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ABSTRACT 

In direct-drive wind turbine systems, intermediate gearboxes are eliminated to 

increase the efficiency and reliability of the system. This also reduces maintenance 

downtimes. The direct-drives necessitate the generator to have a low rated speed. 

Therefore, permanent magnet machines with high number of poles are favourable for 

direct-drive wind turbine applications. An interior PM synchronous machine (IPMM) 

offers a number of advantages such as the availability of reluctance torque, extended 

constant power speed range. These machines also present an economic edge with the 

reduced use of expensive rare earth magnet materials. This makes this IPM machine a 

promising candidate for direct drive wind turbine application. 

This thesis presents a systematic approach to design an interior permanent magnet 

machine with concentrated windings for direct-drive wind turbine applications. The 

initial phase of this work investigates and compares the performances of the interior PM 

synchronous machine with fractional-slot concentrated winding and the distributed 

winding  in stators and the flat-shaped or V-shaped magnets in the rotor respectively. 

The design criteria are set to achieve a low cogging torque, low torque ripple, and high 

efficiency. The cogging torque and the torque ripple are reduced by improving the rotor 

and stator geometry utilizing the Finite Element Analysis. It was found that the 

fractional-slot concentrated wound interior permanent magnet synchronous machine can 

provide comparable performance as that of a distributed wound interior permanent 

magnet synchronous machine and even perform better on attributes like the cogging 

torque, power density, torque ripple and the copper loss. The fractional-slot 

concentrated wound interior permanent magnet synchronous machine with flat-shaped 

magnet structure is constructed to validate the findings experimentally.  
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This thesis is the only detailed literature so far that investigates and presents 

experimental validation of the performance of a fractional-slot concentrated wound 

interior permanent magnet synchronous machine as a generator for direct-drive wind 

turbine system. This thesis also analyzes the dynamic performance of the prototype 

machine. The result shows that the existing dynamic control strategies of the distributed 

wound IPM machine can be easily adopted in a concentrated wound IPMM without any 

significant changes. 

The work done in this thesis creates a strong benchmark for future work on 

fractional-slot concentrated wound IPM machines suitable for direct-drive wind turbine 

application.
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1.1 General Background 

Wind energy is among the fastest growing renewable energy sources in the world. 

With an annual growth rate of nearly 20%, the total installed capacity of wind turbines 

has reached 370 GW by the end of 2014 [1]. This indicates a global demand for the 

wind energy, making this market open to new and more efficient designs. 

Different types of electric generators are commercially available for use in wind 

turbine systems. Early wind turbine systems used a multi-stage gearbox coupled with a 

squirrel cage generator  to achieve a constant speed when the power level was below 1.5 

MW [2]. Main drawback of such topology is the severe mechanical stress on the wind 

turbine, low efficiency, the need for a reactive power compensator on the electric side, 

and poor power quality. In order to achieve maximum aerodynamic efficiency over a 

wide range of wind speeds, variable speed wind turbines that utilize a doubly-fed 

induction generator was introduced to the market. Compared to fixed speed wind 

turbines, variable speed wind turbines offer many advantages such as less mechanical 

stress, better efficiency, increased energy capture and a better power quality. This kind 

of a system uses a gearbox to couple the generator and rotor shaft. It also uses a power 

electronic converter rated at 30% of the nominal power in the rotor. The rotor of a 

typical wind turbine rotates at a speed of 20-100 rpm [3]. The gearbox has the role of 

increasing the wind turbine shaft speed to the acceptable range suitable for the DFIG 

operation [4]. DFIG based wind turbines consist about 50% of the whole wind energy 

market. Many companies have manufactured DFIG based wind turbines, such as 

Negmicon in Denmark, General Electric in the United-States, and Nordex in Germany 
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[5]. DFIGs are widely used in the wind energy sector since they offer many advantages 

as independent control of active and reactive powers, robustness, low overall 

manufacturing cost, and a simple structure. The stator of a DFIG is directly connected to 

the grid and are strongly affected by grid side disturbances such as faults. Grid faults are 

capable of causing unbalanced current flow in the machine, overheating, and severe 

torque pulsations [6]. Hence, DFIGs operating in weak grids are not suitable candidates 

in a wind generation system.  

The most common generic types of generators used for wind turbine applications 

are reported in Fig. 1.1. To account for the drawbacks of variable-speed DFIG-based 

systems, direct-driven electrically excited synchronous machines were utilized in the 

wind turbines. ENERCON is among the leading manufacturers that utilize this 

topology. In this scenario, the stator of the machine is connected to the grid through a 

full-rated power converter. This improves the reliability of the system and makes it 

immune to grid side disturbances [2]. 

 

Fig. 1.1 Generic generator types for wind turbine applications 
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An electrically excited direct-drive synchronous generator (EESG) is almost twice 

as heavy and more expensive than a permanent magnet synchronous generator (PMSG) 

of the same power rating. The PMSG is also more efficient compared with the EESG 

when field loss is eliminated [7]. 

To increase the efficiency, reduce the weight, and to keep the end-winding losses 

small, direct-drive generators are designed with a large diameter and small pole pitch 

[8]. Compared with an electrically excited synchronous generator, the requirement of a 

larger pole number can be met with permanent magnets that allow small pole pitch. 

PMSG’s are self-excited, and they do not need to draw reactive power from the 

grid. Also, it is well suitable for low-speed applications because their efficiency and 

power factor does not depend on the rotational speed unlike induction machines [9]. 

Several researchers have already pointed out that PM synchronous machines with 

radially magnetized surface mounted magnets are a good choice for the design of direct-

drive wind turbines [10-12]. 

1.2 Direct-Drive & Geared Generator System 

Most wind turbine generators consist of a gearbox connected to the turbine and the 

generator. Power loss in gearboxes and gearbox failures are a primary concern in these 

topologies as gearbox failures often lead to long downtimes. Also, the gearbox needs 

regular maintenance, hence increasing the annual maintenance costs particularly in 

offshore wind turbines. Some studies suggest that the maintenance cost for gearbox 

connected to offshore wind turbines can go up to more than 20% of the total cost of the 

wind farm [13]. Fig. 1.2 shows the various wind turbine topology available in the 

market. 
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Fig. 1.2. Various wind turbine topology [14] 

Doubly fed induction generators use gearbox in order to connect to the wind 

turbine. Because of this, manufacturers are moving towards gearless generator systems, 

known as the direct-drive wind turbine systems. The advantages of direct-drive wind 

turbines over gear-box-based wind turbines are as follows: 

� Simplified drive train 

� High overall efficiency 

� High reliability 

Fig. 1.3 shows the drive-train topology of a wind turbine configuration. A direct-

drive (D-D) system requires a power electronic converter with full power rating. An 

induction machine (IM) does not qualify for direct-drive applications. Direct-drive 

configurations require a large number of poles and large diameters; this is not easily 

achievable in an IM.  
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Fig. 1.3. Drive-train topology  

The most suitable option for direct-drive wind turbine systems is the use of a 

permanent magnet synchronous generator (PMSG) which has a lower power loss 

compared to wound-rotor synchronous generators. Direct-driven PM machines are 

nowadays mostly used for wind turbine and boat propulsion [15]. The main drawback of 

direct-drive topology is the high torque rating that affects the mass of the electrical 

machine. For direct-drive wind generators, the machine has low rotational speed. The 

speed is determined by 

                                                      
60

r

PP

f
ω =  (1.1)                                                                      

where, PP = pole pairs; 

The elimination of the gearbox from the drive train means a low rotational speed for 

the generator (typically 20-100 rpm [3]). This will produce electricity in a typical 

frequency range of 30-80 Hz. In order to maintain this speed, the number of poles has to 

be increased for any machine types as seen in Eq. (1.1). For induction machines, the 

efficiency is seen to decrease with the rise of pole numbers. Thus it does not qualify for 

such applications [16]. Induction generators used in direct-drive configurations require 

large number of poles and diameters which lead to high magnetizing currents.  

The number of pole pairs is defined by 

                                                         
p

P
P

Dπ

τ
=   (1.1)                                                                  



CHAPTER 1: Introduction 

6 

 

where,   

D= Armature diameter; 

pτ =Pole pitch;   

An increase in the number of pole pairs would require either the increase of the 

armature diameter or a reduction of the pole pitch. Increasing the armature diameter 

would mean an increase of the overall volume and consequently total cost. On the other 

hand, reducing the pole pitch has some feasibility issues as the armature teeth will 

become too narrow and the small slot width to depth ratio will reduce the slot fill factor 

and increase slot leakage [17]. Extremely high pole numbers could cause excessive 

magnet flux leakage.  

Recent observation in the wind energy market shows that the usage of PMSG in 

wind turbines has become more prevalent compared to other generators. Some of the 

commercialized Synchronous generators for wind turbines are summarized in Table 1.1 

[7]. For a direct-drive PM generator, the amplitude and frequency of the output voltage 

are not constant due to the variable speed and fixed excitation of the permanent magnets 

[3]. This means that the output power needs to be converted into AC power with 

constant voltage and constant frequency through AC/DC/AC converter. For AC/DC 

conversion, a 3-phase diode rectifier is used whereas for DC/AC conversion, an SPWM 

(sinusoidal pulse width modulated) inverter with filter is used. Fig. 1.4 shows the direct-

drive permanent magnet full-power rectification system.   

 

Fig. 1.4. Converter system for the PMSG  
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Table 1.1 Commercial Wind Turbine with Synchronous Machine 

Manufacturer 
Power level 

(MW) 
Generator type Drive-train type Model 

Alstom,USA 6 PMSG Direct drive  

Dewind, Germany 2 EESG Gearbox Dewind D9.2/D8.2 

EWT,Netherland 2 PMSG Direct Drive DirectWIND90/96 

Enercon,Germany 

7.5 

EESG Direct Drive 

E126 

3 E-101 

2 E-82 

GE,USA 4.1 PMSG Direct Drive GE 4.1-113 

Leitwind, Italy 
3 

PMSG Direct Drive 
LTW101 

2 LTW70 

Siemens,Germany 

2.3 

PMSG Direct Drive 

SWT-2.3-113 

3 SWT-3.0-101 

6 SWT-6.0-154 

Vestas,Denmark 8 PMSG Gearbox V164 

Gamesa,Spain 4.5 PMSG Gearbox G128/G136 

Vensys,Germany 
1.5 

PMSG Direct Drive 
Vensys 70/77/82 

2.5 Vensys 90/100 

NPS,USA 2.3 PMSG Direct-Drive NPS 2.3 

Nordex,Germany 6 PMSG Direct Drive NordexN150 

EWT,Netherland 2 PMSG Direct Drive DirectWind90/96 

The Switch,Finland 4.25 PMSG Direct-Drive PMG4250-16 

The principal advantages of the direct-drive permanent magnet full-power 

rectification technology are as follows: 

� High power generates efficiency and a better power curve 

The Permanent Magnet (PM) generator avoids all rotor windings and mechanical 

energy losses associated with gearboxes and couplings. The full power converter 

provides the flexibility to optimize rotational speed for maximum energy capture, which 

reduces transmission loss and allows higher generation levels, especially in low wind 

velocities. The grid side converter can operate reactive-neutral with the power system to 

improve the power factor. The converter can also be ordered to control reactive power 

and voltage in the grid within a range.  
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Table 1.2 Three types of generators used for large Wind Turbines 

Type Drive train Stator radius 
Total cost 

estimation 
Power loss 

Ride through 

performance 

DFIG 3 stage geared 100% 100% 100% Bad 

EESG D-D 600% 120% 95% Good 

PMSG D-D 600% 105% 65% Good 

 

� Lower maintenance costs and less downtime 

The absence of the gearbox in the system reduces the overall maintenance thus 

reducing the maintenance cost of the whole wind turbine system.  

