demagnetization limit (T)  0.035 

Magnet electrical conductivity (MS/m) 0 

 

  

Ferrite 
magentMagnet 

length 

Magnet thickness 

Rotor (steel) Stator teeth

Stator back-Iron

Direction of 
Magnetization

 

Fig. 5.41. Ferrite magnet arrangement in HG PM ‘high field’ embedded rotor design. 
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The Ferrite magnets are arranged to realize a 10-pole rotor field. Basic analytic sizing are 

used to estimate the initial thickness and length of the Ferrite magnets for the embedded 

PM rotor design. The outer diameter of the rotor for the embedded magnet design is the 

same as surface magnet rotor but the inner rotor diameter has to be larger to accommodate 

the embedded magnets hence the amount of rotor material is greater compared to that of 

surface magnet rotor. There are 10 poles, hence 10 Ferrite magnets displaced 36 mechanical 

degrees from one another. Each Ferrite magnet is magnetized circumferentially as indicated 

in Fig. 5.42. The air-gap thickness is maintained at 7 mm, as per the other machine designs. 

The no-load field distribution for the HG PM with an embedded magnet rotor is shown in 

Fig. 5.42.  

 

 

Fig. 5.42. Typical no-load magnetic field distribution for the HG PM with embedded 

sintered Ferrite magnets.  
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Ideally it is expected that fluxes due to two adjacent Ferrites add up in the air-gap to increase 

the air-gap flux-density. However, for the same magnet thickness and length as in NdFeB 

magnets the average air-gap flux-density is 0.274 T. As seen from Fig. 5.42 the fluxes don’t 

add up. Therefore, in order to increase the air-gap flux-density the Ferrite magnet’s 

thickness is increased and average air-gap flux-density is calculated using FEA. Table 5.13 

shows average air-gap flux-density for different Ferrite thickness’s and for two different 

lengths, (i) a full magnet length of 670.968 mm and (ii) a half magnet length of 335.484 

mm, while Fig. 5.43 plots these results graphically.  

From Fig. 5.43 it is evident that the air-gap flux-density does not increase linearly with the 

Ferrite magnet thickness. Indeed, it is concluded that the geometry of the rotor is such that 

the flux due to adjacent Ferrites do not add up. In order to investigate the effect of geometry 

on the air-gap flux-density the number of poles are increased. Table 5.14 shows average 

air-gap flux-density for different pole numbers and Fig. 5.44 illustrates this graphically. As 

seen, when the number of poles is increased the air-gap flux-density is increased.  Note that 

the additional poles have the same shape, length (670.968 mm) and thickness (40 mm) and 

when adding new poles the angular distance between poles are calculated accordingly to 

accommodate appropriate amount of Ferrite magnets in the rotor constraint. Thus, for the 

machine dimensions fixed by the benchmark machine design, a 10-pole solution would not 

be a suitable one for employing a sintered Ferrite rotor design.   

Therefore, it is concluded that the embedded magnet rotor design with sintered Ferrite 

magnets for the HG PM rotor is not an ideal option hence will not be investigated further 

in this study.   
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   Table 5.13. Magnet size and average air-gap flux-density for the HG PM with 

embedded sintered Ferrite PM rotor 

Magnet 

thickness (mm) 

Average air-gap flux-density (T) 

Magnet length=670.968 mm 

(full-length)  

Magnet length=335.484 mm 

(half-length) 

40 0.274 0.163 

60 0.324 0.183 

80 0.357 0.196 

100 0.38 0.204 

120 0.4 0.211 

140 0.411 0.216 

160 0.422 0.220 

 

 

  

Fig. 5.43. HG PM average air-gap flux-density with respect to embedded Ferrite 

magnet size.  
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Table 5.14. Average air-gap flux-density for the HG PM with embedded PM rotor and 

different number of poles (Ferrite length 670.968 mm and thickness 40 mm) 

Number of poles Average air-gap flux-density (T) 

10 0.274 

12 0.299 

14 0.32 

16 0.337 

18 0.351 

20 0.361 

 

  

Fig. 5.44. HG PM average air-gap flux-density with respect to number of embedded 

Ferrite magnet rotor poles.    
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5.7 Design of HG PM Rotor with NdFeB Embedded Magnets   

A HG PM rotor design with sintered NdFeB surface magnets was discussed previously. It 

was also concluded that the embedded rotor design with sintered Ferrite magnets is not a 

suitable option for the HG PM. In this section a HG PM rotor design with embedded 

sintered NdFeB magnets is discussed to give some assessment for this rotor topology. The 

same NdFeB magnet grade as in surface rotor design, i.e. N35H manufactured by Arnold 

is chosen. The magnets are laid out within the rotor assembly as with the Ferrites design. 

The magnet length (670.968 mm) and thickness (40 mm) are as for the surface magnet 

design. Fig. 5.45 shows the no-load flux distribution for the HG PM with embedded NdFeB 

rotor design, while Fig. 5.46 presents machine air-gap flux-density for two electrical cycles. 

Comparing Fig. 5.46 with Fig. 5.32 it is seen that the air-gap flux-density is higher for the 

embedded design with the same magnet length and thickness. Table 5.15 shows average 

air-gap flux-density for three PM rotor designs, (i) HG PM with surface NdFeB magnets, 

(ii) HG PM with embedded Ferrite magnets, and (iii) HG PM with embedded NdFeB 

magnets. Average air-gap flux-density for the embedded NdFeB rotor design is 1.0 T, i.e. 

18.8% higher than that of surface magnet design hence a suitable option for the HG PM 

rotor design.  

Table 5.16 lists average flux-density for different sections of the HG PM machine with 

embedded NdFeB rotor. The tooth flux-density is measured in the middle of the tooth and 

rotor and stator back-iron flux-densities are for the areas with highest saturation. Note that 

the average air-gap and stator back-iron flux-density for the HG PM with embedded NdFeB 

is the same as HG WF. However, the stator tooth and rotor back-iron flux-density is higher 

in the HG WF machine due to the higher field loading. The RMS air-gap flux-density for 

the HG PM with embedded NdFeB magnets is 1.04 T which is 11% lower compared to 

1.17 T for the HG WF machine. 
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Fig. 5.45. No-load flux distribution for the HG PM with embedded NdFeB rotor design.   

  

Fig. 5.46. No-load air-gap flux-density with respect to rotor electrical angle for the HG 

PM embedded NdFeB rotor design.    
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Table 5.15. Average air-gap flux-density for the HG PM with different rotor designs 

(for all designs magnet length is 670.968 mm, and thickness 40 mm) 

HG PM with  Average air-gap flux-density (T) 

Surface NdFeB magnets 0.842 

Embedded Ferrite magnets 0.274 

Embedded NdFeB magnets 1.00 

 

 

Table 5.16. Flux-density for different sections for the HG PM with NdFeB magnets  

Section 

Flux-density (T) 

HG PM with 

surface NdFeB  

HG PM with 

Embedded  NdFeB  
HG WF  

Average air-gap 0.842 1.00 0.998 

Stator tooth 1.27 1.54 2 

Stator back-Iron 1.44 1.81 1.8 

Rotor back-iron 1.72 1.12 1.5 

5.7.1 Flux-linkage, Back-EMF and Torque  

The HG PM with embedded NdFeB magnets has the same machine stator as the HG PM 

with surface magnets, i.e. a 9-phase design with distributed windings. The air-gap 

thickness, stator inner and outer diameter is also the same as the HG PM with surface 

magnets. The outer diameter of the rotor for the embedded magnet design is the same as 

surface magnet rotor but the inner rotor diameter is larger for the embedded rotor. For 

comparison purposes, the machine axial length is the same as HG PM with surface magnets 

i.e. 400 mm. Fig. 5.47 shows per-phase flux-linkage while the open-circuit back-EMF’s at 

the nominal rotor speed of 600 RPM is presented in Fig. 5.48. The peak phase back-EMF 
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for the HG PM with embedded NdFeB is 20.6% higher than that of HG PM with surface 

magnets. However, the HG PM has lower peak back-EMF compared to the HG WF due to 

lower flux-linkage. Table 5.17 lists peak and RMS voltages for the HG WP and HG WF.  

  

Fig. 5.47. Per-phase flux-linkage for the 9-phase HG WF, 9-phase HG PM with surface 

NdFeB magnets and 9-phase HG PM with embedded NdFeB magnets. 

  

Fig. 5.48. Per-phase open-circuit back-EMF for the 9-phase HG WF, 9-phase HG PM 

with surface NdFeB magnets and 9-phase HG PM with embedded NdFeB magnets. 
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The machine cogging torque at no-load stator current is plotted in Fig. 5.49. Compared to 

the surface magnet design the cogging torque in the embedded rotor has more harmonics 

with larger amplitudes. Table 5.18 shows peak cogging torque for HG PM with surface and 

embedded magnets and also for the HG WF. For the HG PM with embedded NdFeB 

magnets, the peak cogging torque is 2.6% of the machine total torque whereas the cogging 

torque in the HG PM with surface magnets is only 0.9% of its total torque. However, the 

adjusted air-gap HG WF cogging torque is much smaller, i.e. 0.05% of the total torque. 

Further improvement of the cogging torque is out of scope of this study and hence will not 

be discussed further.  

The FEA results for machine electromagnetic torque at full-load stator current are presented 

in Fig. 5.50. The embedded magnet rotor design is electromagnetically a salient pole rotor 

hence has two torque components; salient torque and excitation torque. The excitation 

torque is due to interactions between magnet and stator fields while the salient torque 

depends on the machine geometry. The HG PM with surface magnets has a cylindrical rotor 

hence machine torque is only due to excitation. The HG PM with embedded PM has higher 

torque compared to surface magnet design due to increased air-gap flux-density and 

saliency component of torque. The HG WF has a salient rotor however, the machine is 

highly saturated and the excitation torque dominates the shape of the torque waveform in 

Fig. 5.50. In order to estimate the salient torque for the HG PM with embedded NdFeB 

rotor the magnets are set to air and the FEA results are plotted in Fig. 5.51. By setting the 

magnets to air the machine operating point on the B-H curve changes hence the steel 

operates at a lower flux-density. Therefore, the salient torque calculated is an estimate of 

the actual machine salient torque. By subtracting the salient torque from the total machine 

torque the estimation for excitation torque is obtained, as shown in Fig 5.50. Table 5.19 

details peak excitation, salient and total torque for the HG PM and HG WF.   

The peak salient torque is 25.52% of the total peak torque in the HG PM machine with 

embedded magnets. For the purpose of comparison, the torque components for HG WF and 

HG PM with surface magnets are also shown in Table 5.19.  
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Table 5.17. RMS and peak voltages for 9-phase HG with various rotors  

9-phase stator machine 
Voltage (kV) 

Peak  RMS 

HG WF 13.94 10.80 

HG PM with surface NdFeB magnets  8.40 7.70 

HG PM with embedded NdFeB magnets  10.13 9.28 

 

 

 

Fig. 5.49. Cogging torque (at zero stator current). 

 

Table 5.18. Peak cogging and total torque for different designs    

9-phase stator machine 
Peak torque (kNm) Torque Ratio (%) 

(Cogging/Total) Cogging   Total  

HG WF 0.08 177.90 0.05 

HG PM with surface NdFeB magnets  1.11 127.05 0.9 

HG PM with embedded NdFeB magnets  3.40 130.93 2.6 
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Fig. 5.50. Electromagnetic torque at full-load peak stator current of 170.67 A for the 9-

phase stator winding.  

 

Fig. 5.51. Salient and excitation torque components in the 9-phase HG PM with 

embedded NdFeB.  
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Table 5.19. Peak salient, excitation and total torque for different designs 

9-phase stator machine 
Peak torque (kNm) Torque Ratio (%) 

(Salient/Total) Salient Excitation Total 

HG WF 52.38 206.40 177.90 29.44 

HG PM with surface NdFeB 

magnets 
- 127.05 127.05 0 

HG PM with embedded 

NdFeB magnets 
33.41 118.02 130.93 25.52 

 

5.7.2 Inductances  

The HG PM with embedded NdFeB magnets rotor design has a magnetically salient rotor. 

Therefore, the machine per phase inductance varies with respect to rotor position. In order 

to calculate the machine inductance the magnets are set to air and the rotor is rotated while 

one phase is excited with full-load stator current. Fig. 5.52 shows the per-phase machine 

inductance. The HG PM with embedded NdFeB self-inductance with respect to rotor 

electrical angle can be expressed as:  

( )0 2     cos 2PMe PMe PMe

self eL L L θ= +  (5.24) 

where,  

0
P M eL : Average phase inductance  

2
P M eL : Phase inductance amplitude variations above average    

Compared to the HG WF self-inductance the d-q axis is switched in the HG PM with 

embedded NdFeB. Therefore:  
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0 2

3
     

2
3

    -  
2

PMe PMe PMe

q

PMe PMe PMe

d

L L L

L L L

= +

=

 (5.25) 

The machine equivalent synchronous inductance is calculated form equation (4.11). Table 

5.20 lists different inductances for the HG PM with embedded NdFeB.  

 

Fig. 5.52. Per-phase self-inductance for the HG PM with embedded NdFeB magnets.   

Table 5.20. HG PM with embedded NdFeB inductances 

Parameter Value (mH) 

0
P M eL  93.68 

2
P M eL  25.31 

P M e

d
L  102.56 

PMe

qL  178.49 

P M e

s
L  421.56 
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5.8 Final HG Considerations     

The 3-phase benchmark SG is rated at 5.52 MW. Therefore, the nominal power of the 3-

phase HG WF, which is essentially the same machine as the benchmark SG, is 5.52 MW. 

However, as discussed previously when the machine is rewound with a 9-phase stator the 

output voltage increases by 4.2%, hence the 9-phase HG WF nominal power is 5.75 MW. 

As shown in Table 5.17 the RMS phase voltage of the 9-phase HG WF is 10.80 kV, higher 

than that of HG PM with surface and embedded magnets, i.e. 7.70 kV and 9.28 kV 

respectively due to their reduced air-gap flux-densities relative to the benchmark machine. 

All three machines, HG WF, HG PM with surface NdFeB and HG PM with embedded 

NdFeB have the same active axial length, i.e. 400 mm and the same number of turns per 

coil, i.e. 12. Therefore, for the same stator current the machine output power is linearly 

changed with the voltage. The output power of the HG PM with surface magnet is reduced 

by a factor of 0.71 (7.70/10.80) while the output power of the HG PM with embedded 

magnets is reduced by a factor of 0.86 (9.28/10.80). In order to facilitate the comparison, 

the three machines are scaled to the same voltage and power i.e. 10.80 kV and 5.75 MW. 

The machine voltage is a function of axial length and number of turns in each coil i.e.:   

   
a

EMF N l∝  (5.26) 

where,  

N : Number of turns per coil (p.u.)   

a
l : Active axial length (mm)    

 

Therefore, to obtain an RMS phase voltage of 10.80 kV while keeping the same number of 

turns, the initial axial length of 400 mm for the HG PM with surface magnets is increased 

to 560 mm (by a factor 1.4) while the axial length of the HG PM with embedded magnets 

is increased to 464 mm (by a factor of 1.16). Since the stator current is maintained the same 

the machine output power is linearly increased for both HG PM with surface and embedded 

magnets to 5.75 MW. Table 5.21 summarizes the main specification of the three machines 

at 5.75 MW.  
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The HG in the proposed wind generation scheme in Chapter 3 is rated at 3.6 MW. 

Therefore, the 9-phase 5.75 MW machines need to be scaled to deliver a nominal power of 

3.6 MW. The machine torque can be expressed as [115]:  

2 
     

2 a ave

D
T l Q B

π
=  (5.27) 

where,  

D : Air-gap diameter (mm)  

a
l : Active axial length (mm)    

Q : Electric loading (A/mm)    

a ve
B : Air-gap average flux-density (magnetic loading) (T)    

The machine power is related to its torque via rotational speed. Keeping the same air-gap 

diameter, electric loading and air-gap average flux-density the machine axial length is 

adjusted to obtain desired output power. However, by changing the axial length the machine 

output voltage changes. In order to keep the same output voltage while scaling the machine 

power the number of turns need to be changed. The 5.75 MW 9-phase HG WF axial length 

is 400 mm hence the axial length for a 3.6 MW rated power is 250.43 mm, viz:  

( )
3.6

   400  = 250.43
5.75a

l =  mm  

The number of turns per coil for the 5.75 MW HG WF is 12, therefore, the adjusted number 

of turns for the 3.6 MW machine and for the same output voltage is 19.2, viz:  

( )
400

   12  = 19.2
250.43

N =  

However, the number of turns need to be an integer, i.e. 19. This requires the 3.6 MW HG 

WF axial length to be tuned to 253 mm to obtain the same output voltage. Note that the 

total coil cross-section is kept the same hence increasing the number of turn reduces the 

cross-section per turn. Similarly with 19 turns per coil the axial length for the HG PM with 

surface NdFeB and the HG PM with embedded NdFeB is 354.3 mm 293.6 mm respectively. 

Table 5.22 summarizes the 3.6 MW machines axial length, number of turns, coil and turn 

cross-section. 
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Table 5.21. Main machine specifications at 5.75 MW     

Parameter 

9-phase Machine 

HG WF 
HG PM with 

surface magnets 

HG PM with 

embedded magnets 

Output power (MW) 5.75 

RMS phase voltage (kV) 10.80 

Number of turns per coil (p.u.)  12 

Coil cross-section (mm2) 380.64 

Turn cross-section (mm2) 31.72 

Active axial length (mm) 400 560 464 

 

Table 5.22. Main machine specifications at 3.6 MW     

Parameter 
9-phase Machine 

HG WF 
HG PM with 

surface magnets 
HG PM with 

embedded magnets 
Output power (MW) 3.6 

RMS phase voltage (kV) 10.80 
Number of turns per coil (p.u.)  19 

Coil cross-section (mm2) 380.64 
Turn cross-section (mm2) 20.03 
Active axial length (mm) 253 354.3 293.6 

                                          Mass (kg)(1) 

Stator steel (back-iron + teeth) 3536.14 4952 4103.6 
Rotor pole steel 1912.68 - - 

Rotor back-iron steel 2182.82 2701.73 6406.94 
Rotor pole PM(2) - 699.58 589.78 

Stator copper 1036 1129.23 1073.41 
Rotor copper 774.14 - - 

Total steel  7631.64 7653.73 10510.54 
Total copper  1810.14 1129.23 1073.41 

Exciter  1141.25 - - 
Total(3) (tonnes) 10.58 9.48 12.18 

(1) Steel (lamination) density = 7650 kg/m3; Copper density = 8960 kg/m3 
(2) PM mass density 7500 kg/m3 
(3) Excluding shaft, machine casing, end caps, cooling system and other support structure 
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5.8.1 WF and PM Split Ratio 

As discussed the HG has two rotor sections; WF and PM rotors. The HG output voltage is 

75% due to the PM and 25% due to WF sections as discussed previously. Therefore, the 

separate machines analyzed as HG WF and HG PM need to be combined with appropriate 

ratios to obtain the HG output voltage at 3.6 MW rated power. The machine RMS output 

voltage is 10.80 kV. Therefore, the PM rotor section provides 75% of this voltage, i.e. 8.1 

kV, while the WF rotor section provides the 25%, i.e. 2.7 kV. The machine axial length is 

linearly related to its output voltage as expressed in equation (5.26). Therefore, the WF 

rotor section axial length is 25% of the HG WF axial length i.e. 63.25 mm (0.25×253). The 

axial length of the PM rotor section is 75% of the HG PM i.e. 265.73 mm (0.75×354.3) 

providing the rotor is the PM with surface magnet NdFeB. If the rotor is PM with embedded 

NdFeB magnets the axial length is 220.2 mm (0.75×293.6). Therefore, two different 

designs for the final HG is considered:  

• Design 1: a HG with surface NdFeB PM rotor, and  

• Design 2: a HG with embedded NdFeB PM rotor.  

The WF is the same for both designs. The total HG axial length for HG with surface NdFeB 

PM rotor is 328.98 mm while for the HG PM with embedded PM rotor it is 283.45 mm. 

Table 5.23 summarizes the two designs. Note that the HG has a single stator shared between 

the PM and WF rotor sections. Therefore, the machine power is split between PM and WF 

by their respective voltage ratio since the stator current is the same for both sections. For 

both HG Design 1 and Design 2 the permanent magnet material used in the machine is 

NdFeB. Both designs have the same WF rotor however, manufacturing the PM rotor is 

different in embedded and surface designs. The HG with embedded magnet PM rotor 

results in 14% lower axial length which in turn results in lower machine mass. The end 

winding for the WF rotor is extended by 20 mm beyond the WF axial length. Therefore, 

the stator axial length needs to be increased to account for the WF end winding extension 

as seen from Fig. 5.53. The HG axial length including the end winding extension is listed 

in Table 5.23.  
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Table 5.23. Specification details for the HG Designs 

HG Design 1 with surface NdFeB PM rotor 

Parameter WF section PM section HG 

Output power (MW) 0.9 2.7 3.6 

RMS phase voltage (kV) 2.7 8.1 10.80 

Active axial length (mm) 63.25 265.73 328.98 

Axial length with end winding extension (mm)  83.25 256.73 349 

Number of turns per stator coil (p.u.) 19 

Coil cross-section (mm2) 380.64 

Turn cross-section (mm2) 20.03 

HG Design 2 with embedded NdFeB PM rotor 

Output power (MW) 0.9 2.7 3.6 

RMS phase voltage (kV) 2.7 8.1 10.80 

Active axial length (mm) 63.25 220.2 283.45 

Axial length with end winding extension (mm)  83.25 220.2 304 

Number of turns per stator coil (p.u.) 19 

Coil cross-section (mm2) 380.64 

Turn cross-section (mm2) 20.03 

 

 

PMWF 

HG Stator

Stator end 
winding 

Rotor end windings 
 

Fig. 5.53. HG rotor and stator end winding extension. 



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

211 
 

The WF rotor of the finial HG is the same as the 9-phase HG WF with a scaled axial length. 

Therefore, the WF rotor winding resistance is calculated from equations (5.10) -(5.14) and 

listed in Table 5.24. The HG stator is basically the same as stator for the 9-phase HG WF 

and HG PM with a scaled axial length. The stator per phase winding resistance is presented 

in Table 5.25. The stator per-phase inductance is the sum of the inductances due to WF and 

PM sections. The inductance is a function of machine axial length and square of number of 

turns [115]:  

2   
a

L N l∝  (5.28) 

Therefore, the inductances for the HG WF and HG PM machines are scaled and added to 

obtain the HG per-phase inductance. Table 5.26 lists the HG equivalent per-phase 

synchronous inductance. 

 

Table 5.24. HG wound field rotor winding specifications  

Item Design 1 and Design 2 

Rotor turn length (mm) 826.5 

Rotor turn cross-section area (mm2) 112 

Rotor turn resistance (Ω) 0.000124 

Number of rotor coil turns  51 

Rotor coil resistance (Ω) 0.0063 

Rotor winding interconnection length (mm)  675.44 

Rotor winding interconnection resistance (Ω) 0.0001 

Rotor resistance (Ω) at 20°C    0.064 

Rotor resistance (Ω) at 75°C    0.078 
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 Table 5.25. HG stator winding specifications      

Item Design 1 Design 2 

Stator turn length (mm) 2396.07 2306.07 

Stator coil cross section (mm2) 380.64 

Number of stator coil turns  19 

Stator turn cross-section area (mm2) 20.03 

Turn resistance (Ω) 0.002 0.0019 

Coil resistance (Ω) 0.038 0.036 

Interconnection length (mm)  919.79 

Interconnection resistance (mΩ) 0.8 

Phase resistance (Ω) at 20°C    0.58 0.55 

Phase resistance (Ω) at 75°C    0.70 0.67 

 

 

 Table 5.26. HG per-phase stator equivalent synchronous inductance       

Item Design 1 Design 2 

Inductance due to WF rotor (mH) 44.53 

Inductance due to PM rotor with surface NdFeB (mH) 182.38 - 

Inductance due to PM rotor with embedded NdFeB (mH) - 581.26 

Total stator per-phase (synchronous) inductance (mH) 226.91 625.79 
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5.8.2   HG Loss Audit  

The losses in the HG is split into stator and rotor copper loss, stator iron (or core) loss and 

mechanical losses such as windage and friction. The copper losses for the stator and rotor 

windings are calculated via:  

2

2

  9  

   

s

cu s s

r

cu r r

P R I

P R I

=

=
 (5.29) 

where,  

s
R : Stator per phase resistance at 75°C (Ω)  

r
R : Rotor winding resistance at 75°C (Ω)  

s
I : Stator RMS full-load phase current (A)  

r
I : Rotor DC field current at full-load (A)  

 

Since the HG rotational speed and stator structure is the same as the benchmark SG the 

windage and friction losses for the HG is scaled by the axial length from their original 

values for the benchmark SG. Table 5.27 details the HG copper, friction and windage losses 

at nominal speed (600 RPM), full-load RMS stator phase current (120.67 A) and rotor full-

field DC current (486.23 A).   

 

Table 5.27. HG copper, friction and windage losses at nominal speed, full-load RMS 

stator current and rotor full-field DC current  

Item Design 1 Design 2 

Stator copper loss (kW) 91.7 87.80 

Rotor copper loss (kW) 18.44 

Windage and friction loss (kW) 54.62 47.58 
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The estimation of iron losses in electric machines have been studied in many research 

publications [121-131]. However, much of the work is linked back to the early work of 

Steinmetz [132] on the measurement and characterization of hysteresis loss in lamination 

steels. Some studies divide the iron losses into three main components namely hysteresis, 

eddy current and excess losses [131]. Separation of the losses by linear magnetization, 

rotational magnetization and higher harmonics is also studied among the loss analysis 

publications [127] while the losses calculated in [125] are proportional to the square of the 

rate of change of flux-density. Finite element analysis has been used to improve the loss 

predictions. In this study the iron losses are predicted via polynomial regression which is 

used to fit the curve of actual iron loss data of the United Laminated steel material (0.47 

mm, 26 gauge) [133] at different frequencies. The manufacture’s iron loss curves are shown 

in Fig. 5.54 where the core losses are measured in Watts per kilogram, i.e. loss density 

(W/kg) at different peak flux-densities and for two frequencies, 50 Hz and 60 Hz.  

 

Fig. 5.54. Manufacturer's iron loss data for United Laminated Steel.  
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A third-order polynomial equation is fit into the manufacturer’s iron loss curves:  

3 2           d

iron e m h m a m d
P k B k B k B k= + + +     (5.30) 

Second order polynomial functions are used to estimate the coefficients in the loss formula:    

2
2 1 0

2
2 1 0

2
2 1 0

2
2 1 0

          

          

          

          

e e e e

h h h h

a a a a

d d d d

k a f a f a

k a f a f a

k a f a f a

k a f a f a

= + +

= + +

= + +

= + +

 (5.31) 

where,  

d

ir o n
P : Core/iron loss density (W/kg)  

m
B : Maximum/peak flux-density (T)  

 ,  ,  , 
e h a d

k k k k : Frequency dependent loss-coefficients (p.u.)  

 ,  ,  ,  
ei hi ai di

a a a a : Constants of the loss coefficients where i=0, 1, 2  

 

The constants of the frequency dependent loss coefficients are listed in Table 5.28 while 

Fig. 5.55 compares the predicted and manufactures iron loss density. As seen the predicted 

loss curves fit the datasheet with good agreement. The machine frequency is calculated via:  

   
120s s

P
f n=      (5.32) 

where,  

s
n : Rotational speed (RPM)   

P : Number of poles   

The HG nominal rated rotational speed is 600 RPM hence having 10 poles the machine 

frequency is 50 Hz.   
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Table 5.28. Constants of the loss coefficients 

Item Value (p.u.) 

2e
a  0.0001 

1e
a  0.0041 

0e
a  -0.2873 

2h
a  0.00004 

1h
a  0.0002 

0h
a  0.8743 

2a
a  -0.00001 

1a
a  0.0259 

0a
a  

-1.0767 

2d
a  0.000007 

1d
a  -0.003 

0d
a  0.148 

 

Fig. 5.55. Predicted versus manufacturer’s datasheet iron loss density.   
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The stator tooth and back-iron operate at different flux-density as listed in Table 5.29. 

Therefore, iron losses for 3 sections namely stator tooth tip, stator tooth body and stator 

back-iron are calculated separately. The total iron loss is sum of the losses for the 3 sections. 

The stator core losses for the PM and WF sections are calculated separately due to different 

flux-densities.  

Table 5.29. Flux-density for different sections for the HG  

Section 
Flux-density (T) 

Surface NdFeB PM  Embedded NdFeB PM  WF  

Stator tooth tip 1.04 1.3 1.77 

Stator tooth body  1.27 1.54 2.0 

Stator back-iron 1.44 1.81 1.8 

 

The iron losses calculated from equation (5.30) are per kilogram iron. The iron loss for 

each section is obtained via multiplying the section mass by the loss density. The mass of 

each section is calculated by using the United Steel Lamination density and multiplying it 

to the section volume. Table 5.30 shows the volume and mass of different section while the 

HG iron losses for different sections are presented in Table 5.31. Compared to the fully 

wound filed machine (i.e. SG) the HG Design 1 results in 3.9% lower mass while the HG 

Design 2 results in 15.2% higher mass. This is due to the fact that rotor back-iron in the 

embedded PM design is increased. Note that mass of the shaft, machine casing, end caps, 

cooling system and other support structures are not included in the analysis. The total losses 

for the HG for both Design 1 and Design 2 are listed in Table 5.32. For Design 1 the stator 

and rotor copper losses contribute to 50.8% and 10.2% of the total loss, the windage and 

friction contribute to 30.3% and the iron loss is 8.7% of the total machine losses. For Design 

2 the stator and rotor copper loss are 50.8% and 10.7% of the total loss while windage and 

friction is 27.5% and iron loss contributes to 11% of the total losses. The HG efficiency at 

3.6 MW output for Design 1 and Design 2 is 95.23% and 95.42% respectively while the 

efficiency of fully wound field SG is 94.98% as seen from Table 5.32.  
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Table 5.30. Volume and mass audit of the HG designs  

Item 

Sections  

Surface NdFeB PM  Embedded NdFeB PM  WF  

Volume 
(m3)  

Mass 
(kg) 

Volume 
(m3) 

Mass (kg) 
Volume 

(m3) 
Mass 
(kg) 

Stator tooth tip 0.0086 65.79 0.0072 55.08 0.0027 20.66 
Stator tooth body  0.106 810.9 0.088 673.2 0.033 252.45 
Stator back-iron 0.376 2876.4 0.313 2394.45 0.118 902.7 
Rotor pole steel - - - - 0.0625 478.17 
Rotor back-iron  0.2649 2026.3 0.628 4805.21 0.0713 545.71 
Rotor pole PM 0.06859 524.69 0.0578 442.34 - - 
Stator Copper 0.09452 846.92 0.08985 805.06 0.038 340.9 
Rotor copper - - - - 0.0216 193.54 

Total stator steel 0.49 3753.09 0.41 3122.73 0.15 1175.81 
Total rotor steel 0.2649 2026.3 0.628 4805.21 0.1338 1032.88 

Total copper  0.09452 846.92 0.08985 805.06 0.0595 533.54 
Exciter - - - - - 285.31 

Total mass 
(tonnes) 

6.63 8.73 3.03 

Section 
HG  

Design 1 Design 2 
Volume (m3)  Mass (kg) Volume (m3)  Mass (kg) 

Stator tooth tip 0.0113 86.45 0.0099 75.74 
Stator tooth body  0.193 1063.35 0.121 925.65 
Stator back-iron 0.494 3779.1 0.431 3297.15 
Rotor pole steel 0.0625 478.17 0.0625 478.17 
Rotor back-iron  0.3362 2572.01 0.06993 5350.92 
Rotor pole PM 0.06859 524.69 0.0578 442.34 
Stator Copper 0.13252 1187.82 0.12785 1145.96 
Rotor copper 0.0216 193.54 0.0216 193.54 