� Better grid connectivity 

A bi-product advantage of direct-drive generators is the noise reduction achieved 

when the gearbox is removed from the wind turbine system. A superior low-voltage 

ride-through can be performed using a full power converter allowing high levels of 

reactive power control. In reference [2, 18], a direct-drive synchronous generator (SG), 

a PMSG and a DFIG with a 3-stage gearbox are compared where the DFIG was taken as 

the base as shown in Table. 1.2. It can be seen that the most efficient generator is the 

direct-drive PMSG with power losses of about 65% of that of a typical DFIG-based 

wind turbine. In addition, the ride through capability is better for Direct-Drive 

synchronous generators compared with DFIGs. However, in terms of costs and size, the 

DFIG has advantages over direct-drive generators. Nevertheless, the reliability issues 

associated with the DFIG system is making the wind turbine manufacturers adopt 

synchronous generators for wind energy systems.  

1.3 Motivations 

In the past, most of the wind turbine manufacturers used an SCIG for wind 

application that had the following weaknesses: 

� Uncontrollable reactive power consumption.  
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� Fixed speed operation. 

� Requirement of a multi-stage gearbox.  

� Limited power quality control. 

A DFIG-based wind turbine is vastly used in the market with the following 

drawbacks: 

� Vulnerability to grid side voltage sags and short circuits. 

� Requirement of a multi-stage gearbox. 

� The need for slip ring and brushes. 

Manufacturers for wind application are looking for more efficient and robust 

generators for wind energy. The previous generation system had many flaws that need 

to be addressed in order to achieve an efficient wind power system. Manufacturers are 

moving towards Direct-Drive Permanent Magnet Synchronous generator for wind 

application because it has the following advantages: 

� Higher power to weight ratio.  

� Wider speed range than DFIG 

� The grid side converter can operate reactive-neutral with the power system 

to improve the power factor  

� The converter can control reactive power and voltage in the grid within a 

range.  

� Lower maintenance costs and less downtime 

� Better grid connectivity 

� A full power converter enables superior low-voltage ride-through 

Radially laminated PM machines have proven to be a better option for large-scale 

wind turbines compared to its peers. In the current global wind power generation 
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market, all radially laminated PM machines are constructed with surface permanent 

magnet structure. A PM machine with surface permanent magnet structure in the rotor 

has already shown great potential as a wind turbine generator. The present research 

trend is focused on designing surface mount Permanent magnet synchronous generators 

(SPM) for wind turbine applications. On the other hand, very few people have worked 

with Interior Permanent Magnet Machine (IPMM) for wind application. Compared to 

SPM, the IPM machine has the following advantages: 

� Less demagnetisation risk of the permanent magnets as they are surrounded by 

ferromagnetic iron and fixed relativity far from the air-gap [19]. 

� More robust rotor structure because the magnet is buried in the rotor iron 

� Additional reluctance torque component 

� The presence of saliency makes it more suitable for sensorless application 

� A wider constant power speed range compared to conventional SPM machine 

This makes an IPM machine a compelling candidate for wind turbine generation. 

IPMM in wind energy is very new. More research has been focused on IPM machines 

applicable for traction drives. In literature, IPMMs have been found to have high field-

weakening behavior with significant reluctance torque component. All these machines 

have been designed for high-speed applications. A D-D wind turbine generator will 

incur a very low rated speed. Designing an efficient IPMM for low-speed applications 

will play a significant role in IPMM research.  
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1.4 Research Objectives 

The goals of this thesis are as follows: 

• Investigate an IPMM with various magnet structures for a low-speed direct-drive 

wind turbine.  

• A systematic design of the IPMM with in-depth analysis on the effect of 

different winding structures of the machine. The IPMM will be designed with 

both Distributed and Fractional-slot Concentrated Wound layout in the stator 

slots, and an extensive comparison will be conducted.   

• All the IPMM’s modelled in this thesis will be optimized according to three 

basic criteria. They are: 

� Low cogging torque (< 1% of rated torque) 

� Low torque ripple (< 5% of rated torque) 

� High efficiency (> 90%) 

These design goals are set explicitly for IPMM in wind turbine generation. 

In a direct drive wind turbine, the cogging torque should not be more than 1.5% 

to 2% of rated torque as mentioned in [13, 20]. Particular emphasis has to be 

placed on the reduction of cogging torque in IPM machines. The primary target 

for the optimization of the IPMM is to reduce the cogging torque and torque 

ripple in the machine so that direct-drive wind turbines can tolerate it [20]. To 

increase the wind turbine system efficiency, the efficiency of the generator plays 

a vital role. This thesis focuses on designing an IPMM with machine efficiency 

greater than 90%.  
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1.5 Main contributions 

The main contributions of this thesis are as follows: 

• A systematic analysis of an ideal magnet structure of the IPMM for low-

speed applications.  

The radial magnet structure of an IPMM can be of segmented, non-segmented and 

V-shaped IPMM with different V-angles. These structures provide various magnetic 

loading to the machine and changes the overall characteristics of the IPMM. This thesis 

focuses on designing low-speed IPMM with different magnet structures using Finite 

Element Analysis (FEA) and comparing the results with respect to the designing goals 

mentioned in the previous section. 

• Investigation of the suitability of implementing fractional-slot concentrated 

wound layout on Interior Permanent Magnet Machines with a high number 

of poles. 

Most major wind turbine manufacturers use distributed windings to configure the 

permanent magnet synchronous machine for wind turbines [21]. In recent times, the 

fractional-slot concentrated winding layout has gained popularity in machines for 

application in hybrid electric vehicles and traction motors. The use of concentrated 

windings in IPM machines for low-speed wind turbine applications is considerably a 

new field. The existing demerits of concentrated wound machine can be eliminated by 

employing an appropriate winding configuration while retaining the advantages of the 

winding at the same time. An extensive comparison between both the windings was 

conducted to get a proper understanding.  

• Construction of a fractional-slot concentrated wound Interior Permanent 

Magnet Machine with high efficiency, low cogging torque and torque ripple 

for direct-drive wind turbine applications.  
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Initially, a systematic construction of the IPMM is done with a conventional 

distributed wound layout in the stator. The primary dimension of this design is used to 

construct an IPMM with fractional-slot concentrated wound IPMM, which is then 

compared to the base distributed wound IPMM in FEA. Based on the findings, a 

concentrated wound IPMM machine was built and tested. The prototype IPMM was 

found to have a higher efficiency and lower cogging torque and torque ripple in 

comparison to wind turbine generators of the same rating available in the market.   

1.6 Outline of Thesis 

This thesis is structured as follows: 

Chapter 2 presents the general background of the relevant technology. It provides 

an in-depth review of past work related to this field. This chapter also examines various 

wind turbine topologies. A brief overview of the Finite Element Method (FEM) used to 

analyze different machine models are illustrated in this chapter. Lastly, the use of 2D 

FEA for calculating the machine parameters is also shown. 

Chapter 3 illustrates a systematic design optimization process of a 4 KW IPMM 

with distributed windings (DW) for low-speed wind application. It studies various 

parameter optimization methods based on surface permanent magnet machines. FEA 

verifies the suitability of these methods. The minimization technique on cogging torque 

and torque ripple of IPM machines has been discussed extensively in this chapter. Core 

losses of an IPMM have been comprehensively analyzed in chapter 3. 

Chapter 4 presents a comparative study to investigate the suitability of the 

fractional-slot concentrated winding (FSCW) structure in the stator and the flat or V-

shaped magnets in the rotor poles. This chapter illustrates the calculation of the 

inductance and saliency ratio of both DW and FSCW IPMMs using an AC standstill test 
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condition. The overall machine parameters and performance characteristics are 

predicted using 2D FEA and the output characteristics are compared with the ones 

found in chapter 3 for the DW design. 

Chapter 5 builds upon the findings of chapter 4 to construct a prototype FSCW 

IPMM with flat shaped magnet structure. This chapter gives a detailed specification of 

the optimal model built for verification purposes. The selection of materials and its 

effect on the performance of the machine is also studied here. The mechanical stress 

analysis is provided before prototyping the final design. The 3-D FE analysis of the 

final design is examined in this chapter to ensure leakages kept to negligible in the axial 

direction. Lastly, various kinds of losses in a PM machine are considered and analyzed 

for the prototype IPMM.  

Chapter 6 presents the performance analysis of the constructed 42 pole FSCW 

IPMM as a generator. This chapter verifies the experimental results with the FEA 

results achieved in chapter 5. The design goals set for the IPMM are verified using the 

prototype. Lastly, the saliency ratio and the open loop efficiency are calculated for the 

constructed IPMM.  

Chapter 7 discusses the control methodology and the controller architecture that 

were applied to the constructed FSCW IPMM. Vector control strategies had been 

implemented to the prototype during motoring and generating operation. The efficiency 

calculation during various modes of operation is also shown in chapter 7. 

Chapter 8 concludes the work presented in this thesis and scopes suggestions for 

future expansion of the current work.  
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2 CHAPTER 2: Literature Review 
 

 

2.1 Introduction 

This chapter provides an introduction to the permanent magnet synchronous 

machine where the main focus is on the interior permanent magnet (IPM) machine for 

direct-drive wind turbine applications. It summarizes various literature relevant to this 

research. Different structures of the wind turbine are also studied in this chapter. Lastly, 

a general overview of the FE method used for the analysis of electromagnetic systems is 

given here. 

2.2 Wind Turbine Topology  

2.2.1 Wind Energy 

The wind power can be expressed as 

                                                         31

2
wP Avρ=  (2.1) 

where,  

ρ = air density (kg/m3), 

 v = wind speed (m/s) and  

A is the intercepting area of the turbine. 

The mechanical power from the wind is lesser than w
P  and is defined by the power 

coefficient ( )pC  that also represents the aerodynamic turbine efficiency. It is defined as 

                                                     31

2
m pP Av Cρ=  (2.2) 

The maximum (theoretical) 
pC  is 0.59. 

pC  depends on the tip-speed ratio (λ) and 

the blade pitch angle (β). 

                                                     ( )λ,β  
p p

C C=  (2.3) 
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where, 
.

λ mR w

v
= ; R= radius of the blades and 

mw  is the rotor speed (rad.s
-1); 

Depending on the structure of rotation, a wind turbine can be classified as (a) 

Horizontal axis wind turbine (HAWT) and (b) Vertical axis wind turbine (VAWT).  

HAWT’s are commercially more available in the market than the later one. However, in 

recent years, researchers have highlighted that VAWT’s can achieve significant 

improvements in efficiency [22, 23]. Both of these structures have been described in the 

following sections.   

2.2.2 HAWT (lift type): 

Numerical approximations have been developed by researchers for various HAWTs 

to calculate 
pC  based on the tip speed ratio. A commonly used approximation to 

calculate 
p

C  is expressed as 

                                  ( )
12.5

116
λ,β 0.22 0.4* 5  pC e λβ

λ

−

′ 
= − − ′ 

 (2.4) 

where, 
1

λ′
=

3

1 0.035
 

0.08* 1λ β β
−

+ +
; 

Using Eq.(2.4), power speed versus tip-speed ratio is plotted for various pitch 

angles as shown in . For β=0°, the power coefficient is 0.432 when the tip-speed ratio is 

5.8. The power curve is plotted in Fig. 2.2 using these values. The wind speed to 

achieve rated power of 4 KW is found to be 8 m/s as seen in Fig. 2.2.    
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Fig. 2.1. 
pC  Versus λ  of a HAWT for various pitch angles 

 

Fig. 2.2. Power curve of HAWT when β=0°  

2.2.3 VAWT: 

A vertical axis wind turbine can operate in the wind of any direction. It is not as 

frequently used as its counterpart HAWT as the VAWT requires a starter motor to 

achieve operating speed. For a small scale direct-drive wind turbine, the VAWT can be 

advantageous as the generator can be placed on the ground that significantly reduces the 

weight that had to be supported otherwise. This reduces the noise of the overall system 

and furthermore decreases the need for maintenance. Common VAWT type includes the 

Darrieus turbine and the Savonius wind turbine. Commercially available Darrieus lift 

wind turbine that is also referred to as H-rotor is gaining some attention due to its ability  
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Fig. 2.3. Various VAWT topologies: (a) Savonius wind turbine; (b) Darrieus wind turbine and 

(c) H-rotor wind turbine 

Table 2.1 Design parameters of the H-rotor wind turbine 

Turbine Parameters  

Swept area (m�) 30 

Hub Height (m) 6 

Turbine radius (m) 3 

Blade length(m) 5 

Chord length(m) 0.25 

Solidity 25% 

to accept the wind from any direction and simplified system structure.  shows various 

VAWT topologies. In this research, the H-rotor vertical axis wind turbine had been 

chosen for further analysis purposes.   

The analysis is based on a three bladed H-rotor VAWT designed in for a direct drive 

PM synchronous machine. NACA0018 airfoil with a tip speed ratio of four is selected 

as it is extensively used in various VAWTs, and the experimental data is readily 

available [24]. Fig. 2.3 shows the design parameters of the H-rotor wind turbine 

[25].The power coefficient curve [25] is plotted in Fig. 2.4. Reynolds number greatly 

influences 
p

C  which is expressed in Eq. (2.5). 
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l cpmax

v

c v
Re

V

λ
=   (2.5) 

where, 

 lc =chord length, 

 vV = kinematic air viscosity = 1.46e-5 m�/s and  

cpmaxλ = Tip-speed ratio for maximum pC .  

 

The blades Reynolds number for this study is about 3e6 at low wind speed within 

limits. The aspect ratio of 20 for this H-Rotor is the optimum value, as reduced aspect 

ratio increases local Reynolds number and at the same time decreases rotational velocity 

[26]. Using the above analysis, the power curve for the H-Rotor VAWT is plotted in 

Fig. 2.5. The wind speed to achieve rated power for the H-rotor VAWT is found to be 

7.8 m/s as seen in Fig. 2.5.    

 

Fig. 2.4. 
pC  Versus λ  of an H-Rotor VAWT 

 

Fig. 2.5. Power Curve for the H-rotor VAWT 
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2.3 PM Generators for Wind Application 

Permanent Magnet Synchronous machines can be categorized according to the 

direction of the flux path. It can also be categorized according to the magnet structure. 

2.3.1 PMSG’s category with respect to the flux path 

According to the direction of flux path, PM structure can be sub-categorized to 

o Radial flux permanent magnet (RFPM) machine (Fig. 2.6(a)) 

o Axial flux permanent magnet (AFPM) machine ( (Fig. 2.6(b)) 

o Transversal-flux permanent magnet (TFPM) machines (Fig. 2.6(c)) 

 

Fig. 2.6. Various rotor configurations of PM machines; (a) RFPM; (b) AFPM and (c) TFPM 
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2.3.1.1 Radial flux permanent magnet machine 

RFPM is the most common type of PM machine used for the design of large-scale 

direct-drive wind turbines [10, 11, 27, 28]. They produce magnetic flux in the radial 

direction with permanent magnets that are radially oriented. These machines have a 

higher torque capability than typical induction machines as well as an electrically 

excited synchronous generator. The efficiency is higher than IM because it does not 

have rotor windings that also suggest that it has higher power and torque density. These 

machines can be easily designed with a large pole number required for low-speed 

operations. However, this type of machine has a long end-windings leading to higher 

copper loss the flux density is reduced due to the large air gap.  These machines are 

economically better off for large-scale wind turbines compared to the axial flux 

machine. 

The advantages and disadvantages of an RFPM are given below: 

Advantages: 

� Higher torque capability than IM and electrically excited SM. 

� Greater efficiency and power density than IM due to the absence of rotor 

windings 

� Construction is easy for high pole number. 

Disadvantages: 

� High copper loss as the diameter over the axial length is small. 

� Less flux density due to large air-gap. 

� Unattractive power to weight ratio. 

2.3.1.2  Axial flux permanent magnet machine 

In all axial flux machines, the rotor rotates relative to the stator with the flux 

crossing the air gap in the axial direction. There are many types of axial flux machine 
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configuration. These machines can have slot-less windings that allow larger air-gap 

length. The AFPM usually requires larger magnet than RFPM leading to higher magnet 

costs. There are many types of AFPM configurations: 

• Single rotor and stator 

• Double - Stator   

• Double-Rotor  

• Toroidal Winding (TORUS machine) 

The stator core orientation for this machine is longitudinal. 

Structure with one rotor and one stator 

In this structure, a large attractive force exists between the stator and the rotor. A 

special thrust bearing is used to prevent the rotor from moving in the axial direction that 

makes the construction more complicated in this structure. To balance this attractive 

force, an additional stator can be added to the structure by which the force produced by 

the rotor and the additional stator can balance the force of the rotor and slotted machine 

stator. Instead of using the stator an extra rotor with a mounted magnet can also be 

inserted in the construction to balance out the attractive force.     

Double-Stator Slotted Axial-Flux Machine 

This kind of AFPM machines consists of 2 external stators and one inner rotor. The 

permanent magnet is axially magnetized and is surface mounted or inset into a cut 

window on the rotor disc. As this structure does not require a rotor yoke, so the overall 

axial length is quite short. 

Double-Rotor Slotted Axial-Flux Machine 

This configuration is similar to the previous one except that there is one stator 

located in the middle of the two rotors. In this machine, there is no need for the stator 

back yoke. 
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Axial-Flux machine with Toroidal Winding 

Axial flux machines have a short axial length and thus have a high power-to-weight 

ratio. The absence of slots leads to a negligible cogging torque. According to [29], this 

configuration has large air-gap width due to the lack of teeth, leading to large magnet 

height and high magnet costs. In [17], the authors compared these axial flux machine 

with radial flux machines, which showed that with the same ratings, the axial flux 

machines have greater power density. This is because axial flux machines have smaller 

volume for a given power rating. The results also showed that the double rotor axial flux 

configurations have the highest torque density while the axial flux with one rotor and 

one stator has the lowest. With respect to the magnet weight, for all axial-flux 

configurations except the Torus machine, the use of magnets is better than that of radial-

flux constructions. As far as the volume of the machine is concerned, double-stator 

axial-flux requires the least space, as in this construction does not need rotor back yoke, 

and the axial length is very short. The highest efficiency exists in the double rotor axial 

flux machine, as the iron loss in this construction has the lowest efficiency. The radial 

flux configurations have the lowest efficiency. The author showed that the single sided 

axial-flux constructions were not efficient due to the lower pole number and the 

increased axial length. 

Construction of a TORUS machine requires considerable magnet weight. This is due 

to the presence of the additional air gap for accommodating stator windings. As the 

power rating increases, both the air gap and the air gap reluctance due to the magnet and 

winding become larger. So this construction is more suitable for small power rating 

generators. In [5], using 2D FEA the author showed that the axial flux machine with 

surface-mounted magnets was a more attractive alternative in applications that require 

high torque values and low electrical loading values.   
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In [17] a comparison performed between AFPM and RFPM showed that AFPM 

have greater power density. The results also showed that the double rotor AFPM has the 

highest torque density, and the single rotor-stator configuration has the lowest. One the 

other hand, the double stator AFPM design results in a very compact structure because 

of elimination of the rotor yoke; the axial length can be made very short. A double rotor 

AFPM has higher iron losses that indicate greater efficiency. The torus or slotless 

structure is very simple in construction but requires larger magnet because of longer air-

gap length. This structure is not suitable for larger power ratings. 

In summary, the advantages AFPM over RFPM are: 

� Higher power density, hence requires less core material. 

� They have an uniform and easily adjustable air-gap. 

� The noise and vibration are less.  

� Low cogging torque in the slotless structure. 

The major disadvantages of AFPM include structural instability because of the 

large diameter discs, high magnet cost in slotless design and requirement of a large 

outer diameter that makes it difficult to be used in wind turbines. AFPM machines have 

gained much attention from their disc-type structure. Researchers have already 

investigated them for small wind turbine applications and have seen satisfactory 

performance [30-33]. However, the feasibility of the AFPM’s for large wind farms are 

yet to be investigated. 

2.3.1.3 Transversal-flux PM machines  

Previously for the RFPM and the AFPM machines, the stator cores were 

longitudinal but for the TFPM machine, the stator core has transverse orientation, with 

surface-mounted magnets and has a radial orientation of its air gap. For these machines, 
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the path of the magnetic flux is perpendicular to the direction of rotor rotation. There are 

different rotor structures for this kind of PM machines, such as the rotor with single-

sided surface magnets with single-sided flux concentration and double-sided flux 

concentration. TFPM’s have a high power density compared with traditional induction 

generator [6]. Multi-pole generator Aps (Denmark Company) has worked intensively on 

transversal-flux PMG for wind turbines. The current loading of a transverse machine 

increases as the pole pitch decreases [9]. High current loading will lead to large 

armature reaction that will also result in higher rating of the electronic rectifier 

connected to the generator and thus would increase the overall system costs. The 

construction of TFPM is also very complicated compared to the AFPM and RFPM since 

it has the flux path of three dimensions [34]. Thus, this machine is less attractive to the 

wind turbine manufacturers.  

2.3.2 PMSG’s category with respect to magnet structure 

There are many different brushless PM machine configurations used for wind 

applications. They can be categorized according to magnet structures. They are 

• Surface permanent magnet (SPM) machine (Fig. 2.7(a)) 

• Interior permanent magnet (IPM) machine (Fig. 2.7(b)) 

• Inset permanent magnet machine (Fig. 2.7(c)) 

In a surface magnet rotor, the magnet poles are glued to the rotor whereas in an 

interior magnet rotor structure; the magnet poles are buried inside the rotor. The inset 

PM machine is very similar to the structure of surface magnet rotor except for the fact 

that there is an iron tooth present between each couple of adjacent PM’s [35]. Both the 

IPMM and the inset magnet structure produce additional reluctance component to the 

torque compared to the SPM, which is non-salient [36]. 
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Fig. 2.7. PM machine rotor according to magnet structure; (a) SPM; (b) IPM and (c) Inset PM 

machince 

Most of the radial flux permanent magnet wind turbine generators are surface 

permanent magnet machine [21]. A good example of commercialized SPM wind turbine 

generator with optimum performance is the one used in Siemens SWT-3.0-101 [14]. 

However, in recent years, some researchers have focused on designing IPM machines 

for wind application [37]. An SPMM is a conventional non-salient pole synchronous 

machine with no reluctance torque component. Whereas for IPMM, the reluctance 

torque component adds up to the total torque of the machine. This is because, for an 

IPMM, there is a variation in d-q axis inductances making it a salient pole synchronous 

machine. Analysis on inset PM has not been studied throughout this thesis. With surface 

mounted magnets in the machine, the remanent flux density must be higher than the air-

gap flux density. Magnets with higher remanent flux density are needed in the machine 

to achieve a sufficient amount of air-gap flux density. The use of magnets such as 

NdFeB or Alinco that has higher remanent flux density is costlier than ferrite magnets 

thus making the overall cost of the machine higher. While this is not the case for IPM 

machine in which the air-gap flux density of the pole piece is given by: 

                                               
2

rec

rB
B

µw

h d

δ δ
=

+

 (2.6) 
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where,  

Bδ = Air-gap flux density;  

rB = Magnet material remanence;  

w= Width of the pole face;  

h = depth of buried magnet;  

recµ = Magnet recoil permeability;  

δ = air-gap and 

 d= magnet thickness;  

By selecting suitable values of w  and h , it is possible to use low-cost ferrite 

magnets to generate high air-gap flux density. As SPM machine is magnetically non-

salient, there is no reluctance torque component available unlike an IPM machine. SPM 

machines are more vulnerable to demagnetization compared to IPMM. This is because 

for SPMM, the rotor magnets are directly exposed in the air-gap to the demagnetizing 

stator field. The advantages of an IPMM over SPMM has been already discussed in 

chapter 1.   