Total stator steel 0.64 4928.9 0.56 4298.54 
Total rotor steel 0.3989 3050.18 0.13243 5829.09 

Total copper  0.15412 1381.36 0.14945 1339.5 
Brushless exciter - 285.31 - 285.31 

Total mass* 
(tonnes) 

10.17 12.19 

Steel (lamination) density = 7650 kg/m3; Copper density = 8960 kg/m3; PM mass 
density 7500 kg/m3 
*Excluding shaft, machine casing, end caps, cooling system and other support structure 
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Table 5.31. HG iron losses 

Item 

Core loss (kW) 

Surface 

NdFeB PM 

Embedded 

NdFeB PM 
WF HG Design 1 HG design 2 

Stator tooth tip 0.10 0.13 0.09 0.19 0.22 

Stator tooth body 1.78 2.19 1.43 3.21 3.62 

Stator back-iron 8.16 10.98 4.09 12.25 15.07 

Total 10.03 13.30 5.61 15.64 18.91 

 

Table 5.32. HG total losses 

Item 
Design 1 Design 2 9-phase SG 

(kW) (%) (kW) (%) (kW) (%) 

Stator copper 91.7 50.8 87.80 50.8 85.18 44.8 

Rotor copper 18.44 10.2 18.44 10.7 26.7 14.8 

Windage and friction 54.62 30.3 47.58 27.5 39.6 20.8 

Iron 15.64 8.7 18.91 11 38.58 19.6 

Total 180.4 100 172.73 100 190.1 100 

Efficiency (%) 95.23 95.42 94.98 
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5.9 Summary       

This Chapter discusses design of the HG. The HG design is based on an industrial 3-phase 

SG manufactured by Siemens and referred to as benchmark SG. The benchmark machine 

is rewound for a 9-phase stator and FEA analysis are carried out. It is shown that compared 

to the 3-phase the 9-phase machine for the same ampere-turn, coil cross-section area and 

stator copper loss results in 4.2% higher voltage and hence power. Performance of the 

machine connected to an active power electronic VSC with two control methods, PWM 

and over-modulated, is evaluated and compared to the case where the machine is connected 

to a passive rectifier. It is concluded that when a passive rectifier replaces a VSC with PMW 

or over-modulated control the machine needs to be redesigned for 10% and 42% higher 

rated power. Three designs for the PM rotor section is investigated; a surface PM rotor with 

NdFeB magnets, an embedded PM rotor with Ferrite magnet and an embedded PM rotor 

with NdFeB magnets. It is shown that due to machine geometry the PM rotor with Ferrite 

magnets is not a suitable option for the machine. The air-gap flux-density for the surface 

PM rotor is 0.842 T compared to 0.998 T for the WF rotor.  However, using the embedded 

PM rotor the air-gap flux-density is boosted to 1 T. The HG losses are split into stator and 

rotor copper, windage and friction and iron losses. The benchmark SG windage and friction 

losses are scaled by the axial length ratio to obtain the values for the HG. The machine 

copper losses are calculated at rated stator current and full-field rotor current. The HG iron 

losses are estimated using polynomial equation fitted to the manufacturer loss datasheet. 

The iron losses are calculated for stator tooth tip, stator tooth body and back iron separately 

and added up to obtain the total iron losses. For Design 1 the stator and rotor copper losses 

contribute to 50.8% and 10.2% of the total loss, the windage and friction contribute to 

30.3% and the iron loss is 8.7% of the total machine losses. For Design 2 the stator and 

rotor copper loss are 50.8% and 10.7% of the total loss while windage and friction is 27.5% 

and iron loss contributes to 11% of the total losses. The HG efficiency with 3600 kW output 

for Design 1 and Design 2 is 95.23% and 95.42% respectively.  
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Chapter 6 

 

HG High Voltage Insulation Systems    

 

6.1 Introduction    

The proposed wind generation scheme in Chapter 3 uses a 9-phase HG with 38.1 kV RMS 

phase voltage. However, design of the HG in Chapter 5 was based on a SG with 6.35 kV 

RMS phase voltage (11 kV RMS line-to-line). Therefore, the HG windings specified in 

Chapter 3 need to be redesigned to accommodate a nominal phase RMS voltage of 38.1 

kV. The first part of this Chapter considers system analysis of the proposed wind generation 

scheme using a HG with a phase RMS voltage of 6.35 kV, as previously designed from the 

benchmark SG, and then compares this machine with the results obtained at 38.1 kV in 

Chapter 3. The benchmark SG, an example of high voltage machines in industry, has a 

phase voltage of 6.35 kV hence the system analysis at the machine voltage of 6.35 kV is 

carried out to verify the system performance, benefits and gains at a voltage level already 

practiced by industry. The rest of this Chapter discusses insulation system design for the 

HG windings suitable for a 38.1 kV RMS phase voltage machine. The machine initial 6.35 

kV voltage is scaled in steps to obtain the targeted 38.1 kV and appropriate winding 

insulations for each design step is proposed. Various industry practice for the HV windings 

are introduced and insulation systems for different parts of a winding i.e. turn, strand and 

ground insulations are addressed in this Chapter. Semiconductor and stress grading 

insulations are also investigated. The voltage stress between different insulations and the 

grounded machine core is modeled using lumped capacitors to illustrate the voltage 

withstand strength of the insulations.  
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6.2 Analysis of the Proposed HV System Employing a 6.35 kV HG     

For an RMS phase voltage of 6.35 kV (peak voltage of 8.98 kV) the rectified DC voltage 

at the output of the 9-phae HG calculated from equation (3.17) is 17.6 kVDC. This voltage 

is 1/6th of the DC voltage for the original proposed system i.e. 105.6 kVDC. The voltage 

ratio is indeed the ratio of the RMS phase voltages (6.35/38.1=1/6). For a 3.6 MW nominal 

turbine power, the DC current at the rectifier output is 204.55 A i.e. 6 times the currents in 

the original system. The DC voltage for the transmission cable connecting the off-shore to 

the on-shore substations is the same as the original system i.e. 420 kV. Therefore, the 

DC/DC converter step-up ratio is increased to 23.86 (420/17.6). Assuming the same current 

densities for the cables as in the Walney system discussed in Chapter 3, the cable cross-

sections and resistances are respectively 6 and 1/6 times than their respective original 

values. Therefore, the resistances are reduced by a factor of 1/6 except for the transmission 

cable resistance. Table 6.1 lists the related cable cross-sections, current densities and 

resistances for the proposed system operating with a 6.35 kV HG. The results of the 

proposed system analysis at full-load and with a 6.35 kV HG is presented in Table 6.2.  

Table 6.1. Proposed system cable specifications with a 6.35 kV HG  

Description Tower 

Circuit 2 
Off-shore 

substation 

to on-shore 

Inter-array 

between turbines 

Inter-array to 

off-shore 

substation 

Cable length (km) 0.0835 0.750 0.458 44.4 

Material Copper 

Copper resistivity (µΩm) 0.0172 

Rated voltage (kVDC) 20 20 20 425 

Current density (A/mm2) 1.58 1.58 0.6 1.2 

Cross-section area (mm2) 129.48 517.86 1705.2 362.31 

DC cables resistance (Ω) 0.022 0.05 0.0092 4.2 
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Table 6.2. Proposed system full-load analysis with a 6.35 kV HG 

Turbine 

Turbine No.  1 2 3 4 5 
HG phase voltage (kV) 6.35 6.35 6.34 6.33 6.33 
HG DC voltage (kV) 17.60 17.59 17.57 17.54 17.54 

HG DC current output (A) 197.41 197.57 197.79 198.13 198.13 
DC voltage at the tower base, kV 17.60 17.59 17.57 17.54 17.50 

Interconnection and Transmission  

Input DC voltage at the off-shore substation (kV) 17.49 
Input DC current, Circuit 2 at off-shore sub. (A) 989.04 

Output DC voltage at the off-shore sub. (kV) 417.27 
Output DC current at the off-shore sub. (A) 416.57 
Input DC voltage at the on-shore sub. (kV) 415.52 
Input DC current at the on-shore sub. (A) 416.57 

Power and losses in the nacelle and tower  

Turbine power (kW) 3,600 
HG output power (kW) 3,492 

Rectifier output power (kW) 3,474.54 
HG efficiency (%) and losses (kW)  97 108 

Rectifier efficiency (%) and losses (kW) 99.5 17.46 
Tower cable power loss (kW) 0.86 

Turbine link cable  

From--to  1 to 2 2 to 3 3 to 4 4 to 5 
Inter-array cable loss (kW) 1.95 7.80 17.57 31.28 

Cable loss, Circuit 2 to the off-shore substation (kW) 9.00 
Input power and losses at off-shore sub. from Circuit 2 

Power (kW) 17,300.80 Losses (kW) 699.20 
Input power and losses at off-shore sub. from Circuits 1-6 

Power (kW) 176,468.17 Losses (kW) 7,131.83 
DC/DC converters efficiency at off-shore sub. (%) 98.5 

Loss at off-shore substation (kW) 2647.02 
Cable losses, Off-shore to on-shore sub. (kW) 728.83 

Total power at on-shore substation (kW) 173,092.31 
Total losses at on-shore substation (kW) 10,507.69 

Total system efficiency (%) 94.28 
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Table 6.3 presents a comparison between the two systems i.e. proposed system with a 6.35 

kV HG and with a 38.1 kV HG at full-load. It is seen that the total system efficiency is 

similar for both systems resulting in similar benefits and gains in the new system. For the 

38.1 kV HG the mass is increased by 7.5% due to increase in the machine outer diameter, 

this will be discussed in detail at the end of this Chapter after insulation considerations. 

However, the total mass for the proposed system with 6.35 kV HG is 40.9% higher than 

the system with 38.1 kV HG.  

 

Table 6.3. Comparison between system with a 6.35 kV HG and with a 38.1 kV HG at 

full-load   

Items 
Proposed system  

6.35 kV HG 38.1 kV HG 

Number of HG phases 9 

HG RMS phase voltage (kV) 6.35 38.1 

Rectified DC voltage (kVDC) 17.6  105.6 

Turbine power (kW) 3,600 

System total losses (kW) 10,507.69 9,894.10 

Total system efficiency (%) 94.28 94.61 

DC/DC step-up ratio (p.u.) 23.86 4 

Active power conversion mass (Tonnes) 

HG  24.2 26.02 

Tower Cable  0.18 0.03 

Inter-array cables’ between turbines 72 12 

Cables from Circuits to off-shore substation 59.34 9.89 

Transmission cable  215.33 

Total cable  346.85 237.25 

Total system mass 371.05 263.27 
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These results form an interesting conclusion. One of the objectives of the proposed HV HG 

wind generation scheme is to remove active power electronic converters from the turbine 

towers. Effectively, the individual tower power electronic converters are rationalized into 

larger DC/DC converters that can be located at the central off-shore substation. These HV 

DC/DC converters are still the subject of research and development. However, it is assumed 

here that they will be realized in due course as a natural progression of HVDC sub-systems. 

Certainly, for HVDC transmission, high step-up, step-down ratio DC/DC converters are a 

technical requirement for future systems. Consequently, the results presented in Tables 6.2 

and 6.3 illustrate the HV HG system concept could be technically realized at an accepted 

industry standard voltage level (11 kV line-to-line), albeit with higher interconnecting cable 

mass and higher step-up ratio for off-shore DC/DC converter. This being accepted, the 

challenge herein is to therefore investigate the potential design changes necessary to 

increase operating voltages from 11 kV line-to-line, or 6.35 kV phase up to 38.1 kV phase. 

Note, phase voltages are quoted here since there are 4 different line-to-line voltages 

specified for a 9-phase system.  
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6.3 HV Winding Types   

Fig. 6.1 schematically shows a 3-phase HG stator winding connections. Each phase is 

connected to the neutral point in one end and to the machine terminals at the other. The 

neutral point is solidly connected to the surrounding ground along with the stator core. This 

provides a level of equipment protection as well as referencing the winding coils to ground 

and the stator core, which is also grounded.      

A

B

C

Stator core

Phase winding

 

Fig. 6.1. Stator winding connections.  

The winding insulations becomes more significant as machine nominal voltage increases. 

Insulation does not contribute to the machine torque production [134] however, it is 

required to prevent short circuits between the copper conductors and also between 

conductors and ground. Insulations also provide mechanical strength and help protect 

conductors from damage in the process of coil insertion into the stator slots and also prevent 

the coils from movements during operation. Main types of stator windings are [135]:  

• Random-wound coils  

• Form-wound coils  

• Roebel bar coils   

In random-wound coils the insulated conductors are usually round cross-section wires that 

are randomly and continuously wound to form a multi-turn coil. In this type of winding it 
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does not matter if the turn with the highest voltage is placed adjacent to a turn with the 

lowest voltage. This type of winding is not used for high voltage applications. Random-

wound stators could have coils wound beforehand and inserted into slots or wound directly 

into the coils around stator teeth. Fig. 6.2 shows a random-wound stator winding for a low 

voltage (300 V) machine.  

Form-wound coils consist of individually insulated copper wires or rectangular bars that 

are wound and pre-formed to a fixed shape for subsequent insertion into the machine stator 

or wound rotor. The rectangular shape allows better packing factor for the slots. In form-

wound coils each turn consists of a few to several copper strands. Fig. 6.3 shows a form-

wound stator coil.    

Form-wound coils are used for higher voltage machines. Unlike random-wound coils, care 

has to be taken when designing form-wound coils such that each turn is next to a turn with 

least voltage difference. This results in minimized insulation between turns.  

Roebel bar is another windings scheme, as shown in Fig. 6.4, that is sometimes used for 

high voltage and high power machines such as turbo generators over 50 MW [135]. The 

Roebel bar winding implementation transposes the winding turns to minimize parasitic 

winding effects such as eddy current and proximity effects, cross-slot leakage, un-balanced 

turn-voltage etc. In this study, form-wound coils are considered for the HV HG windings 

hence other types of windings will not be studied. 
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Fig. 6.2. A Random-wound stator. 

 

Fig. 6.3. A form-wound coil. 

 

Fig. 6.4. A typical Roebel bar winding (Photo courtesy Partzsch Group) [136]. 
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6.4 Insulation Systems      

In order to have a sensible design for the HG insulation systems that is comparable and 

verifiable with industry practice HV windings, the 11 kV insulations for the benchmark SG 

(3-phase HG WF) are used as a design base, against which new insulations systems are 

compared. Fig. 6.5 shows the cross-section of a stator slot for the 3-phase benchmark SG. 

The slot has two layers each representing the cross-section of one coil side. The two coils 

are either from the same phase or different phases. Therefore, the voltage difference 

between the two layers is different depending on the coil voltages. Each coil has 4 turns, 

each turn of which is referred to as conductor; each conductor has 6 strands that are 

transposed from coil to coil and connected at the machine terminals in parallel. There is no 

or may be small voltage difference between the strands therefore they require minimum 

insulation.   
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Insulation between turns: 
0.2 mm (Conductor/turn 

insulation 0.1 mm)
Insulation (separator) 
between slot top and 
bottom layer: 4 mm

Insulation to slot wall 
(ground wall insulation): 

2.6 mm

Slots (laminations) are 
grounded

Slot wedge (insulation): 
5 mm

Strand insulation: 
0.05 mm

7.8 mm

 6.1 mm 

2.6 mm

 

Fig. 6.5. Three-phase benchmark SG or HG WF slot insulation system.  
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Strands have an insulation thickness of 0.05 mm while conductor insulation thickness is 

0.1 mm. Top and bottom coils are separated from each other in the slot by a 4 mm thick 

insulation. The slot has a wedge made of insulating material of 5 mm thickness. The slot 

wedge helps to keep the coils tightly placed in the slot and prevents their movements. The 

laminations are grounded and between the slot wall and coils there is an insulation of 2.6 

mm thickness, this is referred to as ground wall insulation.  Main insulation components in 

a HV winding include [135]:   

• Strand insulation 

• Turn insulation 

• Groundwall insulation 

• Semiconductive slot insulation  

• Voltage stress grading insulation 

6.4.1 Strand, Turn and Groundwall Insulation  

Each conductor in the 3-phase HG WF has 6 strands that are formed and electrically 

connected in parallel to form a single turn. Splitting a big conductor cross-section into 

smaller stand cross-sections has three main advantages:  

• Mechanical and manufacturing ease  

• Reduction of eddy current effects and losses, and hence  

• Reduction of copper losses 

Mechanically, a conductor with large cross-section is difficult to bend and insert into slots. 