2.4 General background of Interior Permanent Magnet Machines 

In an IPM machine, the magnets are buried inside the rotor for an IPMM that makes 

it mechanically robust and is more capable of withstanding higher speeds. The magnetic 

flux of the IPMM is shown in Fig. 2.8. From the figure, it is seen that the magnetic flux 

of the IPMM passing through the d-axis magnetic circuit has to cross two magnet 

depths and two air-gaps. This is not the case for magnetic flux passing through the q-

axis magnetic circuit. For this reason, the q-axis inductance is higher than the d-axis 

inductance in an IPMM. Thus, the IPMM is of a salient pole structure that gives the 

machine to utilize its reluctance torque in combination with its magnetic torque. This 

gives the machine optimum field weakening capability. 
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Fig. 2.8. Magnetic flux paths of an IPMM in (a) d-axis and (b) q-axis 

For the last three decades, IPM machines have attracted much interest due to their 

high efficiency, embedded magnet structure, high torque & power density and the 

presence of the reluctance torque. Research on various aspects of IPM machines 

conducted at present that includes design, control, machine parameters and flux 

weakening operation. In 1982, Hosinger [38] submitted his research on deriving the 

direct and quadrature axis inductances and the open circuit voltage for an interior type 

permanent magnet machine. Parameters and performance of an IPMM were first 

presented by Chalmers et al. [39] for variable frequency operation. The paper explained 

a way to obtain the q-axis inductance with saturation taken into account.  

T. M. Jahns [40] was one of the first authors to publish an in-depth analysis on 

IPMM’s. Soon after, Schiferl and Lipo [41] with the help of finite element analysis 

(FEA) inquired about the variable speed performance and operating limits of ‘buried’ 

type permanent magnet machines. Steen et al. [42] was the first to patent several 

geometrical configurations on a synchronous machine with buried permanent magnets 

in 1979. Rahman et al. [43] developed simple analytical expressions to determine the 

direct and quadrature axis reactance of an IPMM.   
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Much research has been conducted on IPMM in flux weakening applications. Jahns 

[44] revealed the effectiveness of the interior PM synchronous machine for adjustable 

speed operations and extending it to constant power speed range at high speeds. Schiferl 

and Lipo [41] presented the basis for determining the optimum flux weakening 

performance in IPMM with the variation of its equivalent circuit parameters. Soong et 

al. [45] compared the field-weakening performance of a standard 2.2 KW induction 

machine with that of synchronous reluctance and IPM machines. It was found that the 

multiple barrier IPMM have the most promising rated and field weakening 

characteristics. The authors also developed an axially laminated IPMM in [46] with 

high saliency capable of achieving very high saliency and an extreme wide constant 

power speed range exceeding 7.5:1. Zhu et al. [47] derived the stator iron loss between a 

SPMM and an IPMM and came up to the conclusion that the IPMM has higher flux 

weakening range with the cost of having a higher iron loss in that range due to the 

higher harmonic content in the armature reaction field.  

An investigation done by Honda [48] for various rotor configuration of an IPMM 

showed that the double layered IPMM with two PM’s per pole has the best 

configuration for reluctance torque utilization and maximized total generated torque. 

Further research on the double layered IPMM with different rotor structures in [49] 

concluded that concentrated winding is inferior to distributed winding in terms of 

generated torque and the constant power region size for a double layer IPMM. Fratta et 

al. [50] concluded that the IPMM would be more suitable for spindle drives in 

comparison to induction machines due to its higher torque density and flux weakening 

ability provided the mechanical and magnetic issues in the rotor are resolved.  
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2.5 IPMM for wind turbine applications 

Interior Permanent Magnet Machine (IPMM) is a newly emerging technology and 

its application in the wind energy sector has only recently been investigated. It has been 

already cited in this thesis, that the most common type of PM machines used in the wind 

industry are radial flux permanent magnet (RFPM) machines with surface mounted 

magnets (SPM). Analysis conducted between a surface and an interior permanent 

magnet synchronous generator for wind turbine application in [51] showed that, 

efficiency is higher for the IPMM due to better power factor in comparison to the 

SPMM.  

In [52], the author analyzed different types of rotor structure for high-power 

performance for small-scale wind power permanent magnet synchronous generator and 

the results showed that the tangentially magnetized IPM structure with a magnet width 

of 33.9 mm was the most suitable rotor structure for achieving high power performance. 

Whereas, the SPM structure with a magnet width/ pole pitch of 90% was found to be the 

most appropriate for high efficiency, low voltage and high power output. For inset PM 

structures, the magnet torque reduces when magnet width/pole pitch decreases. 

However, the average torque of the inset PM machine is increased to the same magnet 

width/pole pitch of the SPM machine due to its salient characteristics that incorporate 

the reluctance torque component. For radially laminated IPM machine, decreasing the 

magnet width and also increasing the insertion depth of the magnets decrease the 

magnet torque but the reluctance torque increases. The machine delivered a maximum 

average torque when the magnet was near the rotor surface that was less compared to 

tangentially-magnetized IPM but was greater than SPM and Inset PM. For the V-shaped 

IPM structure, it did not exhibit much difference in the average torque when the angle  
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Fig. 2.9. Wind energy conversion system using IPM machine 

of the magnets was increased, and the value was slightly smaller than the tangentially 

magnetized IPM.  

In [53], for high-power performance of the PMSG in a large scale direct-drive wind 

power generation system, the author compared four types of rotor structures, a SPM, a 

tangentially-magnetized IPM, a radially magnetized IPM and an inset PM  using 2D-

FEM. The results exhibited that the inset PM structure is suitable rotor structure out of 

the four examined. The inset PM structure with optimum salient part width has high 

power performance and high efficiency at the rated condition. In this case, the 

maximum torque of tangentially-magnetized IPM is less than that of SPM. Whereas, the 

radially-magnetized IPM requires less reluctance torque compared with the tangentially-

magnetized IPM. Another interesting fact is that the average torque decrease if the pole 

shoe becomes larger for the radially magnetized IPMM. This is because flux leakage 

occurs in the pole shoe. According to [54], the use of IPM machine provides quicker 

return on investment and more money profit during a period compared with a SPM 

machine for a small wind turbine with a wind speed of 5 m/s. Two 7 MW fractional slot 

concentrated wound SPM and IPM machines were designed and compared in [55]. The 

results in FE suggested that the IPM generator has higher torque per volume and less 
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magnet loss than the SPM machine. On the other hand, the SPM machine has lower 

torque ripple and better demagnetization performance with lesser weight and cost in 

comparison to the IPM generator.  

2.6 Interior permanent magnet topology 

The developed torque for an IPM machine can be expressed as follows: 

                      ( ) 2 2  1 1
, ,  

2 2

s PM
out s r PM s PM ph s

r r r

dL dd
T i i N i

d d d

ψ
θ ψ ψ

θ θ θ
= − +

R
 (2.7)                                                         

where,  

PMψ = Flux from permanent magnets; 

si = Supply current (to the stator coils);  

s
L = Stator inductance; 

rθ =Rotor position and 

R= Reluctance. 

 

The first term in Eq. (2.7) is known as the reluctance torque and is related to the 

variation of stator inductance with rotor position. This variation of stator inductances is 

caused by pole saliencies or flux barriers. Efficient utilization of this reluctance torque 

is crucial for higher power and more stable operation and relatively higher efficiency 

improvement in IPM wind generators [37]. The second term is known as cogging 

torque. It is caused by the interaction of magnet flux and stator slots, resulting in the 

variation of reluctance (R ). The last term is referred to as electro-dynamic torque or 

alignment torque that is the main contributor to the useful torque produced by the 

machine.  

In IPM machine, the subcategory has been done according to the orientation of the 

magnets in the rotor. They are 

• Conventional/Flat IPM machine (Fig. 2.10(a)) 

• Segmented IPM machine (Fig. 2.10(b)) 

• V-shaped magnet IPM machine (Fig. 2.10(c))   
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Fig. 2.10. Various Magnet structure of the IPMM 

2.7 Distributed and Concentrated windings 

The majority of 3-phase radial-field IPM machines are designed with overlapping 

distributed windings (DW). Almost all the main wind turbine manufacturers’ use 

distributed windings to configure the permanent magnet synchronous machine for wind 

turbines [21]. Although, recently the concentrated wound PM machines are gaining 

popularity in direct-drive wind generation systems [56]. 

Before the 21
st
 century, concentrated windings were mostly used in small BLDC 

motors and AC servomotors due to their simple structure. CW structures present a 

fractional number of slots per pole per phase with irregular distribution of slots. 

Recently these windings have gained popularity in machines for application in hybrid 

electric vehicles and traction motors. The fractional-slot concentrated winding (FSCW) 

for the IPMSM is getting attention from the research community due to its high slot-fill 

factor, high tolerance to phase fault, simplified manufacturing process, non-overlapping 

coils resulting in shorter end windings and reduced copper usage [57-62].  

(a) (b)

(c)
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Fig. 2.11. (a) Distributed and (b) Concentrated winding structure 

Despite having these advantages, the FSCW was not widely used in the past due to 

its characteristics in producing EMF and MMF waveforms with unacceptably high total 

harmonic distortion. However, in recent years, it has been proved that through 

appropriate choice of slot and pole combinations [63], the CW can produce sinusoidal 

EMF waveform. Magnussen and Sadarangani [64] were one of the first to design a 

high-performance PM machine with concentrated windings. Various PM machines 

equipped with fractional slot concentrated windings are discussed in [65-69] that are not 

addressed in this thesis. A low speed direct-drive permanent magnet dynamo-electric 

machine with concentrated windings was designed for wind power generation that 

showed satisfactory performance [70]. Examples of IPMM’s with eight poles showing 

both distributed windings (DW) and concentrated windings (CW) are shown in Fig. 

2.11.  

High pole conventional distributed wound PM machines lead to the high slot 

numbers in the stator that increases the copper loss in the machine. As a result, the 

copper loss for this high pole PM machine dominates the total loss of the machine 

resulting in low efficiency. Furthermore, the total manufacturing cost of the machine 
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increases as a result of more copper wires being used in the production of the high pole 

PM machines. These issues can be resolved by the use of fractional slot concentrated 

wound in the stator of the high pole PM machines. This is because, fractional slot 

concentrated winding layout does not require high slot numbers, even though, the pole 

numbers are high, resulting in lower copper losses in the machine.  

In FSCW, the opposite polarity of the corresponding phase coil is located in the 

next slot, which makes the end windings to not overlap. This makes the lengths of the 

end windings for an FSCW at least three times smaller than DW. As a result of this, the 

stack length of FSCW machine can be increased leading to a higher developed torque. 

This leads to study the concentrated windings in IPMM with high pole numbers 

applicable for low-speed applications. Theoretically, distributed windings have shown 

to have lower torque ripple than concentrated windings because of the distributed 

magnetic flux through the teeth [71]. On the other hand, cogging torque is lower in 

concentrated winding structure in comparison to DW structure [72, 73]. This research 

investigates the application of both DW and FSCW to IPMSM with high pole number 

for the low-speed application. 

2.8 Finite Element Method (FEM) 

In the finite element method, the whole domain is subdivided into a fixed number 

of subdomains thus minimizing the complexity of the problem. The interpolating 

functions iv  are defined on each sub-domain, and the functionφ is approximated by iv  

for each subdomain whose coefficients are the unknown quantities. In order to 

determine the coefficients, the field problem is solved using the following general steps 

[74]: 

• Partition of the domain: The domain is divided into subdomains.  
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• Choice of interpolating functions: The functions iv  are chosen.  