Forming a conductor from smaller strands facilitates bending and manufacturing. 

Moreover, by reducing conductor cross-section area to smaller strands the skin effect is 

reduced [135] providing the conductor strands are transposed when interconnecting the 

individual phase coil. Unlike DC current that is uniformly distributed in the conductor 

cross-section area, AC current tends to flow in the periphery of a conductor resulting in a 
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smaller effective cross-section which results in a perceived higher AC resistance than the 

conductor DC resistance. The higher the conductor resistance the higher the copper losses. 

By splitting a conductor into smaller cross-sections and transposing at inter-coil 

connections, the skin effect is reduced and hence more of the available conductor cross-

section is used. The 3-phase HG WF is rated at 11 kV line-to-line RMS voltage (6.35 kV 

RMS phase voltage). For each phase there are 45 coils therefore the individual coil voltage 

is 140 V. Each coil has 4 turns therefore, the turn voltage is 35 V. Each turn is made up of 

6 parallel strands hence the voltage across each strand is the same as turn voltage, as shown 

in Fig. 6.6. Table 6.4 summarizes coil, turn and stand voltages.   

Strand 1

Strand 2

Strand 3

Strand 4

Strand 5

Strand 6

Vturn = 35 V RMS  

Fig. 6.6. 3-phase HG WF strand voltage. 

 

Table 6.4. Turn, coil and strand voltages 

Description  RMS Peak 

Line-to-line voltage (kV) 11 15.56 

Phase-to-ground voltage (kV) 6.35 8.98 

Voltage across each coil (V) 140 200 

Voltage across each turn (V) 35 50 

Voltage across each strand in each turn (V) 35 50 
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Turn insulations prevent short circuits between turns that are in contact. In order to 

minimize the turn insulations, each turn in a coil is placed next to the turn with smallest 

voltage difference. Turn insulations are normally thicker than strand insulations since they 

have to withstand higher voltages. However, some manufacturers combine turn and strand 

insulations to facilitate manufacturing process [135]. The turn voltage build-up for the 3-

phase HG WF is illustrated in Fig. 6.7(a).  

Once the turns are placed together and a coil is formed, a layer of insulation referred to as 

groundwall insulation, usually a tape, is applied on the coil surface. The groundwall 

insulation protects coils from contact to the grounded laminations. It also holds the turns 

tightly together and prevents them from moving due to the forces in the machine acting on 

conductors. For random-wound windings the turn insulation also acts as groundwall 

insulation. Therefore, the turn insulation in random-wound coils is designed to withstand 

phase-to-phase voltages. However, for form-wound coils in high voltage machines, 

groundwall insulation is normally different from turn insulation. The coils depending on 

their position in a phase experience different voltages with respect to the grounded 

laminations. The first coil in a phase, i.e. the coil that is connected to the ground, referred 

to as neutral-end coil, is subject to zero voltage and as the coils are connected in series their 

voltage to ground increases. Therefore, the last coil in a phase, referred to as the terminal-

end coil is subject to full phase-to-ground voltage. Therefore, the groundwall insulations 

need to protect the coils form voltages as high as phase voltage against the grounded 

laminations. Although different coils experience different voltages, the groundwall 

insulations are normally designed for the same insulation thickness for all coils. Fig. 6.7(b) 

shows the phase voltage build-up for the benchmark SG (or 3-phase HG WF).  

A design for the HV windings for the ABB Powerformer was proposed where coils have 

different insulation thickness depending on their voltage and hence the slot size varies as 

the insulation thickness increases [137]. The coil insulation has to be applied coil-by-coil 

as the machine is wound, making the winding process somewhat involved. Fig. 6.8 shows 

the machine stator slots, highlighting the variation in slot shape to accommodate the “cable” 

winding [137].   
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Turn 4 Turn 2 Turn 1

Vcoil = 140 V RMS

35 V

Turn 3

70 V
105 V

 

Coil 45 Coil 2 Coil 1

Vph = 6.35 kV RMS

0.14 kV0.28 kV6.35 kV

 

(a) Turn voltage build-up. (b) Phase voltage build-up. 

Fig. 6.7. 3-phase benchmark SG (or HG WF) turn and phase voltages. 

 

 

(a) Cable structure. (b) Slot/tooth cross-section. 

Stator 
back-iron

Stator slot

Rotor

Cable winding 
cross-section

 

(c) Machine cross-section 

Fig. 6.8. AB Powerformer stator slots [137].  
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Air pockets (also known as voids) can occur in the insulation system during the 

manufacturing process and when the machine is in service. If air pockets are subject to high 

voltages, they break down and a spark or discharge is initiated. Repeated electric 

breakdowns, referred to as partial discharge (PD), leave a hole in the insulation system 

hence the copper becomes exposed to the grounded laminations or other conductors and a 

short circuit ultimately occurs. The electric breakdown depends on the strength of the 

electric field, also referred to as electric stress or voltage gradient. The electric field 

between two surfaces displaced at a distance of d and with a voltage difference of V is 

[135]:  

  
V

E
d

=                   (kV/mm)   (6.1) 

If the voltage across two surfaces is increased above break-down point conduction occurs. 

In such case the material between the surfaces (which could be air or an insulation material) 

is ionized and conducts current which ultimately creates a short circuit. For air the break-

down strength at room temperature, low humidity and one atmosphere is 3 kV/mm [135].  

In order to evaluate voltage across insulations, each section of insulation is modeled as a 

capacitor circuit. The capacitance between two surfaces is:  

 
  

A
C

d

ε
=                   (μF)    

0   
r

ε ε ε=  

(6.2) 

where,  

ε : Insulating material permittivity (F/m) 

r
ε : Insulating material relative permittivity 

0ε : Air permittivity (8.854×10−12 F/m) 

A lumped capacitance circuit model for the capacitors between copper strands to the 

grounded stator core for the HG winding is presented in Fig. 6.9. There are three sections 

between the copper strand and grounded stator core:  
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(i) Strand insulation modelled as 
s

C  

(ii) Conductor insulation modelled as 
c

C , and  

(iii) Groundwall insulation modelled as 
g

C .  

Using the insulation thicknesses for the 3-phase HG WF shown in Fig. 6.5 and equation 

(6.2) the capacitors parametric values are calculated and detailed in Table 6.5.   

1 p.u. (6.35 kV)

0.95 p.u.

Cs Cc Cg

Copper 
strand 

Stator 
core 

0.04 p.u.0.01 p.u.

 

Fig. 6.9. Lumped capacitance circuit model between strands and grounded stator core.  

Table 6.5. Strand-to-groundwall capacitors parametric values 

Symbol Description Parametric value 

s
C  Strand insulation capacitor 

 
    20  

0.05s

A
C A

ε
ε= =  

c
C  Conductor insulation capacitor 

 
    10  

0.1c

A
C A

ε
ε= =  

g
C  Groundwall insulation capacitor  

 
    0.38  

2.6g

A
C A

ε
ε= =  

 

As discussed, stands of the terminal-end coil are subject to the highest voltage i.e. 6.35 kV 

phase RMS voltage noted as 1 p.u. voltage. This voltage is divided between capacitors 

based on their capacitance as shown in Fig. 6.9. It is seen that the voltage across the 

groundwall insulation is highest due to its lowest capacitance. In order to study insulation 

failure, it is assumed there is an air pocket with 0.3 mm thickness in the groundwall 

insulation. The air pocket is modelled as a capacitor, 
a ir

C  , hence the circuit model from 

the groundwall to the grounded insulation is shown in Fig. 6.10.   
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0.95 p.u. (6.03 kV)

0.31 p.u. (1.87 kV)

Cg Cair

Copper 
strand 

Stator 
core 

0.69 p.u. (4.2 kV)

 

Fig. 6.10. Groundwall-to-grounded stator core model with an air pocket.   

Groundwall insulating material used for the machine has a permittivity of four times larger 

than air [135], therefore:   

      3.33 
0.3

4 4 
      1.54 

2.6

air

air

g

g

A A
C A

d

A A
C A

d

= = =

= = =

 

 

 

The total voltage between the groundwall insulation and grounded stator core is 6.03 kV 

(0.95 p.u.) as calculated in Fig. 6.9. This voltage is split between the groundwall insulation 

and air pocked based on their capacitance. Therefore, the voltage across the air pocket is 

1.87 kV as shown in Fig. 6.10. The electric field across the air pocket is:  

1.87
    6.23

0.3air
E = =    kV/mm     

Air breaks down at 3 kV/mm [135], therefore the air pocket breaks down and a discharge 

occurs in the groundwall insulation. In order to prevent this, air pockets are avoided during 

the manufacturing process by careful procedures in vacuum pressure impregnation (VPI) 

of the machine stator with insulating resins post winding. The HG stator has two coils in 

each slot. Fig. 6.11 shows a capacitor circuit model for the insulation between the two coils. 

Insulations between the two coils include strand, conductor and groundwall insulation. The 

separator between the two coils in the slot shown in Fig. 6.5 is modeled as 
s e p

C , where 

 
    0.25  

4sep

A
C A

ε
ε= = .  
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The voltage difference between the two coils is as high as the line-to-line voltage if 

terminal-end coils of two different phases are placed in one slot. The voltages across 

insulations are split based on their capacitance. As shown in Fig. 6.11 the highest voltage 

appears across the slot separator.  Fig. 6.12 illustrates a circuit model for a coil along the 

axial length of the HG. Each capacitor in Fig. 6.12 is an equivalent capacitor (

  0.36  
eqs

C Aε= ) for three series capacitors 
s

C  , 
c

C  and 
g

C . The winding axial length has 

been divided into four arbitrary sections each with the same resistance. The voltage profile 

at each point along machine winding axial length is shown in Fig. 6.12, as seen the terminal-

end has the highest voltage.  

Copper 
strand 

CcCs

Copper 
strand 

CsCg Cc

1 p.u. (11 kV)

0.0053 p.u. 
(0.058 kV)

CgCsep

0.42 p.u. 
(4.62 kV)

0.274 p.u. 
(3.014 kV)

0.011 p.u. 
(0.121 kV)

0.274 p.u. 
(3.014 kV)

0.011 p.u. 
(0.121 kV)

0.0053 p.u. 
(0.058 kV)  

Fig. 6.11. Coil-to-coil capacitor core model.    

R
Terminal-end

Ceqs 

Stator core 

R R R

Ceqs Ceqs Ceqs Ceqs 

Vt=6.35 kV; V4=5.08 kV; V3=3.81 kV; V2=2.54 kV; V1=1.27 kV

V1

Machine active axial length, la

V2V3V4Vt

 

Fig. 6.12. Coil capacitor model along the HG axial length.    
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6.4.2 Semiconductive Slot and Voltage Stress Grading Insulation  

For the 3-phase HG WF the copper packing factor is 0.457 p.u. Note that there are other 

definitions for copper packing factor, hence copper packing factor is defined here as total 

slot copper area divided by total slot area. The total slot area is always larger than the total 

winding cross-sectional area including the coil insulations to facilitate practical placement 

of the coils. Therefore, there is an air gap between coil surface and the grounded slot. At 

high voltages a PD can occur in this air gap for the same reason that a PD occurs in an air 

pocket in the insulation if not properly insulated. In order to fill the air gaps some 

manufacturers use varnish/resin applied via VPI [135], [138-141]. However, if the voltage 

across the air gap exceeds 3 kV/mm the air breaks down and a PD occurs. In order to 

prevent a PD between coil surface and grounded slot a semiconductive coating is applied 

on the coil groundwall insulation. This is also known as semiconductive slot coating or 

sometimes called conductive coating/tape/material [135], [142-143]. The semiconductive 

coating has a low resistance and it is at ground voltage since it is in contact with the 

grounded slots. Semiconductive coating essentially puts a conductive layer in the air gap, 

hence a low electric field is created and no PD occurs. A circuit model for the 

semiconductive resistance, 
semi

R , in parallel with the air gap capacitor is shown in Fig. 6.13.  

Cair

Coil 
surface

Stator 
core 

Rsemi  

Fig. 6.13. Semiconductive resistance and air gap capacitor model.    

Semiconductive coating is not generally used if the machine is rated at voltages below 6 

kV [135] because the electric stress for such voltages will not exceed the 3 kV/mm limit. 

Higher conductivity coatings are not usually used because it short circuits the laminations 

and will result in eddy currents [135], [142].  Semiconductive coating is usually extended 
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a few 10’s of millimeters from the end of the slot [144] to neglect any end effects. Note 

that semiconductive coating should not be extended close to the end of the coil because the 

grounded surface will be too close to the connection of the coil to the next coil. Also, if the 

end winding is grounded by semiconductive tape, chances of a PD increases in the air 

pockets in the end winding as result of high electric field due to bringing the ground close 

to air pocket. Semiconductive insulations come usually as paint or tapes. Semiconductive 

slot insulations and groundwall insulation for the 3-phase HG WF stator coil are shown in 

Fig. 6.14.  

Slot bottom 
layer

Semiconductive slot coating

Stress grading coating

Groundwall insulation

Slot top 
layer

 

Fig. 6.14. Semiconductive, stress grading and groundwall insulations for the 3-phase HG 

WF stator coil.  

The semiconductive coating cannot end abruptly since the voltage difference between the 

coils surface and grounded semiconductive tape creates an electric field that could exceed 

3 kV/mm and starts a PD [142-143]. Therefore, the end of semiconductive coatings are 

either terminated [144] or in most cases a voltage stress grading material is continued to 

cover the end winding [142-143], [145-147]. The voltage stress grading coating is started 

at the end of the semiconductive slot coating and often it overlaps with the semiconducting 
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slot coating. The stress grading coating is used to create a smooth transition from the 

grounded semiconductive slot coating to the high voltage surface of the coil. The voltage 

stress grading material has lower conductivity than the semiconductive slot coatings [143]. 

Silicon carbide is a common material that is used as stress grading material [135]. The 

stress grading insulation comes usually as tapes. The stress grading insulation for the 3-

phase HG WF stator coil is shown in Fig. 6.14.  

6.4.3 Transposition   

As discussed previously, turns in a coil are often transposed to reduce eddy current losses 

and also gain mechanical strength [147-148]. The stator cross-section for the coil start and 

coil end is shown in Fig. 6.15. Turn 1 is at the bottom of the start-side of the coil but is 

transposed to the top at the end-side. Turn 4 at the coil start-side is the bottom turn, while 

Turn 4' is transposed to the end-side. Other turns in the coil also change places at the coil 

end-side. This procedure is done for all the coils in each phase. In order to change the 

location of turns the coil end winding is twisted, referred to as transposition via knuckle, as 

shown in Fig. 6.16. 

In the transposition, turns with lowest voltage difference are placed next to each other. For 

instance, if the turn voltage is 0.25 p.u. (coil voltage 1 p.u.) and if Turn 4 is next to Turn 1 

the voltage between them is 0.75 p.u. but if turns are arranged as shown in Fig. 6.15, the 

voltage between each consecutive turn is 0.25 p.u., and would hence require thinner 

insulation. Sometimes supporting materials are used to mechanically support end windings 

for twisting actions, for instance a cloth tape as shown in Fig. 6.16. The above discussed is 

a basic transposition via knuckle to reduce the eddy current loss and circulating current loss 

of the conductor. To further reduce such losses, there are other more complicated 

transposition [144] which are not considered here since they are out of scope of this study.  
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1

2

3

4

4'

3'

2'

1'

Coil start

Coil end

Slot bottom 
layer

Slot top 
layer

 

Fig. 6.15. Coil transposition. 