• Formulation of the system to resolve the field problem: With the use of 

Galerkin’s method or Rayleigh-Ritz method, the field problem is solved by 

determining φ for nodes of each element. 

• Solution of the problem: Common numerical algorithms are used to compute iφ  

in the nN  nodes of the domain and thus solving the problem. 

The finite element analysis (FEA) of a domain consists of steps shown in Table 2.2.  

Table 2.2 Steps for analyzing a domain in FEM 

Pre-processing 

• Construction of the geometry 

• Mesh formation of the study domain 

• Assigning material properties to various regions 

• Assigning sources of excitation (if present) 

• Assigning an electrical circuit (if needed) 

• Assigning boundary conditions 

Solving 

• Derivation and assembling of element matrix equations 

• Solving the equations for unknown variables 

Post-processing • Analysis of results obtained 

2.8.1 Mathematical formulations of the Physical Model 

The laws of electromagnetic field problems can be expressed by Maxwell’s 

equation. These equations are given below in differential form, 

 
(P, t)

H(P, t) (P, t)
D

J
t

δ

δ

→
→ → →

∇× = +  (2.8)  

                                                         
(P, t)

(P, t)
B

E
t

δ

δ

→
→ →

∇× =   (2.9) 

                                                                  . (P, t) 0B
→ →

∇ =  (2.10) 

where, 

H(P, t)
→

= Magnetic field strength, 
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(P, t)J
→

= Electric current density, 

(P, t)D
→

= Electric displacement, 

(P, t)B = Magnetic flux density, 

(P, t)E
→

= Maxwell’s electric field; 

 

And, 1 1 1x y z

x y z

δ δ δ

δ δ δ

→ → → →

∇ = + + ; P is the point where the vector is considered, and t indicates 

the time dependence. 

 

In steady state, 
t

δ

δ
 is zero and for such condition Maxwell’s equation can be 

expressed as, 

                                                              H(P, t) (P, t)J
→ → →

∇× =  (2.11) 

Initially for determining the equation of the permanent magnet machine, only a 

current source excitation is considered. The magnetic field can be represented as, 

                                                                      B Hµ
→ →

=  (2.12) 

where, µ = Permeability of the material; 

 

By substituting Eq.(2.12) into Eq.(2.11), we get : 

 
1

B J
µ

→ →

∇× =  (2.13) 

In [75], the solving of the field problem were conducted using field potentials rather 

than the field that simplified the overall solving process. A magnetic vector potential     

( A
→

) and electric scalar potential (ϕ) is introduced to simplify the electromagnetic 

problem. The flux density can be represented in terms of the magnetic vector potential 

as, 

                                                                   B A
→ → →

= ∇×  (2.14) 

                                                               
A

E
t

δ
φ

δ

→
→ →

+ = −∇  (2.15) 
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Using the Equations stated in this section, the equation of the permanent magnet 

machine ca be expressed as [73], 

 ( )21
Φ

A
A A

t
σ ν σ σ

µ

∂
− ∇ + − × ∇× = − ∇

∂

�
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 (2.16) 

where, 

σ = Conductivity of the material; 

ν = Velocity of a material with respect to a given reference frame; 

 

Considering the permanent magnet excitation in addition to the current excitation, 

Eq. (2.16) transforms to 

 ( ) �21
Φ

a m

A
A A M

t
J J

σ ν σ σ
µ

∂
− ∇ + − × ∇× = − ∇ + ∇×

∂

�
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���
 (2.17) 

where, 

aJ =Equivalent current density due to armature current; 

mJ =Equivalent current density due to PM; 

 

To eliminate the velocity term in Eq.(2.17), the moving frame is considered the 

reference that makes the relative velocity become zero. Eq.(2.17) becomes 

                                                21
Φ

A
A M

t
σ σ

µ

∂
− ∇ + = − ∇ + ∇×

∂

�

�� � � �

 (2.18) 

In a 2D plane, the magnetic vector potential is only non-zero in the z-axis. The 

governing system equation for 2D analysis is given by [73], 

 
2

a m

1
J Jz

z

A
A

t
σ

µ

∂
− ∇ + = − +

∂

�

 (2.19) 

2.8.2 Mesh Formation 

The 2D domain is sub-divided into a finite and sufficiently high number of 

elements. The behavior of each of this element is defined by the partial differential 

function shown in Eq.(2.19). These elements can be of various forms characterized by 

each vertex. Each vertex is referred to as nodes, and all of the nodes set up the mesh.  



CHAPTER 2: Literature Review 

39 

 

One-dimensional (line) 

elements 

 

Two-dimensional (surface) 

elements  

     

 
 

Three-dimensional (brick) 

elements 

     

Fig. 2.12. Typical elements used for mesh formation in FEA 

The primary task in FEM is to solve for all unknown node potentials in the element. 

Fig. 2.12 shows the typical elements used for mesh analysis in Finite element study. 

Each of these elements can be represented by a polynomial function. A lesser number of 

nodes in each element makes the function simple with fewer unknown variables. The 

most commonly used element is the 2D surface triangular element that can represent 

any shape of a 2D plane with the help of a combination of triangles. 

Assuming the primary domain has been sub-divided into Nm finite elements, the 

magnetic vector potential at m-th triangular element can be represented as, 

                                                       (x, y)mA a bx cy= + +   (2.20) 

where, a, b, and c are constants that will be determined in terms of their interpolated 

field variables. 

 In the three nodes of the triangular element, the potential function is given as, 



CHAPTER 2: Literature Review 

40 

 

                                                      

1 1 1

2 2 2

3 3 3

A a bx cy

A a bx cy

A a bx cy

= + +


= + +
 = + +

 (2.21) 

Evaluating the expression at the nodes: 

                                              

1 1 1

2 2 2

3 3 3

1
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2

1
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A x y c

     
    =    
         

  (2.22) 

Solving for a, b and c using Cramer’s rule: 
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  (2.23) 

Substituting (2.23) into (2.21): 

                        

3 3 3

1 1 1

1 1 1
(x, y) . .

2 2 2
m i i i i i i

m m mi i i

A p A q A x r A y
A A A= = =

     
= + +     
     

∑ ∑ ∑  (2.24) 

                                        
3

1

(x, y).i i

i

v A
=

=∑  (2.25) 

where, iv is the interpolating function for i-th sub domain. 

2.8.3 Boundary Conditions 

Boundary conditions are assigned to study domains to increase the accuracy and 

efficiency of the FE analysis [73, 74, 76]. There are three main groups of boundary 

conditions: 

• Dirichlet’s Condition 

• Neumann’s Condition 

• Periodic Condition 
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Dirichlet’s Condition 

This condition corresponds to assigning a magnetic vector potential ( A
→

) on a given 

part of the boundary. A
→

 is a constant meaning the boundary line will have the same 

value throughout. It is common to assign 0A
→

= considering the leakage flux beyond the 

boundaries is zero. This assumption is valid as the flux lines are confined within the 

stator back iron. This condition is equivalent to an external material place outside the 

study domain for which the magnetic permeability is null. Fig. 2.13 shows the 

Dirichlet’s boundary of a 1/4
th

 of a  four pole IPMM. It can be seen that the stator outer 

radius and the rotor inner radius are imposed with this condition. 

Neumann’s Condition 

Neumann’s condition is imposed to a region that has symmetry. This condition is 

satisfied by imposing a given value to the derivative of A
→

 normal to the boundary. This 

makes the flux lines to have a particular incidence angle with the boundary. In this 

research, Neumann’s boundary condition is not applied to 2D FE analysis. The 3D FE 

analysis conducted in chapter 5 considers Neumann’s condition in the domain.   

 

Fig. 2.13. 1/4
th
 of a 4 pole IPMM displaying the nodes and Dirichlet’s boundary  
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Fig. 2.14. IPMM with quarter cyclic-symmetry  

Periodic  Condition 

The periodic condition is applied to structures that exhibit a repetition of 

electromagnetic fields. It is assigned to two boundary lines using symmetries in the 

geometry. These boundary conditions are useful in structures as the overall geometry 

can be scaled down, and the analysis on one part of it will provide accurate results with 

less computational time. Fig. 2.14 shows an IPMM with a quarter cyclic-symmetry. The 

symmetry of a domain can be either even or odd symmetry. For the prototype CW 

machine as well as the machine shown in Fig. 2.14, even cyclic boundary conditions are 

applied.  

2.8.4 Matrix Equations of Elements 

The two primary methods used in deriving the matrix equations of elements in 

order to solve the field problems are: 

• The weighted residual method 

• Variational method 
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Both these methods provide high accuracy by minimizing the error to null. 

Galerkin’s method is a general form of the weighted residual method that is one of the 

most commonly used technique in FE. In Galerkin’s method, a trial function A∗  that 

approaches the exact solution A  in a domain D with a forcing function f corresponds to 

a residual (shown in Eq.(2.26) ) equal to zero (near zero) in the whole domain [73, 74, 

77].  

                                                          r LA f
∗= −   (2.26)  

where, L is a differential operator. 

 By the use of the weight function ( iw ), the residual method forces the integrals of 

the residuals to be zero. This can be expressed over the domain volume ( Dτ ) as 

                                                   ( )
D

i iR w LA f d
τ

τ∗= −∫  (2.27) 

The weight functions are chosen to be equal to interpolating functions according to 

Galerkin’s method. Taking the approximation found in Eq.(2.25), Eq.(2.27) becomes 

                                             
1

D

N

i i j j i

j

R v L A v v fd
τ

τ
=

 
= − 

 
∑∫               1, 2,3,...,i N=  (2.28) 

This equation generates a system of equations  that can be expressed as [74]  

                                                      [ss][A] [T]=   (2.29) 

where,[A] = Column vector of the unknown coefficients iA .  

[ss] is a global coefficient matrix depends on the interpolating functions. Eq.(2.29) 

describes a deterministic system where there exists an excitation. The elements of these 

interpolating functions in the i
th

 column and j
th

 row can be expressed as, 

                                       
1

( )
2 D

ij i j j is v Lv + v Lv d
τ

τ= ∫   (2.30) 

[T] in Eq.(2.29) is a column vector whose elements are dependent on the forcing 

function (f). It is expressed as 
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1

2 D

i it v f d
τ

τ= ∫  (2.31) 

2.8.5 Solving Finite Element Equations 

The linear algebraic equations can be solved by either direct method or iterative 

method. For PM machines, the electromagnetic characteristics have non-linear 

characteristics that need to be solved using numerical iterative methods. In this thesis, 

the FE analysis is conducted by solving the non-linear equations using iterative 

methods. The most commonly used iterative method for solving FE problems is the 

Newton-Raphson method. The formulation of Newton-Raphson iteration method for 

FEA analysis is widely documented and analyzed [75, 78, 79].  

2.9 Finite Element Analysis for determining the Machine Parameters 

and characteristics of the IPMM 

All machine modelled in this thesis were created and optimized with FEA. This 

section describes the steps taken to model the final 42 pole 54 slot concentrated wound 

IPMM with flat shaped magnets (FSCW IPMM-F) and to determine its performance 

characteristics. The design process is modelled using CEDRAT-Flux 2D.  

The stages of the primary design process are given below: 

• Construction of the geometry and assigning the mesh 

• Assigning Physics 

• Solving the scenario 

• Performance Analysis 

2.9.1 Construction of the geometry and assigning the mesh 

To reduce heavy processing and computational time, a designer needs to determine 

the symmetry of the model. Basic symmetry can be of two kinds [74]. 
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• xy symmetry: In this case, the magnetic phenomena are assumed to be identical 

with x,y plane normal to the z-axis. 

• Axial symmetry (r,z)/Periodicity: The magnetic phenomena are considered to be 

identical on each semi-plane (r,z) obtained by a rotation around the z-axis. 