Knuckle

Coil active 
axial length

Coil terminals

 

Fig. 6.16. Coil transposition via knuckle. 
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6.5 HG Insulation       

The 9-phase HG stator structure is the same as the benchmark 3-phase SG. However, 9-

phase winding has 15 coils per phase as compared to 45 coils per phase for the 3-phase 

winding. The total slot copper cross-section for the 9-phase HG winding is the same as for 

in the 3-phase SG. However, the number of turns per coil has increased to 19, reducing the 

turn voltage and cross-section area. Table 6.6 shows the RMS phase, coil, turn and strand 

voltage for the 3-phase SG and the 9-phase HG. Fig. 6.17 illustrates the coil cross-section 

for 3-phase SG and 9-phase HG. The strands are shown as dotted lines while solid lines 

define turns. Each turn in the 9-phase system has 2 strands compared to 6 strands per turn 

for the 3-phase system. The strands and conductors in the 9-phase coil have the same width 

but reduced height. However, the voltage across strands and conductors in the 9-phase 

system is reduced by a factor of 0.66 (=0.023/0.035). Therefore, assuming that the strand 

and conductor insulation thickness varies linearly with voltage, the 9-phase strand and 

conductor insulation is 0.033 mm and 0.066 mm respectively. However, it is assumed that 

the groundwall insulation thickness does not vary with the voltage hence at higher phase 

voltages a better groundwall insulation material is used.   
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Table 6.6. RMS phase, coil, turn and strand voltage 

Description 3- phase SG  9-phase HG 

No. of coils 45 15 

No. of turns  4 19 

No. of strands per turn 6 2 

No. of strands per coil 24 38 

Phase voltage (kV) 6.35 6.6 

Coil voltage (kV) 0.14 0.44 

Conductor/turn voltage (kV) 0.035 0.023 

Strand voltage (kV) 0.035 0.023 

 

 

1

2

3

4

9-phase HG

5

6
7

8
9

10

11
12

13
14
15
16
17
18
19

1

2

3

4

3-phase SG
 

Fig. 6.17. Coil cross-section for 3-phase SG and 9-phase HG.  
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For the benchmark SG the strand copper height and width excluding insulations is 2.6 mm 

and 6.1 mm respectively, i.e. strand cross-section area is 15.85 mm2. There are 24 strands 

per coil hence the coil copper cross-section is 380.64 mm where the coil copper width is 

12.2 mm (2 strands) and coil copper height is 31.2 mm (12 strands). Having the same coil 

copper width and hence height for the HG and 19 conductors/turns per coil, the conductor 

copper height is 1.64 mm. The HG conductor copper and coil copper width is the same as 

the benchmark SG coils. However, since the insulation thickness for strands and conductors 

is changed the total coil dimension is changed. Table 6.7 lists coil, conductor and strand 

specifications for 9-phase and 3-phase coils. Compared to the benchmark SG the HG total 

coil height is increased by 4.58% but its width is decreased by 0.39% the total coil cross-

section is however increased by 4.17%.  

In order to minimize the voltage difference between consecutive turns (conductors), they 

are placed on top of each other. In the arrangement shown in Fig. 6.17 the voltage difference 

between two adjacent turns in the HG coil is 0.023 kV. However, if turn 6 was to be placed 

next to turn 1 the voltage difference would be 0.115 kV and thicker conductor insulation 

would be required. Therefore, in designing the high voltage coils, proper arrangement of 

turns needs to be taken into account.   
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Table 6.7. Coil, turn and strands for 9-phase HG with phase RMS voltage 6.6 kV  

Description 
3-phase 

benchmark SG 
9-phase HG  

Strand insulation thickness (mm) 0.05 0.033 

Conductor insulation thickness (mm) 0.1 0.066 

Strand height excluding insulation (mm) 2.6 1.64 

Strand width excluding insulation (mm) 6.1 6.1 

Coil copper cross-section (mm2) 380.64 

Strand height including insulation (mm) 2.7 1.71 

Strand width including insulation (mm) 6.2 6.2 

Conductor height including insulation (mm) 8.3 1.84 

Conductor width including insulation (mm) 12.6 12.53 

Groundwall insulation thickness (mm) 2.6 

Coil height including insulation (mm) 38.4 40.16 

Coil width including insulation (mm) 17.8 17.73 

Total coil cross-section including insulation (mm) 683.52 712.04 

 

 

The RMS phase voltage of the HG is 6.6 kV whereas the proposed wind generation scheme 

requires a HG with RMS phase voltage of 38.1 kV. Table 6.8 lists steps in which the 

machine voltage is increased from its initial 6.6 kV to obtain the desired voltage. In the first 

step the initial 6.6 kV voltage is doubled i.e. 13.2 kV. Therefore, with the same number of 

coils, i.e. 15 the coil voltage is doubled, i.e. 0.88 kV from its initial 0.44 kV. Therefore, 

maintaining the same voltage per turn, i.e. 0.023 kV, the number of turns need to be doubled 

to 38 turns per coil. By maintaining the same voltage per turn the conductor insulation 

thickness is the same hence a verifiable design.   
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Table 6.8. Voltage scaling steps for the 9-phase HG 

Description RMS phase voltage (kV)  Step voltage multiplier  

Initial phase voltage  6.6  - 

Step 1  13.2 2 

Step 2  26.4 2 

Step 3  38 1.44 

 

Each turn in the 6.6 kV machine has 2 parallel strands which makes up to a total of 38 

strands per coil as shown in Fig. 6.17. By insulating strands using conductor insulation each 

strand is used as one turn and the coil voltage is increased to 0.88 kV hence the machine 

voltage increases to 13.2 kV. The coil cross-section for the 13.2 kV machine is shown in 

Fig. 6.18(a).  

In the 13.2 kV HG coil the voltage difference between vertically adjacent turns is 0.046 kV 

(2×0.023 kV) while the maximum voltage difference between adjacent turns is 0.069 kV 

(3×0.023 kV). For the initial 6.6 kV machine the conductor insulation is 0.066 mm. 

Therefore, for the 13.2 kV machine the conductor insulation is increased to 0.13 mm and a 

layer of insulation with a thickness of 0.13 mm needs to be added in the middle of the coil 

to account for maximum 0.069 kV voltage difference between turns. Table 6.9 shows the 

size of coil and turns for the 13.2 kV machine. As seen the coil height and width is increased 

by 2.83% and 1.8% respectively. The coil total cross-section area is however increased by 

4.7%.  

In order to step-up phase voltage to 26.4 kV while maintaining the same turn voltage, i.e. 

0.023 kV, the number of turns is increased to 76, i.e. double the number of turns for the 

13.2 kV coils. Therefore, each turn in Fig. 6.18(a) is split vertically into two turns and with 

the same turn arrangement the coil cross-section for the 26.4 kV HG is shown in Fig. 

6.18(b). The voltage difference between turns is the same as 13.2 kV HG hence the same 

insulation is used as shown in Table 6.9. Compared to the initial values the coil height, 

width and cross-section area for the 26.4 kV HG is increased by 15.14%, 1.8% and 17.22% 

respectively. 
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To achieve a 38.1 kV RMS phase voltage while maintaining a turn voltage of 0.023 kV, 

the number of turns per coil needs to increase to 110. Therefore, by keeping the same copper 

cross-section area, i.e. 380.64 mm2, the same coil copper width and height, i.e. 12.2 mm 

and 31.2 mm, and also by having the same turn arrangements as in Fig. 6.18(a) the 

conductor copper height for the coils in the 38.1 kV machine is 0.57 mm. Therefore, for 

the same turn arrangements as in 13.2 kV and 26.4 kV HG coils the conductor insulation 

thickness stays the same i.e. 0.13 mm. However, due to added number of turns the coil 

height, width and cross-section area is increased by 26.6%, 1.8% and 28.9% respectively. 

The coil cross-section for the 38.1 kV HG is shown in Fig. 6.18(c) while Fig. 6.19 shows 

stator slot and back-iron cross-sectional view for different designs. Table 6.9 summarizes 

the winding insulation systems. In order to account for the coil height increase the slot 

depth is increased by 26.6% and to ensure the same machine magnetic performance the 

stator back-iron is increased by 26.6% to maintain the same back-iron thickness as in the 

6.6 kV HG. Therefore, the stator inner diameter is the same while the stator outer diameter 

is increased by 26.6%. As a result the machine mass is increased by 7.5%.  
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Fig. 6.18. Coil cross-section for 13.2 kV, 26.4 kV and 38.1 kV HG.  
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(a) 6.35 kV SG. (b) 13.2 kV HG. 
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(c) 26.4 kV HG. (d) 38.1 kV HG. 

Fig. 6.19. Stator cross-sectional view for different HG winding designs.   
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Table 6.9. HG coil and turn insulations 

Description Initial Step 1 Step 2 Step 3 

Phase voltage (RMS kV) 6.6 13.2 26.4 38.1 

Coil voltage (RMS kV) 0.44 0.88 1.76 2.54 

Turn voltage (RMS kV) 0.023 

No. of coils per phase 15 

No. of turns per coil 19 38 76 110 

Conductor height excluding insulation (mm) 1.64 1.64 0.8279 0.57 

Conductor width excluding insulation (mm) 12.2 6.1 6.1 6.1 

Conductor insulation (mm) 0.066 0.13 0.13 0.13 

Conductor height including insulation (mm) 1.84 1.9 1.08 0.83 

Conductor width including insulation (mm) 12.53 6.36 6.36 6.36 

Added insulation in the middle of the coil (mm) - 0.13 0.13 0.13 

Groundwall insulation thickness (mm) 2.6 

Coil height (mm) 40.16 41.3 46.24 50.85 

Coil width (mm) 17.73 18.05 18.05 18.05 

Total coil cross-section including insulation (mm) 712.04 745.47 834.63 917.84 

Increase in coil height (%) - 2.83 15.14 26.6 

Increase in coil width (%) - 1.8 1.8 1.8 

Increase in coil cross-section area (%) - 4.7 17.22 28.9 
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6.6 Summary        

The insulation systems for the HV machines are discussed in this Chapter. Three different 

types of windings for the machines are introduced namely, random-wound coils, form-

wound coils and Roebel bars. The form-wound coils common between the high voltage 

machine manufacturers is chosen for the HG windings. Insulation systems for the strand, 

conductor and coils are considered and the insulations for the benchmark SG are chosen as 

the bases of the insulation design for the HG. The importance of the groundwall insulation, 

semiconductive and voltage stress grading insulations are illustrated. The winding 

insulation systems are modelled as capacitor circuits and the importance of avoiding air 

pockets is illustrated via an example. The groundwall insulation for the HG is the same as 

the benchmark SG while the strand and conductor insulations increase linearly with the 

voltage. The RMS phase voltage increase from 6.6 kV to the desired 38.1 kV is explained 

using three steps to illustrate the impact of winding voltage on the machine stator design. 

In step one and two the voltage is doubled while in step 3 the voltage is increased by a 

factor of 1.44. The turns in each coil are arranged such that the voltage difference between 

consecutive coils is minimized hence minimizing the insulation requirements. It is shown 

that for the same number of coils per phase and the same turn voltages, the coil height is 

increased by 26.6% from its original value for the 6.6 kV HG. To account for the coil height 

increase the stator slots are made deeper awhile stator back-iron thickness is kept the same. 

Therefore, the 38.1 kV HG has an outer diameter 26.6% longer than that of the 6.6 kV HG 

which results in 7.5% increase in machine mass.    
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Chapter 7 

 

Conclusions and Future Work      

 

7.1 Summary and Conclusions      

This Ph.D. study proposes a new off-shore wind generation scheme incorporating high 

voltage hybrid generator (HG), HVDC interconnection and transmission. In Chapter 2 wind 

turbine basics are discussed. Analytical expressions for the harvested power from a free-

stream wind by wind turbines are presented and the Betz limit discussed. After considering 

different turbine configurations, the 3-blade wind turbine is chosen as it results in higher 

harvested power. Turbine power coefficient from different references are studies and a 

commonly used expression is chosen for further analysis. Turbine power-speed, torque-

speed, power-wind velocity and torque-wind velocity mathematical models are derived. In 

order to confirm the mathematical models, characteristics of a commercial 2MW wind 

turbine manufactured by Enercon is studied using published datasheet and operational data 

to confirm the developed models. In this study two operational regions for the wind turbines 

are considered, one practiced by the wind industry at large, termed the limited speed region 

and a new scheme, termed the high speed region. In the limited speed region, the wind 

turbine rotor speed and power increase with the wind velocity until a rated wind velocity is 

reached. For velocities above nominal rated, the turbine power and rotor speed is controlled 

at their nominal values via turbine blade pitch control and power delivery. For the new 

scheme introduced in this study, the high speed region of operation, the turbine rotor speed 

is allowed to exceed the rated speed at a constant output power, a feature that results in 

reduced torque for the electric generator. The wind turbine mechanics may need to be 
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redesigned for higher speeds, this and other mechanical and aerodynamic considerations 

are not further analyzed and assessed in this thesis and are left for future studies.  

The analysis of the proposed wind generation scheme is presented in Chapter 3. The 

proposed system is compared against a commercial wind generation system, Walney 1 

which is representative of existing industry practice for off-shore systems. The analysis 

results show that the proposed system results in 3.8% higher energy conversion efficiency 

assuming all turbines are operating at their full-load rating. Analysis at other loads i.e. 

three-quarter, half and one quarter loads shows similar efficiency gains. The proposed 

scheme also results in 2.3% lower mass for the turbine and 75.8% lower mass for the cable 

systems.  

Perhaps the most important contribution of the new scheme is the removal of two fully 

rated VSC’s in the turbine tower and nacelle and the turbine transformer. Hence, the system 

complexity and number of component count is reduced which potentially improves the 

serviceability and maintenance of the wind farm over time for the proposed system 

compared to the existing state of the art, i.e. Walney. It is envisaged that these savings 

contribute to overall cost reduction of the wind farm and system, although this is not 

assessed nor quantified in this study. In the proposed system the interconnection cable’s 

voltage is controlled to vary compared to the essentially fixed interconnection voltage for 

the benchmark Walney system. The off-shore substation transformers in the Walney system 

is replaced with high voltage, high power DC/DC converters. The proposed system uses a 

high voltage HG compared to the low voltage (690 V) IG in the Walney system. The HG 

has two rotor sections, a WF and a PM rotor which share a 9-phase stator. The 9-phase HG 

yields improved power density while eliminating the smoothing DC-link capacitors that 

would otherwise be required. In Chapter 4 a low voltage laboratory prototype HG is tested 

and results are compared with simulations which show good agreement. A commercial 3-

phase 5.2 MW, 11 kV, SG manufactured by Siemens is chosen as a benchmark for the HG 

design. FEA analysis and MATLAB simulations are carried out for the benchmark SG 

which confirm the machine datasheet hence providing validation for the subsequent high 

power machine studies.  
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Design of the high voltage HG is studied in Chapter 5. Machine operational philosophies 

and concept is investigated and illustrated using a fully wound field synchronous generator 

example. The benchmark SG 3-pase stator is rewound as 9-phase winding. The 9-phase 

stator winding results in 4.2% higher output voltage and hence power due to improved 

winding factor.  

It is shown that when an electric generator is interfaced via a passive rectifier as opposed 

to a fully active VSC, the DC-link power is reduced. The reduction in performance is 

assessed and input to the machine design procedure. For the benchmark generator 

connected to a rectifier, the design rating would have be higher by a factor of 1.1 and 1.4 

compared to a generator interfaced by a PWM and over-modulated controlled VSC 

respectively for the same DC-link power.  