For 2-D FEA, x,y symmetry was not applied to the design. For rotational machines, 

axial symmetry can be employed in almost all cases. The two IPMM’s developed in this 

thesis had two different periodicities. For the distributed wound 42 pole IPMM, the 

axial symmetry was found to be 17.14° that is one pole pitch of the machine. This 

means that for every 17.14°, the stator, and the rotor will have the same configuration. 

For every 17.14°, the phase coils are equally distributed around the stator. This means 

the geometry of the IPMM can be designed to just 1/42 of the full machine. As for the 

concentrated wound 42 pole IPMM, the axial symmetry was found to be 120°. Fig. 2.15 

shows the geometry of both the machines drawn with respect to the axial symmetry.  

 

Fig. 2.15. Distributed and Concentrated Wound 42 pole IPMM 

After completion of the geometry, a mesh is created. Assigning the right value of 

elements in the geometry for forming the mesh is important as it affects the accuracy of 

the solution. A smaller mesh results in higher accuracy but requires more elements in 

the geometry thus take longer computational time. On the other hand, large meshing of  

17.14° 120° 

Distributed 

Wound
Concentrated 

Wound



CHAPTER 2: Literature Review 

46 

 

 

Fig. 2.16. Meshing of the prototype 42 pole IPMM 

the geometry could end up giving imprecise results. For this reason, the designer has to 

analyze in the region of the machine that has the highest ramp in field variation. This 

means, the mesh should be dense in areas where the field variation is high (i.e. the air-

gap region, slot opening, magnet edges, etc.) and least dense where the change in field 

is comparatively constant (i.e. near the boundary region, inner shaft region, etc). The 

mesh across the geometry should be well proportioned to avoid imbalance in the results. 

Fig. 2.16 shows the mesh structure for the prototype 42 pole concentrated wound 

IPMM.  

2.9.2 Assigning Physics 

The physical properties are assigned to each region after the completion of the 

mesh. Table 2.3  shows the material of each region that was applied to the FSCW 

IPMM-F. 

The magnetic materials are characterized by the B-H curve. The magnetic property 

of the isotropic soft magnetic material is defined by a spline saturation curve shown in 

Fig. 2.17(a). This soft magnetic material (for this case is non-oriented silicon steel) is 
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assigned to the rotor and the stator of the prototype. As for PM's, the magnetic property 

is defined in the second quadrant of the B-H curve shown in Fig. 2.17(b).  

Table 2.3. Material of each region 

Region Material 

Stator & Rotor Non-oriented silicon steel 

Permanent Magnets NdFeB 

Stator slots Copper 

Shaft Air 

Air-gap, Flux barrier Air 

  

 

Fig. 2.17. Magnetic property of (a) Soft magnetic material and (b) Permanent Magnet 
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Table 2.4 Mechanical set for the region during FEA 

Mechanical set Type Regions to assign 

Fixed Stator Fixed Stator, Slots 

Moving Air-gap Compressible Air-gap 

Moving Rotor Rotation around one axis Shaft, Rotor, Magnets, Flux barriers 

After the declaration of the B-H characteristics, the magnet orientation has to be 

defined. The common orientation of the magnets includes radial and ortho-radial. In this 

research, each magnet was oriented individually. Extensive analysis of material 

properties has been done in chapter 5.  

All the regions of the machine need to be assigned to three different mechanical set. 

Table 2.4 points out each region to its mechanical set.  

2.9.3 External Electric circuit 

The current/voltage sources related to the stator winding can be assigned to an 

external electrical circuit. Each phase of the IPM machine can be represented by a 

stranded coil in the electrical circuit. A typical 3-ϕ star connected current excitation 

circuit is shown in Fig. 2.18.  

It can be seen from Fig. 2.18, end winding leakage inductance is in series with each 

phase of the winding. This is because FE 2D analysis cannot represent the effect of end-

turn. The value of end turn inductance is calculated by some empirical formula 

separately and included in the electrical circuit. The dot in every component of Fig. 2.18 

represents the direction of current entering the component. In FEA, the two-phase 

current sources represent the actual three-phase model. 

The current sources are described as,   

                                                  2 (2 )a rmsi I Sin ftπ γ= +   (2.32) 

                                                  2 (2 120 )b rmsi I Sin ftπ γ= + − °  (2.33) 

where, γ is the torque/current angle.  
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Fig. 2.18. Current excitation circuit in FEA 

2.9.4 Parameter Calculation 

There are two magnetic applications used for the analysis of the model in FEM. 

They are: 

• Magneto-static 2D: In this application, the input sources are time invariant. The 

Magneto-static application is used for the analysis of flux density and the MMF 

for the IPMM. The flux density is measured in a path specified by the designer. 

For measuring MMF in the prototype, stranded coil conductors with an imposed 

current is assigned to each phase and the magnets are replaced with air. The post 

processing of the MMF is done in the same manner as the flux-density, which is 

by assigning a path in the geometry and measuring the field across it. 

• Transient Magnetic 2D: In this case, the sources are time-variant. This means 

that the whole problem consists of solving the problem at discrete time intervals. 

All the performance analysis of the IPMM’s can be conducted using this 

application. The flowchart for the time stepping solving process is shown in Fig. 

2.19. 
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Fig. 2.19. Flow chart for the time-stepping finite element process 

Various performance calculations using transient Magnetic 2D are shown below: 

Back EMF: 

For the analysis of the open circuit back EMF, a fixed rotor speed is assigned to the 

mechanical set of the rotor. The electrical circuit for the EMF calculation is given in 

Fig. 2.20. The phase and the L-L resistance are of infinite values of resistance. 
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Fig. 2.20. EMF circuit in FEA 

In Cedrat-Flux 2D, the value of time steps needs to be given correctly in order to 

get the correct results. The three parameters of time step are: 

• Initial value of time step: If a computation has 48 time-steps over an electrical 

period (180°), the initial value of time step is calculated as 

 
360 /

48 6

P
ini

r

P
t

ω

°
=

× ×
  (2.34) 

where,  

P
P = Pole pairs; 

rω = Rated speed (RPM); 

For the prototype CW IPMM design, the value of time step is found to be  

4.166e-4 s.  

• Study time limit: The study time limit is fixed to 1 for solving all scenarios. 

• Limit number of time steps: The study time steps are limited to 48 steps. 

Cogging torque: 

The analysis of cogging torque requires no external electrical circuit. As the 

cogging torque values are quite small, special consideration is needed to limit the 

influence of finite element numerical errors due to meshing of the domain. Cogging  
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Fig. 2.21. Meshing of a 3-layer air-gap 

torque is produced by the magnet flux linked across the air-gap. For this reason, a fine 

mesh needs to be done across the air-gap to achieve the exact cogging torque. A 3-layer 

air-gap with a moving air-gap between the two layers is drawn in FE to analyze the 

cogging torque, thus giving accurate cogging torque values. Fig. 2.21 shows the evenly 

sub-divided 3-layer air-gap for the prototype design. 

In Cedrat-Flux 2D, the cogging torque is found by rotating the rotor slowly at 1/6 

rpm. The computation is conducted for two slot pitches of the prototype. For the 54 slot 

machine, 2 slot pitches corresponds to 13.33° mechanical degrees. For 60 time steps, 1 

second corresponds to 1 mechanical degree with an imposed rotor speed of 1/6 rpm. 

The time step turns out to be 0.222s with a maximum number of time steps to 61s. The 

study time limit is set to 100 seconds. 

Developed torque: 

The generated torque/power can be calculated by using the electrical circuit shown 

earlier in Fig. 2.18. The current sources have been already described in Eq.(2.32) and 

Eq.(2.33). The frequency of each sinusoidal current is dependent on the rotating speed 

of the rotor.  
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It is calculated as, 

                                                           
60

r p
w P

f
×

=   (2.35) 

The time steps for solving a scenario to achieve torque/power are of the same value 

as solving the EMF scenario. 

2.10 Conclusion 

In this chapter, various PM synchronous machines for wind turbine application 

were reviewed in detail. Two main research areas that are relevant to this work are 

studied: the IPM machine topology, and various winding layout of the IPMM. 

This chapter also provides the wind turbine characteristics of both HAWT and 

VAWT. For D-D topology, the machine rotating speed is equal to the turbine speed. 

Due to the elimination of the gearbox, the number of poles has to be increased to 

decrease the rated speed of the machine. Using the power-speed curves of the HAWT & 

VAWT, the rated speed of the turbine is determined which in turns gives the number of 

poles of the machine at rated frequency. The selection of rotor poles has been discussed 

in chapter 3.  

Finally, a brief overview on 2D Finite element analysis of the electric machine is 

presented. The process of developing the FE models for the studied machines is 

described in steps. The FE model of each machine design was used to estimate various 

performance indicators such as the cogging torque, L-L EMF, Power, Losses, etc. 
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3  

CHAPTER 3: Design of a High-Pole Number 

IPMM with Distributed Windings 
 

 

 

3.1 Introduction 

This chapter presents a systematic design optimization process of a 4kW interior 

permanent magnet machine (IPMM) with distributed windings (DW) for low-speed 

applications. It discusses various steps that were taken to minimize the cogging torque, 

torque ripple and the overall size of the machine. All critical parameters and output 

characteristics for all designs are compared using CEDRAT FLUX 2D FEA. To 

increase the accuracy level of the FE computation results, the air gap region is meshed 

using three layers of finite elements. 

3.2 Initial analysis of a 4-pole IPMM configuration 

According to the basic electrical machine theory, the torque of an electric machine 

is directly proportional to the air gap flux density. To have a good dynamic response 

and high torque density, air gap flux density should be maximized. The aim of this 

study is to understand the air-gap flux density of the IPM machine with a small pole 

pitch angle that is due to the large pole numbers. Initially, in order to determine the most 

suitable magnet pole configuration, the air-gap flux density of the conventional flat-

shaped IPM machine, segmented IPM machine and a V-shaped IPM machine of 4-pole 

were calculated and compared. 

The air-gap flux density of a 4-pole conventional flat-shaped IPM machine, flat-

shaped segmented IPM machine, and V-shaped IPM machine were calculated in their 

respective FE model. Since, the primary aim is to determine the most suitable magnet 
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configuration, the calculation of the air-gap flux density was carried out for open circuit 

condition. Fig. 3.1 shows the IPMM having the above mentioned magnet 

configurations. The geometrical dimensions of the stator and basic rotor were taken 

from an equivalent industrial induction motor from ABB. The key dimensions of the 

rotor and stator are listed in Table 3.1. 

The material for stator and rotor is chosen to be non-oriented electrical steel. The 

permanent magnet material is NdFeB with a remanence of 1.1 T. The flux barriers on 

the edge of the magnets as seen in Fig. 3.1 are provided to prevent the magnetic short 

circuit between adjacent magnet poles.  

 

Fig. 3.1. 4 pole IPM machines with (a) Flat-shaped Magnets; (b) V-shaped Magnets and (c) 

Segmented Magnets 
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Table 3.1 Main dimension of the 4 pole IPMM with DW 

Dimension Value (mm) 

Outer diameter of stator 125 

Inner diameter of stator 82 

Outer diameter of rotor 81 

Diameter of shaft 24 

Total number of pole 4 

Length of magnets 43.58 

Thickness of magnets 5 

Number of slots per pole 6 

Width of slots 5.3 

Slot opening 2.56 

Slot Depth 11.45 

Stack/Axial length 50.308 

 

The main difference between the conventional IPMM and the segmented IPMM is 

in the shape of the magnets. For segmented IPMM, the magnets are split into 2 or more 

sections for one pole. The iron bridges between the magnet sections provide an 

additional path for the magnet flux canalization during flux weakening operation as 

found in [80] and shown in Fig. 3.1. A segmented IPMM was designed with the same 

dimension as described in Table 3.1, but with 3 segmented magnets in one pole as 

shown in Fig. 3.2. Two iron bridges between the magnet segments are of the same size 

each with a width of 2mm.  