Two final designs for the HG are proposed (i) a HG with WF and surface NdFeB PM rotor 

and (ii) a HG with WF and embedded NdFeB PM rotor. A discussion of the split ratio 

between the WF and PM sections is made. The WF section operates in the nonlinear portion 

of the B-H curve where the stator teeth and back-iron are saturated. The PM rotor section 

operates in the B-H linear region where the stator iron is not saturated. The phase 

inductance for the WF and PM section is calculated with a constant value for the surface 

PM section and variable value for the WF and embedded PM rotor due to saliency. The 

machine copper losses are calculated at the rated stator and rotor current while the stator 

iron loss is calculated for tooth tip, tooth body and back-iron separately since they operate 

at different flux-densities. The iron losses are predicted via polynomial regression that is 

used to fit the loss curves provided by lamination manufacturer. The loss analysis for the 

HG Design 1 shows that the machine losses are 50.8% and 10.2% due to stator and rotor 

copper loss respectively, 8.7% due to iron loss and the remaining 30.3% due to windage 

and friction loss. However, for the HG Design 2, 50.8% and 10.7% of the losses are due to 

stator and rotor copper loss, 11% due to stator iron loss and the remaining 27.5% due to 

friction and windage losses. The HG efficiency is 95.23% and 95.42% for Design 1 and 

Design 2 respectively.   
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The HG insulation system is studied in Chapter 6. Different winding schemes are presented 

and form-wound HV coils are chosen as the HV winding scheme for the HG. Various 

insulation components in a HV coil are studied with the SG coils being a representative 

industry example of high voltage winding. Lumped capacitor models for the insulations are 

illustrated for different insulation sections.  

As a starting point for the insulation study, a 9-phase progressive of the benchmark SG is 

analyzed. The results illustrate the HV HG system concept could be technically realized at 

an accepted industry standard voltage level (11 kV line-to-line), albeit with higher 

interconnecting cable mass and higher step-up ratio for off-shore DC/DC converter. 

The machine initial 6.6 kV RMS phase voltage is scaled to 38.1 kV in three steps. For each 

step proper insulation is designed by linearly increasing the conductor and strand insulation 

while the groundwall insulation is maintained the same. However, it is assumed that a better 

quality groundwall insulation with the same thickness is used for higher voltages. The turns 

in each coil are placed next to each other such that minimum voltage difference between 

two adjacent turns is assured. The height of the coils in the 38.1 kV machine is increased 

by 26.6% compared to its original height. Therefore, the stator slot depth is increased and 

by keeping the same stator back-iron thickness the stator outer diameter is increased by 

26.6%. This results in 7.5% mass increase for the machine stator.    
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7.2 Publications       

This Ph.D. study has resulted in following publications to-date.   

Journal Papers:  

1. Omid Beik, Nigel Schofield, “An Off-Shore Wind Generation Scheme with High 
Voltage Hybrid Generator, HVDC Interconnections and Transmission” IEEE 

Transactions on Power Delivery, vol. 31, no. 2, pp. 867-877, April 2016.  

Conference Papers:  

1. Omid Beik, Nigel Schofield, “High Voltage Generator for Wind Turbines”, The 8th 

IET international conference on Power Electronics, Machines and Drives (PEMD 

2016), Manchester, UK, April 19-21, 2016. 

2. Omid Beik, Nigel Schofield, “Hybrid Generator for Wind Generation Systems”, IEEE 

Energy Conversion Congress and Exposition (ECCE 2014), Pittsburgh, PA, USA, Sept 

14-18, 2014. 

3. Omid Beik, Nigel Schofield, Ahmad Al-Adsani, “Variable Speed Brushless Hybrid 
Permanent Magnet Generator for Hybrid Electric Vehicles”, IEEE Transportation 

Electrification Conference and Expo (ITEC 2014), Michigan, USA, June 15-18, 2014. 

4. Nigel Schofield, Xin Niu, Omid Beik, “Multiphase Machines for Electric Vehicle 
Traction”, IEEE Transportation Electrification Conference and Expo (ITEC 2014), 

Michigan, USA, June 15-18, 2014. 

5. Omid Beik, Nigel Schofield, “A Brushless Exciter Design for a Hybrid Permanent 
Magnet Generator Applied to Series Hybrid Electric Vehicles”, The 7th IET 

international conference on Power Electronics, Machines and Drives (PEMD 2014), 

Manchester, UK, April 8-10, 2014. 
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7.3 Future Work       

Following recommendations are suggested for future work:  

• In Chapter 2 a high speed region of operation for the wind turbine is proposed where 

the wind turbine operates at higher speeds than rated. Therefore, turbines mechanics 

and aerodynamics may need to be re-designed which are not included in this study. 

Design and operation of a wind turbine for higher rotor speeds and its effect on 

blade, shaft and other mechanical parts can be included in future studies.  

• The high voltage, high power DC/DC converters are used in the proposed system 

in Chapter 3. Investigating different topologies and circuits for such converters with 

high step-up ratio can be studied in future work. Indeed, design of high voltage, 

high power bidirectional DC/DC converters for off-shore wind generation systems 

is an interesting topic for a Ph.D. thesis.  

• In this study system performance is evaluated at steady-state to identify the system 

envelope, rating specification requirements, key technology gaps, benefits and 

system performance. Investigating system dynamics and transients and their effects 

on the component ratings is the logical extension of this research. A future system 

dynamic study can include transient and small signal analysis considering HG 

wound filed control response including brushless exciter.  

• Thermal analysis of the HG with different cooling systems practiced by industry for 

high voltage and high power machines can be studied in future work. Cooling 

methods such as internally ventilated and cooled with an air-to-air heat exchange 

system or air-to-air eternal fan with centrifugal flow direction (that are two common 

methods used in the Siemens wind turbine systems) can be considered for the HG.   

• The WF of the HG is fed by a DC voltage and current. The DC voltage is feedback 

from the rectified HG output. Design of a system to control the WF current in order 

to regulate and fast track the machine output voltage and coordinate control of all 

the generators in a wind farm can be considered in future studies.  
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Appendices    

A.1 MATLAB Program: Turbine Power Coefficient     

clc 
clf 
clear all 
c1=0.5176; 
c2=116; 
c3=0.4; 
c4=5; 
c5=21; 
c6=0.0068; 
k=1; 
for beta=[0,5,10,15,20] 
    i=1; 
    for S=0.1:0.01:14 
      lambda(i)=S; 
      lambdai(i)=1/(1/(lambda(i)+0.08*beta)-0.035/(beta^3+1)); 
      Cp(i,k)=c1*(c2/lambdai(i)-c3*beta-c4)*exp(-

c5/lambdai(i))+c6*lambda(i); 
      i=i+1; 
    end 
    Cpmax(k)=max(Cp(:,k)); 
    a=find(Cp(:,k)==Cpmax(k));     
    lambdaopt(k)=lambda(a); 
    figure(1) 
    plot(lambda,Cp(:,k)) 
    grid on 
    hold on 
    k=k+1; 
end  
figure(2) 
plot(lambda,Cp(:,1),'b',lambda,Cp(:,2),'r--',lambda,Cp(:,3),'g-

.',lambda,Cp(:,4),'c:',lambda,Cp(:,5),'k')  
grid on 
xlabel('Tip speed ratio, lambda') 
ylabel('Turbine power coefficient, Cp') 
title('Cp-lambda Curves') 
legend('beta=0','beta=5','beta=10','beta=15','beta=20') 
figure(3) 
plot(lambda,Cp(:,1))  
grid on 
xlabel('Tip speed ratio, lambda') 
ylabel('Turbine power coefficient, Cp') 
title('Cp-lambda Curves') 
legend('beta=0')  
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A.2 MATLAB Program: Turbine Power versus Speed     

clc 
clf 
clear all 
c1=0.5176; 
c2=116; 
c3=0.4; 
c4=5; 
c5=21; 
c6=0.0068; 

  
beta=0; 
    i=1; 
    for S=0.1:0.01:13 
      lambda(i)=S; 
      lambdai(i)=1/(1/(lambda(i)+0.08*beta)-0.035/(beta^3+1)); 
      Cp(i)=c1*(c2/lambdai(i)-c3*beta-c4)*exp(-

c5/lambdai(i))+c6*lambda(i); 
      i=i+1; 
    end 

           
Cpmax=max(Cp); 
a=find(Cp==Cpmax);     
lambdaopt=lambda(a); 

  
figure(1) 
plot(lambda,Cp)  
grid on 
xlabel('Tip speed ratio, lambda') 
ylabel('Turbine power coefficient, Cp') 
title('Cp-lambda Curve') 

  
R=4.75;      
ro=1.225; 

  
for k=1:1:25 
    v(k)=k; 
    w(:,k)=v(k)*1/R*lambda'; 
    y=w(:,k); 
    Pt(:,k)=0.5*ro*pi*R^2*v(k)^3*1/1000*Cp; 

     
    if v(k)<=15 
        Ptmax(k)=max(Pt(:,k)); 
        a=find(Pt(:,k)==Ptmax(k));     
        wopt(k)=y(a); 
    else 
        Ptmax(k)=max(Pt(:,15)); 
    end 
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    Cp2(k)=2*Ptmax(k)*1000/(ro*R^2*pi*v(k)^3); 

     
    figure(2) 
    plot(w(:,k),Pt(:,k))  
    hold on 
    grid on 
end 

  
figure(3) 
plot(v,Ptmax)  
grid on 
xlabel('Wind velocity, m/sec') 
ylabel('Shaft power, kW') 

  
figure(4) 
plot(v,Cp2)  
grid on 
xlabel('Wind velocity, m/sec') 
ylabel('Turbine power coefficient') 
ylim([0 0.5]) 
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A.3 MATLAB Program: Walney Off-shore Wind Farm Full-load Analysis      

clc 
clear all 
format bank 

  

  
%Off-shore substation transformer used 130MVA 10.5/121kV 
Zt_sub=0.002+0.089j; 
Rt_sub=0.002; 
Xt_sub=0.089; 
Rc_sub=1741.71; 
Xm_sub=213.5; 
a_sub=132/33; 

  
%Tower transformer used 4.5MVA Siemens 0.69/33kV 
Zt_tower=0.001+6.77e-3j; 
Rt_tower=0.001; 
Xt_tower=6.77e-3; 
Rc_tower=128.68; 
Xm_tower=10.62; 
a_tower=33/0.69; 

  
%3x150mm2 33kV cable 
R_array=0.16*0.750; 
X_array=0.116*0.75; 
C_array=0.191e-6*0.750; 
Yc_array=2*pi*50*C_array*1j; 
Yc_half_array=Yc_array/2; 

  
%3x500mm2 33kV cable 
R_circuit=0.0515*0.458; 
X_circuit=0.0974*0.458; 
C_circuit=0.3e-6*0.458; 
Yc2_circuit=2*pi*50*C_circuit*1j; 
Yc2_half_circuit=Yc2_circuit/2; 

  
%3x630mm2 132kV cable 
R_sub_shore=0.028*44.4; 
X_sub_shore=2*pi*50*0.37e-3*44.4; 
C_sub_shore=0.21e-6*44.4; 
Yc_sub_shore=2*pi*50*C_sub_shore*1j; 
Yc3_half_sub_shore=Yc_sub_shore/2; 

  
%System Calculations 
Eff_IG1=0.97;   %efficiency of IG is 97%  
Eff_conv1_1=0.985;  %efficiency of Converter 1 is 98.5% 
Eff_conv2_1=0.985;  %efficiency of Converter 2 is 98.5% 

  
P_turbine1=3600;  %turbine power in kW 
Ploss_IG1=(1-Eff_IG1)*P_turbine1; %IG losses 



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

279 
 

P_IG1=P_turbine1-Ploss_IG1; %power at the output of IG  
Ploss_conv1_1=(1-Eff_conv1_1)*P_IG1; %Converter 1 losses, Note: The 

resistanc of the cable connecting the generator to the Converter 1 is 

neglected 
P_conv1_1=P_IG1-Ploss_conv1_1; %power at the output of Converter 1 in 

the nacelle,  
V_IG1_LL=690; %RMS line voltage at the input of the Converter 1 in the 

nacelle 
PF_IG1=0.95; % leading; power factor at the output of IG1 is leading 

since IG receives reactive power  
I_IG1=P_IG1*1e3/(sqrt(3)*V_IG1_LL*PF_IG1); 
V_dc1_1=2*sqrt(2)/sqrt(3)*V_IG1_LL; %DC voltage at the output of the 

Converter 1 in the nacelle  
I_dc_1=P_conv1_1*1e3/V_dc1_1; % DC current thoughout the entire length 

of the DC-link is the same  
J_dc_1=1; %Current density of DC cables in the tower DC-link that is 

assumed nearly the same as AC cables  
A_dc_1=I_dc_1/J_dc_1; % tower cable cross section area in mm2  
R_dc_1=1.72e-8*83.5/(A_dc_1*1e-6); % Resistance of tower DC cable using 

the copper resistivity of 1.72e-8, cable length=hub height=83.3m 
R_tower1=R_dc_1; %Resistance of DC cable 
Ploss_tower1=2*R_tower1*I_dc_1^2*1e-3; %factor 2 is because we have 2 

cables in the DC-link  
V_dc2_1=V_dc1_1-2*R_tower1*I_dc_1; %DC voltage at the input of the 

Converter 2 at the bottom of the tower   
V_conv2_1_LL=sqrt(3)/(2*sqrt(2))*V_dc2_1; %RMS line voltage at the 

output of the Converter 2 and at the input of the tower transformer   
V_conv2_1_ph=V_conv2_1_LL/sqrt(3); %RMS phase voltage at the output of 

the Converter 2 and at the input of the tower transformer   
Ploss_conv2_1= (1-Eff_conv2_1)*(P_conv1_1-Ploss_tower1); %Converter 2 

losses 
P_conv2_1=P_conv1_1-Ploss_tower1-Ploss_conv2_1; % power at the output of 

the converter 2 and input of the tower transformer, Note: The resistans 

of the cable connecting the Converter 2 to the tower transformer is 

neglected 
PF_conv2_1=1; %PF at the output of all the turbines' converter2 is 

considered 1  
I_prim1_1=(P_conv2_1*1e3/(sqrt(3)*V_conv2_1_LL*PF_conv2_1))*(PF_conv2_1-

sin(acos(PF_conv2_1))*1j); %Phase current in the primary of the 

transformer before magnetizing branch; assumed lagging PF; Note: the 

Converter2 controls the PF at the input of the transformer.  
I_prim1_1_abs=abs(I_prim1_1); 
I_prim1_1_phi=angle(I_prim1_1)*180/pi; 
I_prim2_1=I_prim1_1-(1/Rc_tower+1/(Xm_tower*1j))*V_conv2_1_ph; %phase 

current in the primary of the transformer after magnetizing branch 
Ploss_T1=(3*abs(V_conv2_1_ph)^2/Rc_tower)*1e-