V-shaped IPMM consists of a segmented magnet in one pole with a V-angle 

between the two magnets as seen in Fig. 3.1. Initially the flux density and the cogging 

torque of the V-shaped IPMM with a V-angle of 155° was analyzed with the 

conventional flat shaped IPMM and the segmented flat shaped IPMM. 
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Fig. 3.2. Flux distribution of a four pole segmented IPMM (one pole) 

 

Fig. 3.3. Air-gap flux density of a 4 pole non-segmented IPMM, Segmented IPMM and a V-

shaped IPMM 

Fig. 3.3 shows a comparison of the air-gap flux density between a four pole non-

segmented IPMM, Segmented IPMM and a V-shaped IPMM (V-angle 155°). As seen 

from Fig. 3.3, the non-segmented conventional flat shaped IPMM generates the highest 

fundamental component of the flux density of 0.84 T in the air-gap. The fundamental 

component of air-gap flux density of the segmented IPMM was found to be 0.59 T that 

is 30% less than the flux density achieved with a flat shaped IPMM of similar 

dimension.  
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The segmented IPMM showed relatively less flux density in the air-gap as the 

magnets are segmented into 3 pieces having iron bridges in between which causes lesser 

flux to reach the air-gap. As for the V-shaped IPMM, the flux density is found to be 

0.73, which is significantly lower than the non-segmented IPMM. Fig. 3.4 shows the 

variation in cogging torque for all three designs. 

The cogging torque of a V-shaped IPMM is found to be very low compared to the 

other two designs. The non-segmented flat shaped IPMM generates the highest cogging 

torque of 0.1 Nm peak. It can be seen from Fig. 3.4 that the IPMM with segmented 

magnets develops lesser cogging torque in comparison to the non-segmented flat shaped 

IPMM. This is because cogging torque is proportional to the air-gap flux and, in this 

case, the air-gap flux density is substantially lower for the segmented IPMM.  

In the previous study, the V-angle for the V-shaped IPMM was chosen to be 155°. 

Altering the V-angle will change the air-gap flux density as well as the developed 

cogging torque of the machine. The next study focuses on the effect of V-angle on the 

flux density and cogging torque of an IPMM. The flux distribution for all V-shaped 

IPMM designed for this analysis is shown in Fig. 3.5. 

 

Fig. 3.4. Cogging torque comparison between the 4 pole non-segmented, segmented and the V-

shaped IPMM 
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Fig. 3.5. Flux distribution of V-shaped IPMM’s for various V-angles 

Different air-gap flux density can be obtained for a V-shaped IPM machine by 

changing the position and V-angle of the magnet in the rotor pole. Fig. 3.6 shows the 

air-gap flux density plot of the V-shaped magnet IPMM for different V-angle. The FFT 

plot of the air-gap flux density is given in Fig. 3.7. 

In this study, while decreasing the V-angle between the magnets, the magnet 

volume is kept constant which makes the distance between magnets of two adjacent 

poles higher. At this particular region between two adjacent magnet poles, no flux is 

crossing the air-gap, and the flux density becomes zero as seen in Fig. 3.6. This makes 

the average flux density to be lower for the v-shaped IPMM’s with smaller V-angles. 

On the other hand, V-shaped IPMM with small V-angle generates higher peaks in their 

air-gap flux density waveform. The study of the V-shaped IPMM with various V-angles 

with the same magnet volume exhibits that there exists an optimum V-angle for which 

the fundamental component of flux density is maximum. As for this case, the four-pole 

V-shaped IPMM with a V-angle of 90° is the optimum angle at which the fundamental 

component of flux density is maximum at 0.83T. 

V-angle : 30° V-angle : 60° V-angle : 90° 

V-angle : 130° V-angle : 155° 
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Fig. 3.6. Air-gap flux density of a V-shaped IPMM for various V-angles 

(30°,60°,90°,130°,155°) 

 
Fig. 3.7. FFT spectrum of the air-gap Flux density of 4 pole V-shaped IPMM 

This comparison indicates that the fundamental component of flux-density reaches 

its peak at a certain V-angle. It should be noted here that due to mechanical limitation, 

V-angle cannot be made too small. According to [81], decreasing the value of V-angle 

will increase the air-gap flux density and will have a smaller optimal split ratio for 

higher torque. A small optimal split ratio leads to a large slot area and a higher electrical 

loading that increases the probability of demagnetization of the magnets [82]. Fig. 3.8 

shows the variation in cogging torque with the change in V-angle for the V-shaped 

IPMM. It can be seen that the peak cogging torque increases with the reduction of V-

angle. The V-shaped IPMM with a V-angle of 155° produces the lowest amount of 

cogging torque as seen in Fig. 3.8. 
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Fig. 3.8. Variation in cogging torque with the change in V-angle for the V-shaped IPMM 

The primary focus of this study is to achieve a high air-gap flux density with low 

cogging torque for various rotor configurations in the IPMM. The flat shaped IPMM 

was able to provide maximum flux density in the air-gap but with highest developed 

cogging torque. The segmentation of flat shaped magnets reduces the overall flux 

crossing the air-gap. This means the overall power rating of the IPMM will be 

considerably lower. For these reasons, no further analysis has been done with an IPMM 

with flat shaped segmented magnets. The study shows promising results on the V-

shaped IPMM with various V-magnets. More analysis on the V-angle for these 

machines has been conducted in section 3.3.4.  

3.3 42 pole IPMM with Distributed windings (DW) 

Pole number is a critical design parameter in machine design. For direct-drive PM 

machines, the pole number can vary in a very wide range. In chapter two, the wind 

turbines were designed to obtain a rated power of 4 KW at 8 m/s of wind speed. From 

the analysis conducted in chapter 2, the wind speed of 8 m/s corresponds to 143 rpm for 

the direct-drive IPM machine.  
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The number of poles needed for the IPMM to achieve 143 rpm at 50 Hz can be 

calculated by, 

     
60

p

r

f
p

ω
=  (3.1) 

where, 
rω  is the rated speed of the IPMM and p

p  is the number of pole pairs.  

From Eq.(3.1), the number of pole pairs was calculated to be 21. Initially, stator and 

the rotor dimensions were expanded based on the initial 4 pole IPMM. There are a 

substantial number of free parameters when designing a machine. Some of these 

parameters need to be restricted in order to have an optimal solution. For initial 

designing of the IPMM with distributed windings, some of the parameters were limited 

to a particular value so that other parameters could be optimized to achieve an optimal 

IPM machine. The following parameters were restricted to the designers’ desired 

values: 

• Power of the IPMM is set to 4 KW. 

• Rated L-L voltage is fixed in the range of 350-400 volts (RMS). 

• Air-gap Flux density range between 0.75- 0.85 T. 

• Stack length in the range of 150-200 mm. 

• 21 Pole pairs and rated frequency at 50 Hz.   

The power and the voltage are set to a certain value depending on the availability of 

instruments in the lab for experimentation of the machine. The air-gap flux density is 

directly proportional to the mechanical loading of the machine. The air-gap flux density 

range is chosen based on existing salient pole machines in the market. All the other free 

parameters are somehow related to the above restricted parameters. The selection 

procedures for all of these free parameters are discussed in detail in the forthcoming 

sections.  
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3.3.1 Selection of rotor design 

For high pole machines, the rotor design has a significant influence on the 

performance and structure. The rotor radius of the machine was first carefully 

determined based on magnetic and electric loading of the proposed DW IPM machine. 

It is a established fact that the induced EMF is a function of the rotor radius as given by 

the following expression, 

                                      max

2 2

ro s

p

ph

B l R

p

N K
E ωπ ω× × × × ×

= ×
√

 (3.2) 

where, 

maxB = Peak air-gap flux density; 

l = Stack length; 

2 fω π= ; 

roR = Radius of the rotor; 

sN = Total Number of turns of the conductor; 

Kω = Winding factor and 

pP = Pole pairs; 

 

It can be seen from Eq.(3.2), that if the air-gap flux density is kept constant, the 

EMF solely depends on the Rro, Ns and pP . A typical / rol R  ratio of  a synchronous 

machine is around 0.35 [83].  The flux density in the air-gap, tooth and the stator yoke 

at no-load of a machine calculated from the finite element model should be in 

permissible limits at all times based on the design of the insulation of the machine. At 

the early design stage, the electromagnetic torque of the IPMM is calculated from the 

Eq.(3.3) [62].  

                                               . .. .e si aT = 2 B l R Aδπ  (3.3) 

where, 

Bδ = air-gap flux density; 

siR =Stator inner radius;  

 Aa =electrical loading;   
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An expression for air-gap flux density, Bδ  of the machine can be derived for a 

constant EMF: 

                                            
1 ro

B =
2×k × R ×l

δ

ϕ
 (3.4) 

where, 
1k =proportionality constant; ϕ=fundamental flux per pole; 

Using analytical equations to determine open-circuit air-gap flux density is difficult 

for IPMM’s as the machine has significant leakage flux and magnetic saturation. In this 

research, the flux density distribution is obtained using FEA. The electrical loading of 

the machine can also be defined in terms of number of turns and rotor radius [84], 

                                          
2

s
a r

ro

N
A = k × I      A / m

2R
 (3.5) 

where,
2k  =proportionality constant;  

The linear current density for small PM machine should be less than 35 kA/m 

according to [85]. Initially, the IPMM was designed with an electrical loading of 18.8 

kA/m calculated using Eq.(3.3) at full load torque. It should be noted here that torque 

ripple is related to the electric loading of the machine. Electrical loading can be 

optimized for minimum torque ripple for a given rating of the machine [86]. A detailed 

analysis of this minimization technique for the proposed machine is discussed in the 

latter part of this chapter. The winding factor of 1-slot short pitch distributed winding is 

0.96. Increasing the dimension of the machine will increase the mass as well as the cost 

of the overall machine whereas increasing the number of turns will increase the copper 

loss. Thus, the optimum dimensions and number of turns can be found by minimizing 

copper loss and volume for a given rated voltage and power.  



CHAPTER 3: Design of a High-Pole Number IPMM with Distributed Windings 

65 

 

3.3.2 Air-gap length and Aspect ratio 

The length of the air gap of a machine has a significant influence on any PM 

machine. The air-gap length can be characterized as [85] 

                                                               
-7 a

p

max

A
7×10 × ×

B
δ τ≥  (3.6) 

where, 

δ = air-gap length; 

p
τ = pole pitch and 

aA = Electrical loading; 

 

The air-gap length for all constructed designs in this research varies from 1.1 mm ~ 

1.3 mm depending on the desired peak air-gap flux density range of 0.75-0.85T. In 

machine terms, the aspect ratio is defined as the stack length (l) to the air-gap diameter 

(Di) of the machine. For large scale direct-drive PM generators, the optimal aspect ratios 

are usually lower than 0.6 [87]. Typically, smaller aspect ratios result in greater torque 

density per volume. In the initial DW IPMM design, the aspect ratio is set to 0.3. 

3.3.3 Stator design 

Usually, a full pitch winding (i.e. 3 slots per pole) is commonly used in a high pole 

number machine. However, a full pitch winding also results in higher space harmonics 

in the magnetomotive force (MMF). Such stator structures are also known to produce 

higher cogging torque in the PM machine due to the position of the slots with respect to 

rotor magnet poles. For the selection of appropriate pitch  in the DW winding, the air 

gap flux density and cogging torque were compared between a full pitch (i.e. 3 slot per 

pole ) and 1-slot short pitch winding (i.e. 6 slots per pole). Both the winding layout is 

shown in Fig. 3.9 for two pole pitch of the DW IPMM. This winding pattern should be 

repeated 21 times to represent the entire winding. It should be pointed out that for a full 

pitch DW the fundamental winding factor is 1, whereas, for 1-slot short pitch DW, it is  
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Fig. 3.9. Winding layout of (a) Full pitch DW and (b) 1 slot short pitch DW 

Table 3.2 Variation in flux density, Cogging torque and EMF by varying the pitch in DW 

 DW-full pitch DW-1 slot short pitch 

Flux density (T) 0.877 0.877 

Cogging torque (Nm) 16.27 10.5 

Winding factor 1 0.966 

L-L EMF (volts) 450.8 440.4 

0.966. This shows that an IPMM with full pitch DW winding will generate higher back 

EMF as compared to a 1 slot short pitch DW of the same geometry.  