3+(3*Rt_tower*abs(I_prim2_1)^2)*1e-3; % transformer loss 
I1=1/a_tower*I_prim2_1; % phase current in the secondary of the 

transformer 
I1_abs=abs(I1); 
I1_angle=angle(I1)*180/pi; 
V_prim2_1=V_conv2_1_ph-Zt_tower*I_prim2_1; %phase voltage in the primary 

of transformer after the magnetizing branch 
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V1_ph=a_tower*V_prim2_1; %phase voltage in the secondary of transformer 

in volts 
V1_ph_abs=abs(V1_ph)*1e-3; 
V1_ph_angle=angle(V1_ph)*180/pi; 
V1_LL=sqrt(3)*abs(V1_ph)*1e-3; %Line voltage in the secondary of 

transformer in kV 
PF_1=cos(V1_ph_angle*pi/180-I1_angle*pi/180); 
I12_1=I1; %phase current for the line pi model between two turbines 

before the capacitor   
I12_between=I1-Yc_half_array*V1_ph; %phase current for the line pi model 

between two turbines between the capacitor   
Ploss_12=3*R_array*abs(I12_between)^2*1e-3; % losses for the line 

between the two turbines    
V2_ph=V1_ph-(R_array+X_array*1j)*I12_between; %phase voltage at the 

secondary of the transformer 2  
V2_ph_abs=abs(V2_ph)*1e-3; 
V2_ph_angle=angle(V2_ph)*180/pi; 
V2_LL=sqrt(3)*abs(V2_ph)*1e-3; %line voltage at the secondary of the 

transformer 2  
I12_2=I12_between-Yc_half_array*V2_ph; %phase current for the line pi 

model between two turbines after the capacitor  
I12_2_abs=abs(I12_2); 
I12_2_angle=angle(I12_2)*180/pi; 
Ploss_12_2=Ploss_IG1+Ploss_conv1_1+Ploss_tower1+Ploss_conv2_1+Ploss_T1+P

loss_12; %total losses up to the point where turbine 2 is joint to the 

line  
P_12_2=P_turbine1-Ploss_12_2; %power input at the point where turbine 2 

is joint to the line  

  
Ploss_IG2=Ploss_IG1; 
Ploss_conv1_2=Ploss_conv1_1; 
Ploss_tower2=Ploss_tower1; 
Ploss_conv2_2=Ploss_conv2_1; 
P_turbine2=P_turbine1; 
P_IG2=P_turbine2-Ploss_IG2; 
V_prim2_2=V2_ph*1/a_tower; 
P_conv2_2=P_conv2_1;  %Power at the output of converter 2 is the same 

for all turbines 
PF_conv2_2=1; %Power factor at the input of the transformer is 

considered 1 for all turbines i.e. Converter 2 fixes the power factor to 

1 
bb2=-V_prim2_2/(1+Zt_tower*(1/Rc_tower+1/(Xm_tower*1j))); 
cc2=-

1/3*P_conv2_2*1e3*Zt_tower/(1+Zt_tower*(1/Rc_tower+1/(Xm_tower*1j))); 
delta2=bb2^2-4*cc2; 
V_conv2_2_ph=(-bb2+sqrt(delta2))/2; 
V_conv2_2_LL=sqrt(3)*abs(V_conv2_2_ph); 
V_conv2_2_ph_abs=abs(V_conv2_2_ph); 
V_conv2_2_ph_angle=angle(V_conv2_2_ph)*180/pi; 
V_dc2_2=2*sqrt(2)/sqrt(3)*V_conv2_2_LL; 
I_dc_2=I_dc_1; 
V_dc1_2=2*R_dc_1*I_dc_2+V_dc2_2; 
V_IG2_LL=sqrt(3)/(2*sqrt(2))*V_dc1_2; 
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PF_IG2=0.95; % leading; power factor at the output of IG1 is leading 

since IG receives reactive power  
I_IG2=P_IG2*1e3/(sqrt(3)*V_IG2_LL*PF_IG2); 
I_prim1_2=(P_conv2_2*1e3/(sqrt(3)*V_conv2_2_LL*PF_conv2_2))*(PF_conv2_2-

sin(acos(PF_conv2_2))*1j);  %lagging PF considered 
I_prim2_2=I_prim1_2-(1/Rc_tower+1/(Xm_tower*1j))*V_conv2_2_ph; 
Ploss_T2=(3*abs(V_conv2_2_ph)^2/Rc_tower)*1e-

3+(3*Rt_tower*abs(I_prim2_2)^2)*1e-3; 
I2=1/a_tower*I_prim2_2;  
I2_abs=abs(I2); 
I2_angle=angle(I2)*180/pi; 
PF_2=cos(V2_ph_angle*pi/180-I2_angle*pi/180); 
I23_1=I2+I12_2; 
I23_between=I23_1-Yc_half_array*V2_ph; 
Ploss_23=3*R_array*abs(I23_between)^2*1e-3; 
V3_ph=V2_ph-(R_array+X_array*1j)*I23_between; 
V3_ph_abs=abs(V3_ph)*1e-3; 
V3_ph_angle=angle(V3_ph)*180/pi; 
V3_LL=sqrt(3)*abs(V3_ph)*1e-3; 
I23_2=I23_between-Yc_half_array*V3_ph; 
Ploss_23_2=Ploss_12_2+Ploss_IG2+Ploss_conv1_2+Ploss_tower2+Ploss_conv2_2

+Ploss_T2+Ploss_23; 
P_23_2=P_turbine1+P_turbine2-Ploss_23_2; 

  

  
Ploss_IG3=Ploss_IG1; 
Ploss_conv1_3=Ploss_conv1_1; 
Ploss_tower3=Ploss_tower1; 
Ploss_conv2_3=Ploss_conv2_1; 
P_turbine3=P_turbine1; 
P_IG3=P_turbine3-Ploss_IG3; 
V_prim2_3=V3_ph*1/a_tower; 
P_conv2_3=P_conv2_1; 
PF_conv2_3=1; 
bb3=-V_prim2_3/(1+Zt_tower*(1/Rc_tower+1/(Xm_tower*1j))); 
cc3=-

1/3*P_conv2_3*1e3*Zt_tower/(1+Zt_tower*(1/Rc_tower+1/(Xm_tower*1j))); 
delta3=bb3^2-4*cc3; 
V_conv2_3_ph=(-bb3+sqrt(delta3))/2; 
V_conv2_3_LL=sqrt(3)*abs(V_conv2_3_ph); 
V_conv2_3_ph_abs=abs(V_conv2_3_ph); 
V_conv2_3_ph_angle=angle(V_conv2_3_ph)*180/pi; 
V_dc2_3=2*sqrt(2)/sqrt(3)*V_conv2_3_LL; 
I_dc_3=I_dc_1; 
V_dc1_3=2*R_dc_1*I_dc_3+V_dc2_3; 
V_IG3_LL=sqrt(3)/(2*sqrt(2))*V_dc1_3; 
PF_IG3=0.95; % leading; power factor at the output of IG1 is leading 

since IG receives reactive power  
I_IG3=P_IG2*1e3/(sqrt(3)*V_IG3_LL*PF_IG3); 
I_prim1_3=(P_conv2_3*1e3/(sqrt(3)*V_conv2_3_LL*PF_conv2_3))*(PF_conv2_3-

sin(acos(PF_conv2_3))*1j); %lagging PF considered 
I_prim2_3=I_prim1_3-(1/Rc_tower+1/(Xm_tower*1j))*V_conv2_3_ph;  



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

282 
 

Ploss_T3=(3*abs(V_conv2_3_ph)^2/Rc_tower)*1e-

3+(3*Rt_tower*abs(I_prim2_3)^2)*1e-3; 
I3=1/a_tower*I_prim2_3;  
I3_abs=abs(I3); 
I3_angle=angle(I3)*180/pi; 
PF_3=cos(V3_ph_angle*pi/180-I3_angle*pi/180); 
I34_1=I3+I23_2; 
I34_between=I34_1-Yc_half_array*V3_ph; 
Ploss_34=3*R_array*abs(I34_between)^2*1e-3; 
V4_ph=V3_ph-(R_array+X_array*1j)*I34_between; 
V4_ph_abs=abs(V4_ph)*1e-3; 
V4_ph_angle=angle(V4_ph)*180/pi; 
V4_LL=sqrt(3)*abs(V4_ph)*1e-3; 
I34_2=I34_between-Yc_half_array*V4_ph; 
Ploss_34_2=Ploss_23_2+Ploss_IG3+Ploss_conv1_3+Ploss_tower3+Ploss_conv2_3

+Ploss_T3+Ploss_34; 
P_34_2=P_turbine1+P_turbine2+P_turbine3-Ploss_34_2; 

  
Ploss_IG4=Ploss_IG1; 
Ploss_conv1_4=Ploss_conv1_1; 
Ploss_tower4=Ploss_tower1; 
Ploss_conv2_4=Ploss_conv2_1; 
P_turbine4=P_turbine1; 
P_IG4=P_turbine4-Ploss_IG4; 
V_prim2_4=V4_ph*1/a_tower; 
P_conv2_4=P_conv2_1; 
PF_conv2_4=1; 
bb4=-V_prim2_4/(1+Zt_tower*(1/Rc_tower+1/(Xm_tower*1j))); 
cc4=-

1/3*P_conv2_4*1e3*Zt_tower/(1+Zt_tower*(1/Rc_tower+1/(Xm_tower*1j))); 
delta4=bb4^2-4*cc4; 
V_conv2_4_ph=(-bb4+sqrt(delta4))/2; 
V_conv2_4_LL=sqrt(3)*abs(V_conv2_4_ph); 
V_conv2_4_ph_abs=abs(V_conv2_4_ph); 
V_conv2_4_ph_angle=angle(V_conv2_4_ph)*180/pi; 
V_dc2_4=2*sqrt(2)/sqrt(3)*V_conv2_4_LL; 
I_dc_4=I_dc_1; 
V_dc1_4=2*R_dc_1*I_dc_4+V_dc2_4; 
V_IG4_LL=sqrt(3)/(2*sqrt(2))*V_dc1_4; 
PF_IG4=0.95; % leading; power factor at the output of IG1 is leading 

since IG receives reactive power  
I_IG4=P_IG2*1e3/(sqrt(3)*V_IG4_LL*PF_IG4); 
I_prim1_4=(P_conv2_4*1e3/(sqrt(3)*V_conv2_4_LL*PF_conv2_4))*(PF_conv2_4-

sin(acos(PF_conv2_4))*1j); %lagging PF considered 
I_prim2_4=I_prim1_4-(1/Rc_tower+1/(Xm_tower*1j))*V_conv2_4_ph;  
Ploss_T4=(3*abs(V_conv2_4_ph)^2/Rc_tower)*1e-

3+(3*Rt_tower*abs(I_prim2_4)^2)*1e-3; 
I4=1/a_tower*I_prim2_4; 
I4_abs=abs(I4); 
I4_angle=angle(I4)*180/pi; 
PF_4=cos(V4_ph_angle*pi/180-I4_angle*pi/180); 
I45_1=I4+I34_2; 
I45_between=I45_1-Yc_half_array*V4_ph; 
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Ploss_45=3*R_array*abs(I45_between)^2*1e-3; 
V5_ph=V4_ph-(R_array+X_array*1j)*I45_between; 
V5_ph_abs=abs(V5_ph)*1e-3; 
V5_ph_angle=angle(V5_ph)*180/pi; 
V5_LL=sqrt(3)*abs(V5_ph)*1e-3; 
I45_2=I45_between-Yc_half_array*V5_ph; 
Ploss_45_2=Ploss_34_2+Ploss_IG4+Ploss_conv1_4+Ploss_tower4+Ploss_conv2_4

+Ploss_T4+Ploss_45; 
P_45_2=P_turbine1+P_turbine2+P_turbine3+P_turbine4-Ploss_45_2; 

  
Ploss_IG5=Ploss_IG1; 
Ploss_conv1_5=Ploss_conv1_1; 
Ploss_tower5=Ploss_tower1; 
Ploss_conv2_5=Ploss_conv2_1; 
P_turbine5=P_turbine1; 
P_IG5=P_turbine5-Ploss_IG5; 
V_prim2_5=V5_ph*1/a_tower; 
P_conv2_5=P_conv2_1; 
PF_conv2_5=1; 
bb5=-V_prim2_5/(1+Zt_tower*(1/Rc_tower+1/(Xm_tower*1j))); 
cc5=-

1/3*P_conv2_5*1e3*Zt_tower/(1+Zt_tower*(1/Rc_tower+1/(Xm_tower*1j))); 
delta5=bb5^2-4*cc5; 
V_conv2_5_ph=(-bb5+sqrt(delta5))/2; 
V_conv2_5_LL=sqrt(3)*abs(V_conv2_5_ph); 
V_conv2_5_ph_abs=abs(V_conv2_5_ph); 
V_conv2_5_ph_angle=angle(V_conv2_5_ph)*180/pi; 
V_dc2_5=2*sqrt(2)/sqrt(3)*V_conv2_5_LL; 
I_dc_5=I_dc_1; 
V_dc1_5=2*R_dc_1*I_dc_5+V_dc2_5; 
V_IG5_LL=sqrt(3)/(2*sqrt(2))*V_dc1_5; 
PF_IG5=0.95; % leading; power factor at the output of IG1 is leading 

since IG receives reactive power  
I_IG5=P_IG2*1e3/(sqrt(3)*V_IG5_LL*PF_IG5); 
I_prim1_5=(P_conv2_5*1e3/(sqrt(3)*V_conv2_5_LL*PF_conv2_5))*(PF_conv2_5-

sin(acos(PF_conv2_5))*1j); %lagging PF considered 
I_prim2_5=I_prim1_5-(1/Rc_tower+1/(Xm_tower*1j))*V_conv2_5_ph;  
Ploss_T5=(3*abs(V_conv2_5_ph)^2/Rc_tower)*1e-

3+(3*Rt_tower*abs(I_prim2_5)^2)*1e-3; 
I5=1/a_tower*I_prim2_5;  
I5_abs=abs(I5); 
I5_angle=angle(I5)*180/pi; 
PF_5=cos(V5_ph_angle*pi/180-I5_angle*pi/180); 
I56_1=I5+I45_2; 
I56_between=I56_1-Yc2_half_circuit*V5_ph; 
Ploss_56=3*R_circuit*abs(I56_between)^2*1e-3; 
V6_ph=V5_ph-(R_circuit+X_circuit*1j)*I56_between; 
V6_ph_abs=abs(V6_ph)*1e-3; 
V6_ph_angle=angle(V6_ph)*180/pi; 
V6_LL=sqrt(3)*abs(V6_ph)*1e-3; 
I56_2=I56_between-Yc2_half_circuit*V6_ph; 
I56_2_abs=abs(I56_2); 
I56_2_angle=angle(I56_2)*180/pi; 
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Ploss_56_2=Ploss_45_2+Ploss_IG5+Ploss_conv1_5+Ploss_tower5+Ploss_conv2_5

+Ploss_T5+Ploss_56; 
P_56_2=P_turbine1+P_turbine2+P_turbine3+P_turbine4+P_turbine5-

Ploss_56_2; 

  
PF_6=cos(V6_ph_angle*pi/180-I56_2_angle*pi/180);  % this is the PF for 

circuit 2 at the point of connection to off-shore sub.; it is assumed 

other circuits connect to off-shore sub. with the same PF  

  
P_C2=P_56_2; 
P_C1=6/5*P_C2; % It is assumed that the power is shared between circuits 

with respect to number of turbines   
P_C3=10/5*P_C2; 
P_C4=10/5*P_C2; 
P_C5=10/5*P_C2; 
P_C6=10/5*P_C2; 

  
Ploss_C2=Ploss_56_2; % It is assumed that the loss is shared between 

circuits with respect to number of turbines  
Ploss_C1=6/5*Ploss_56_2; 
Ploss_C3=10/5*Ploss_56_2; 
Ploss_C4=10/5*Ploss_56_2; 
Ploss_C5=10/5*Ploss_56_2; 
Ploss_C6=10/5*Ploss_56_2; 

  
P_C1_C2_C3_C4_C5_C6=P_C1+P_C2+P_C3+P_C4+P_C5+P_C6; 
Ploss_C1_C2_C3_C4_C5_C6=Ploss_C1+Ploss_C2+Ploss_C3+Ploss_C4+Ploss_C5+Plo

ss_C6; 

  
P_C1_C3_C4_C5_C6=P_C1+P_C3+P_C4+P_C5+P_C6; 
Ploss_C1_C3_C4_C5_C6=Ploss_C1+Ploss_C3+Ploss_C4+Ploss_C5+Ploss_C6; 

  
I_sub_input=P_C1_C2_C3_C4_C5_C6/(sqrt(3)*V6_LL*PF_6)*(PF_6-

sin(acos(PF_6))*1j);  % The same power factor for all circuits is 

assumed 

  
I_Tsub_parallel_branch=(1/Rc_sub+1/(Xm_sub*1j))*V6_ph;  % there are 2 

transformers in the sub.  
I_Tsub_series=I_sub_input/2-I_Tsub_parallel_branch;  
Ploss_Tsub=(3*2*abs(V6_ph)^2/Rc_sub)*1e-

3+(3*2*Rt_sub*abs(I_Tsub_series)^2)*1e-3; 
V7_prim2=V6_ph-Zt_sub*I_Tsub_series; 
V7_ph=V7_prim2*a_sub; 
V7_ph_abs=abs(V7_ph)*1e-3; 
V7_ph_angle=angle(V7_ph)*180/pi; 
V7_LL=sqrt(3)*abs(V7_ph)*1e-3; 

  
I78_1=2*I_Tsub_series*1/a_sub; 
I78_1_abs=abs(I78_1); 
I78_1_angle=angle(I78_1)*180/pi; 
PF_7=cos(V7_ph_angle*pi/180-I78_1_angle*pi/180); 



Ph.D. Thesis – Omid Beik                                 McMaster University – Electrical and Computer Engineering  

285 
 

I78_between=I78_1-Yc3_half_sub_shore*V7_ph; 
V8_ph=V7_ph-(R_sub_shore+X_sub_shore*1j)*I78_between; 
V8_ph_abs=abs(V8_ph)*1e-3; 
V8_ph_angle=angle(V8_ph)*180/pi; 
V8_LL=sqrt(3)*abs(V8_ph)*1e-3; 
I78_2=I78_between-Yc3_half_sub_shore*V8_ph; 
I8=I78_2; 
I8_abs=abs(I8); 
I8_angle=angle(I8)*180/pi; 

  
PF_8=cos(V8_ph_angle*pi/180-I8_angle*pi/180);  

  
Ploss_78=3*R_sub_shore*abs(I78_between)^2*1e-3; 
Ploss_8=Ploss_C1_C2_C3_C4_C5_C6+Ploss_Tsub+Ploss_78; 
P8=sqrt(3)*V8_LL*I8_abs*PF_8; 
Eff_8=P8/(51*P_turbine1)*100; 
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A.4 MATLAB Program: Proposed Wind Generation Scheme Full-load 

Analysis      

clc 
clear all 
format bank 
% format shortg 

  
R_tower=0.13/2; 
R_array=0.3/2; 
R_circuit=0.055/2; 
R_sub_shore=4.2/2; 

  
V1_ph=66/sqrt(3)*1e3; % Generator RMS phase voltage, RMS Line-to-Line 

for 3-phase is 66 kV  
V1_ph_peak=sqrt(2)*V1_ph; % Generator peak phase voltage   
m=9; % number of phases for Hybrid generator  
Vdc1=V1_ph_peak*2*m*sin(pi/m)/pi; % DC voltage at the output of 

rectifier   

  
Eff_HG1=0.97; 
Eff_rect1=0.995;  
Eff_sub=0.985; 

  
P_turbine1=3600;  
Ploss_HG1=(1-Eff_HG1)*P_turbine1; 
P_HG1=P_turbine1-Ploss_HG1;  
Ploss_rect1=(1-Eff_rect1)*P_HG1; 
P_rect1=P_HG1-Ploss_rect1; 
I1=P_rect1*1e3/Vdc1; 
Ploss_tower1=2*R_tower*I1^2*1e-3; 
Ploss_12=2*R_array*I1^2*1e-3; 
Ploss_12_2=Ploss_HG1+Ploss_rect1+Ploss_tower1+Ploss_12; 
P12_2=P_turbine1-Ploss_12_2; 
V1=Vdc1-2*R_tower*I1; 

  

  
P_turbine2=P_turbine1; 
Ploss_HG2=Ploss_HG1; 
Ploss_rect2=Ploss_rect1; 
V2=V1-2*R_array*I1; 
P_rect2=P_rect1; 
bb2=-V2; 
cc2=-2*R_tower*P_rect2; 
delta2=bb2^2-4*cc2; 
Vdc2=(-bb2+sqrt(delta2))/2; 
V2_ph=pi/(2*m*sin(pi/m))*Vdc2/sqrt(2); 
I2=P_rect2*1e3/Vdc2; 
I23=I1+I2; 
Ploss_tower2=2*R_tower*I2^2*1e-3; 
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Ploss_23=2*R_array*I23^2*1e-3; 
Ploss_23_2=Ploss_12_2+Ploss_HG2+Ploss_rect2+Ploss_tower2+Ploss_23; 
P23_2=P_turbine1+P_turbine2-Ploss_23_2; 

  
P_turbine3=P_turbine1; 
Ploss_HG3=Ploss_HG1; 
Ploss_rect3=Ploss_rect1; 
V3=V2-2*R_array*I23; 
P_rect3=P_rect1; 
bb3=-V3; 
cc3=-2*R_tower*P_rect3; 
delta3=bb3^2-4*cc3; 
Vdc3=(-bb3+sqrt(delta3))/2; 
V3_ph=pi/(2*m*sin(pi/m))*Vdc3/sqrt(2); 
I3=P_rect3*1e3/Vdc3; 
I34=I3+I23; 
Ploss_tower3=2*R_tower*I3^2*1e-3; 
Ploss_34=2*R_array*I34^2*1e-3; 
Ploss_34_2=Ploss_23_2+Ploss_HG3+Ploss_rect3+Ploss_tower3+Ploss_34; 
P34_2=P_turbine1+P_turbine2+P_turbine3-Ploss_34_2; 

  
P_turbine4=P_turbine1; 
Ploss_HG4=Ploss_HG1; 
Ploss_rect4=Ploss_rect1; 
V4=V3-2*R_array*I34; 
P_rect4=P_rect1; 
bb4=-V4; 
cc4=-2*R_tower*P_rect4; 
delta4=bb4^2-4*cc4; 
Vdc4=(-bb4+sqrt(delta4))/2; 
V4_ph=pi/(2*m*sin(pi/m))*Vdc4/sqrt(2); 
I4=P_rect4*1e3/Vdc4; 
I45=I4+I34; 
Ploss_tower4=2*R_tower*I4^2*1e-3; 
Ploss_45=2*R_array*I45^2*1e-3; 
Ploss_45_2=Ploss_34_2+Ploss_HG4+Ploss_rect4+Ploss_tower4+Ploss_45; 
P45_2=P_turbine1+P_turbine2+P_turbine3+P_turbine4-Ploss_45_2; 

  
P_turbine5=P_turbine1; 
Ploss_HG5=Ploss_HG1; 
Ploss_rect5=Ploss_rect1; 
V4=V3-2*R_array*I34; 
V5=V4-2*R_array*I45; 
P_rect5=P_rect1; 
bb5=-V4; 
cc5=-2*R_tower*P_rect5; 
delta5=bb5^2-4*cc5; 
Vdc5=(-bb5+sqrt(delta5))/2; 
V5_ph=pi/(2*m*sin(pi/m))*Vdc5/sqrt(2); 
I5=P_rect5*1e3/Vdc5; 
I56=I5+I45; 
Ploss_tower5=2*R_tower*I5^2*1e-3; 
Ploss_56=2*R_circuit*I56^2*1e-3; 
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Ploss_56_2=Ploss_45_2+Ploss_HG5+Ploss_rect5+Ploss_tower5+Ploss_56; 
P56_2=P_turbine1+P_turbine2+P_turbine3+P_turbine4+P_turbine5-Ploss_56_2; 
V6=V5-2*R_circuit*I56; 

  
P_C2=P56_2; 
P_C1=6/5*P_C2; 
P_C3=2*P_C2; 
P_C4=2*P_C2; 
P_C5=2*P_C2; 
P_C6=2*P_C2; 

  
Ploss_C2=Ploss_56_2; 
Ploss_C1=6/5*Ploss_C2; 
Ploss_C3=2*Ploss_C2; 
Ploss_C4=2*Ploss_C2; 
Ploss_C5=2*Ploss_C2; 
Ploss_C6=2*Ploss_C2; 

  
P_C1_C3_C4_C5_C6=P_C1+P_C3+P_C4+P_C5+P_C6; 
Ploss_C1_C3_C4_C5_C6=Ploss_C1+Ploss_C3+Ploss_C4+Ploss_C5+Ploss_C6; 

  
P_C1_C2_C3_C4_C5_C6=P_C1+P_C2+P_C3+P_C4+P_C5+P_C6; 
Ploss_C1_C2_C3_C4_C5_C6=Ploss_C1+Ploss_C2+Ploss_C3+Ploss_C4+Ploss_C5+Plo

ss_C6; 

  
Ploss_sub=(1-Eff_sub)*P_C1_C2_C3_C4_C5_C6; 

  
P_sub_output=P_C1_C2_C3_C4_C5_C6-Ploss_sub;  
Ploss_sub_output=Ploss_C1_C2_C3_C4_C5_C6+Ploss_sub; 

  
V7=4*V6; %Step-up ratio of 4 is cosen for DC/DC converter. The sam as 

walney sub 33/132=4 
I78=P_sub_output*1e3/V7; 
V8=V7-2*R_sub_shore*I78; 
I8=I78; 
Ploss_78=2*R_sub_shore*I78^2*1e-3; 
P8=P_sub_output-Ploss_78; 
Ploss_8=Ploss_sub_output+Ploss_78; 
Eff_8=P8/(51*P_turbine1)*100; 
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A.5 Example of FEA Torque Analysis Coupled with MATLAB Program  

%Note: to be able to run this code, all the parts of rotor must be 

indentified by group '1000' from properties of selected block 

  
clc 
clear all  

  
addpath('C:\femm42\mfiles'); 
openfemm; 

  
opendocument('OB_HG_Surface_N35H_9ph_40mm.fem'); 
mi_saveas('OB_HG_Surface_N35H_9ph_40mm_temp.FEM'); 

  

  
A_amp=0; % 12 turns per each top or bottom layaer  
B_amp=0;  
C_amp=0; 
D_amp=0; 
E_amp=0; 
F_amp=0; 
G_amp=0; 
H_amp=0; 
I_amp=0; 

  
mi_setcurrent('A+',A_amp) 
mi_setcurrent('A-',-A_amp) 
mi_setcurrent('B+',B_amp) 
mi_setcurrent('B-',-B_amp) 
mi_setcurrent('C+',C_amp) 
mi_setcurrent('C-',-C_amp) 
mi_setcurrent('D+',D_amp) 
mi_setcurrent('D-',-D_amp) 
mi_setcurrent('E+',E_amp) 
mi_setcurrent('E-',-E_amp) 
mi_setcurrent('F+',F_amp) 
mi_setcurrent('F-',-F_amp) 
mi_setcurrent('G+',G_amp) 
mi_setcurrent('G-',-G_amp) 
mi_setcurrent('H+',H_amp) 
mi_setcurrent('H-',-H_amp) 
mi_setcurrent('I+',I_amp) 
mi_setcurrent('I-',-I_amp) 

  
n=26;  % original n=26, step=3; you can put n=10 and the step=8 to 

reduce the time of simulation but less accuracy 
step=3; % one electrical cycle is 72 degrees mechanical.  
theta(1)=0; 

    
   for k=1:n 
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    k 
    mi_analyze; 
    mi_loadsolution; 

     
    T_A_pos=mo_getcircuitproperties('A+'); 
    T_A_neg=mo_getcircuitproperties('A-'); 
    T_A=T_A_pos-T_A_neg; 
    Flux_A(k)=T_A(3); 

     
    T_B_pos=mo_getcircuitproperties('B+'); 
    T_B_neg=mo_getcircuitproperties('B-'); 
    T_B=T_B_pos-T_B_neg; 
    Flux_B(k)=T_B(3); 

     
    T_C_pos=mo_getcircuitproperties('C+'); 
    T_C_neg=mo_getcircuitproperties('C-'); 
    T_C=T_C_pos-T_C_neg; 
    Flux_C(k)=T_C(3); 

     
    T_D_pos=mo_getcircuitproperties('D+'); 
    T_D_neg=mo_getcircuitproperties('D-'); 
    T_D=T_D_pos-T_D_neg; 
    Flux_D(k)=T_D(3); 

     
    T_E_pos=mo_getcircuitproperties('E+'); 
    T_E_neg=mo_getcircuitproperties('E-'); 
    T_E=T_E_pos-T_E_neg; 
    Flux_E(k)=T_E(3); 

     
    T_F_pos=mo_getcircuitproperties('F+'); 
    T_F_neg=mo_getcircuitproperties('F-'); 
    T_F=T_F_pos-T_F_neg; 
    Flux_F(k)=T_F(3); 

     
    T_G_pos=mo_getcircuitproperties('G+'); 
    T_G_neg=mo_getcircuitproperties('G-'); 
    T_G=T_G_pos-T_G_neg; 
    Flux_G(k)=T_G(3); 

     
    T_H_pos=mo_getcircuitproperties('H+'); 
    T_H_neg=mo_getcircuitproperties('H-'); 
    T_H=T_H_pos-T_H_neg; 
    Flux_H(k)=T_H(3); 

     
    T_I_pos=mo_getcircuitproperties('I+'); 
    T_I_neg=mo_getcircuitproperties('I-'); 
    T_I=T_I_pos-T_I_neg; 
    Flux_I(k)=T_I(3); 
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    mo_selectpoint(1071.5,0) 
    mo_selectpoint(1065.5,112) 
    mo_selectpoint(1048,222.8) 
    mo_selectpoint(1019,331) 
    mo_selectpoint(979,435.7) 
    mo_selectpoint(928.1,535.7) 
    mo_selectpoint(866.86,629.81) 
    mo_selectpoint(796.2,717) 
    mo_selectpoint(717.2,796.2) 
    mo_selectpoint(629.8,866.7) 
    mo_selectpoint(536,927.8) 
    mo_selectpoint(435.6,978.8) 
    mo_selectpoint(331.2,1019) 
    mo_selectpoint(222.8,1048) 
    mo_selectpoint(112,1065.5) 
    mo_selectpoint(0,1071.5) 

    
    mo_selectpoint(-112,1065.5) 
    mo_selectpoint(-222.8,1048) 
    mo_selectpoint(-331.2,1019) 
    mo_selectpoint(-435.6,978.8) 
    mo_selectpoint(-536,927.8) 
    mo_selectpoint(-629.8,866.7) 
    mo_selectpoint(-717.2,796.2) 
    mo_selectpoint(-796.2,717) 
    mo_selectpoint(-866.86,629.81) 
    mo_selectpoint(-928.1,535.7) 
    mo_selectpoint(-979,435.7) 
    mo_selectpoint(-1019,331) 
    mo_selectpoint(-1048,222.8) 
    mo_selectpoint(-1065.5,112) 
    mo_selectpoint(-1071.5,0) 

     
    mo_selectpoint(-1065.5,-112) 
    mo_selectpoint(-1048,-222.8) 
    mo_selectpoint(-1019,-331) 
    mo_selectpoint(-979,-435.7) 
    mo_selectpoint(-928.1,-535.7) 
    mo_selectpoint(-866.86,-629.81) 
    mo_selectpoint(-796.2,-717) 
    mo_selectpoint(-717.2,-796.2) 
    mo_selectpoint(-629.8,-866.7) 
    mo_selectpoint(-536,-927.8) 
    mo_selectpoint(-435.6,-978.8) 
    mo_selectpoint(-331.2,-1019) 
    mo_selectpoint(-222.8,-1048) 
    mo_selectpoint(-112,-1065.5) 
    mo_selectpoint(0,-1071.5) 

     
    mo_selectpoint(112,-1065.5) 
    mo_selectpoint(222.8,-1048) 
    mo_selectpoint(331.2,-1019) 
    mo_selectpoint(435.6,-978.8) 
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    mo_selectpoint(536,-927.8) 
    mo_selectpoint(629.8,-866.7) 
    mo_selectpoint(717.2,-796.2) 
    mo_selectpoint(796.2,-717) 
    mo_selectpoint(866.86,-629.81) 
    mo_selectpoint(928.1,-535.7) 
    mo_selectpoint(979,-435.7) 
    mo_selectpoint(1019,-331) 
    mo_selectpoint(1048,-222.8) 
    mo_selectpoint(1065.5,-112) 
    mo_selectpoint(1071.5,0) 

     

     
    Airgap_arc=mo_lineintegral(4); 
    Torque(k)=Airgap_arc(1); 

     
    mi_clearselected(); 
    mo_clearcontour; 

           
    Flux_print=[theta', Flux_A', Flux_B', Flux_C', Flux_D', Flux_E', 

Flux_F', Flux_G', Flux_H', Flux_I', Torque']; 
    xlswrite('Surface_PM_From_Matlab.xlsx', Flux_print,1); 

     
    mi_seteditmode('group'); 
    mi_selectgroup(1000); 
    mi_moverotate(0,0,step); 
    theta(k+1)=theta(k)+step;     

     
   end 

  

    
closefemm; 

 

 