The comparison of cogging torque conducted by varying the pitch of the DW shows 

an increase in cogging torque for both flat-shaped and V-shaped IPMM when the 

windings are full pitched and with the same air-gap flux density. It was found that the 

air-gap flux density was not significantly affected by the winding pitch, but the cogging 

torque was higher in a full pitch DW winding. Due to the lower winding factor, the 

IPMM with 1-slot short pitch winding generates lesser EMF in comparison to the 

IPMM with full pitch winding. Table 3.2 summarizes these results. As it was found that 

the set goal of the cogging torque can be achieved by the 1-slot short pitch winding 

while maintaining the same air-gap flux density as the full pitch winding, therefore, 6-

slots per pole i.e. 1-slot short-pitch winding structure was selected.     

For a fixed slot depth, the stator outer radius (SOR) increases proportionally with 

the rotor outer radius. The increase of stator radius is necessary to maintain 6 slots per 

pole configuration. A reasonable slot and tooth width must be selected so that an 
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acceptable level of slot fill factor and tooth saturation can be preserved. The thickness 

of the yoke depends on the dimension of the slots and slot area must suffice to hold 

required number of conductors of a certain size. The required current density determines 

the conductor size. Total coil area in a slot can be defined as 

      cs 
us

cu

N × S
S =

k
 (3.7) 

where,  

N = Number of conductors per slot; 

cs S = Conductor area;  

cuk = Slot-fill factor; 

Slot area and geometry were selected based on the required numbers of conductors 

in the slot to induce the rated voltage and current rating. A typical slot fill factor of 0.35 

was considered to calculate the required slot area. A detailed analysis of slot fill factor 

will be done in chapter 5. It was found that number of conductors per slot is 6 and based 

on current rating the size of conductors was selected as 3.31 mm. Thus, the required area 

of the slot was calculated as 55.6 mm
2

. Fig. 3.10 shows the slot dimension in the stator 

for one slot short pitch distributed winding structure. As the structure of the slots affects 

the torque ripple, which suggests the optimization of the slot dimensions were necessary 

for the minimization of torque ripple. This will be discussed in section 3.3.8. 

3.3.4 Selection of Magnet structure 

For PM machines, various steps need to be taken for optimization of the magnetic 

loading to have the most compact design. Magnetic loading is directly linked to the 

structure and the material of the magnets. 

3.3.4.1 Selection of Magnet grade: 

Magnet remanence is directly proportional to the magnetic loading in PM 

synchronous machines. This makes the selections of magnet remanence and coercivity a  
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Fig. 3.10 Slot dimension of the DW IPMM 

paramount aspect in the design of IPM machine. The varying range of magnet 

remanence depends on the saturation level of the PM machine. This saturation point 

depends on the material used for laminating the rotor and stator of the machine.   

Table 3.3 shows the permitted flux densities of the magnetic circuit for a standard 

salient-pole synchronous machine. This table was used as a benchmark for adjusting the 

magnet remanence and machine dimensions to limit different regions of the machine to 

become saturated. Fig. 3.11 shows the flux density in the air-gap, tooth and the stator 

yoke at no-load for the flat shaped 42 pole IPMM calculated from the finite element 

model that are in permissible limits according to Table 3.3.  The V-shaped IPMM with 

DW also shows similar flux density pattern as of Fig. 3.11.  

Table 3.3. Permitted flux densities for standard salient-pole synchronous machines 

 
Flux density 

(T) range 

Air-gap > 0.8 

Stator yoke 1.0-1.5 

Tooth 1.6-2.0 

Rotor yoke 1.0-1.5 
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Fig. 3.11. One pole of the flat shaped DW IPMM showing flux density in various regions with 
color shades. 

3.3.5 Selection of pole magnet configuration 

The geometric restriction for the value of magnet length is defined by, 

                                          ( ) tan
2

m r

p

t R d
P

π
≤ − ×  (3.8)                                                     

where, 

mt =magnet length, 

rR = radius of the rotor,  

d=magnet thickness. 

 

According to Eq.(3.8), increasing the pole pairs will reduce the magnet length while 

by increasing the rotor radius, more geometrical space for magnets with larger length 

will be possible. To select the right magnet configuration for the 42 pole DW IPMM, 

the IPMM with V-shaped magnet for various V-angles were analyzed and compared 

with an IPMM with flat-shaped magnets of the same dimension. The analysis was based 

on the achieving high air-gap flux density that affects the magnetic loading of the 

machine and low cogging torque that is one of the primary design goals. Table 3.4 

shows the principal dimensions of the machines studied.   

Color Shade Results
Quantity : |Flux density| Tesla
 
Time (s.) : 416.599999E-6 Pos (deg): 357.442E-3
Scale / Color
1.83702E-30   /   192.58925E-3
192.58925E-3   /   385.17848E-3
385.17848E-3   /   577.76773E-3
577.76773E-3   /   770.35701E-3
770.35701E-3   /   962.94618E-3
962.94618E-3   /   1.15554
1.15554   /   1.34812
1.34812   /   1.54071
1.54071   /   1.7333
1.7333   /   1.92589
1.92589   /   2.11848
2.11848   /   2.31107
2.31107   /   2.50366
2.50366   /   2.69625
2.69625   /   2.88884
2.88884   /   3.08143
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Table 3.4. Main dimension of the DW IPMM 

Dimension Values (mm) 

Stator Outer diameter        340 

Rotor Outer diameter 310 

Air-gap length  1.1 

Stack length  162 

Magnet Volume    0.11e-3 
2m  

Magnet Remanence 1.16 T 

 

 

 

Fig. 3.12. Cross-sectional view of (a) DW IPMM-F and (b) DW IPMM-V 

Fig. 3.12 shows the pole pitch of (a) an IPMM with flat-shaped (DW IPMM-F) magnet 

and (b) V-shaped (DW IPMM-V) magnet. From Fig. 3.12(b), it can be seen that if the 

magnet pole arc is kept constant while decreasing the V-angle, the width of the iron 

bridges between the two magnets legs (referred to as “G” in Fig. 3.12(b)) will widen. A 

large iron bridge in this area will result in leaking of the magnet flux. Therefore, to keep 

the magnet pole arc and G constant while decreasing the V-angle, the magnet width 

increases according to Fig. 3.12. Thus, the comparison has been conducted in 2 different 

stages. Firstly, the magnet pole arc as well as the magnet width is kept constant while 

changing the gap width between the magnets (G). Secondly, the magnet volume and gap 

width “G” were held constant while the magnet pole arc was varied. Fig. 3.13 compares 

the air-gap flux density and the cogging torque of different IPM rotor structures for the 

first case. It can be seen from Fig. 3.13, that air-gap  flux density is the highest for the  

(a) (b) 
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Fig. 3.13. Change in peak Air-gap flux density and Cogging torque with the variation in IPMM 

rotor structures with magnet arc angle being constant 

 flat-shaped magnet (it can be considered as a magnet shape with the V-angle of 180°). 

This is because there is no additional leakage path of G in this configuration. However, 

the cogging torque is also the highest for this rotor. The minimum cogging torque is 

found to be 0.8 Nm for a V-shaped IPMM with a V-angle of 60° but the air-gap flux 

density is unacceptably low (> 0.29 T). Therefore, a trade-off between magnetic loading 

and cogging torque of the machine is needed. In the second case, the magnet pole arc is 

varied, but the magnet volume and the gap width between the magnets (G) for the V-

shaped rotor structure were kept constant. The variation in air-gap flux density for 

different rotor structures under this condition is shown in Fig. 3.14. The difference in 

the fundamental component of air-gap flux density and cogging torque for various rotor 

structures under this condition is compared in Fig. 3.15. It can be concluded from the 

comparison that a higher pole pitch produces high fundamental component of air-gap 

flux density. On the other hand, the peak of the air-gap flux density reduces with higher 

pole pitch in the machine. By varying the magnet pole arc, it is seen that the cogging 

torque for the V-shaped IPMM with 120° of V-angle has been reduced to 6.46 Nm 

while the air-gap flux density remains the same as seen in Fig. 3.13.  
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Fig. 3.14. (a)Variation in air-gap flux density with the variation in IPMM rotor structures with 

constant magnet volume while varying the magnet arc angle; (b) Peak air-gap flux density 

(Zoomed in) 

 

Fig. 3.15. Change in peak Air-gap flux density and Cogging torque with the variation in 
IPMM rotor structures with constant magnet volume while varying the magnet arc angle.  

The minimum cogging torque of 4.18 Nm was found in the V-shaped IPMM with a V-

angle of 60° and with a lesser flux density of 0.7 T compared to that of a flat shaped and 

a V-shaped IPMM with 120° of V-angle. From the above preliminary comparison, there 

are two clear choices - flat-shaped magnet and V-shaped magnet with 120° V-angle. 

Further design optimizations were carried out in the finite element models of these two 

designs to achieve following design objectives: 

• Cogging torque ( <1% of rated torque) 
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• low torque ripple ( <5% of rated torque) 

• High efficiency (>90%) 

3.3.6 Minimization of Cogging torque 

There are two torque components that affect the output performance of a machine. 

The first, called Cogging torque, is produced in permanent magnet machine by the 

magnetic attraction between the rotor mounted permanent magnets and the stator teeth. 

It contributes to torque ripple, vibration and noise that are undesirable for any machine 

design. The second component is referred to as torque ripple that will be discussed in 

the next section. 

The PM machines produce a significant cogging torque that causes both vibrations 

and noise. The effect of cogging torque is the most severe when speed is very low.  

Minimization of cogging torque is crucial for a direct-drive wind turbine. In a direct- 

drive wind turbine, at cut-in speed, the wind needs to overcome the cogging torque 

before any useful electric power can be developed at the terminal of the generator. 

Cogging torque is higher for compact machines with stronger permanent magnets and 

smaller air gap [88]. Cogging torque in an IPMM is greater compared to an SPM 

machine due to the unbalanced magnetic reluctance between the stator and the rotor 

[89]. The cogging torque is produced in the machine by the magnetic attraction between 

the permanent magnet poles of the rotor and the stator teeth. A small variation of flux 

density distribution significantly affects the cogging torque [90]. It can also be defined as 

the circumferential component of the attractive force that attempts to maintain the 

alignment of the stator teeth and the permanent magnets [91], shown in Fig. 3.16. Thus, 

the position of the magnets with respect to the teeth is critical to minimize the cogging 

torque. Cogging torque is produced when the magnet flux of leading and trailing edge 

of a permanent magnet enters a slot.  
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The cogging torque can be approximated as follows [88, 89]: 

 
( )g

cog

dE
 T =

d

θ

θ
−  (3.9) 

where,  

θ = relative position of the PM with respect to the iron core, and  

( )gE θ = Stored magnetic energy in the air gap of the motor.  

 

Since the magnet pole arc and θ are directly related, the variation of the magnet pole 

arc length influences the resultant cogging torque. Various cogging torque minimization 

techniques can be applied in order to reduce its adverse effect on the machine. The 

conventional cogging torque reduction methods include pole pitch adjustment, PM 

asymmetry adjustment process, and semi-closed and auxiliary slots of the stator core 

[92]. Cogging torque can be reduced simply by reducing magnet strength, but it was not 

considered in this study, as weak magnets will significantly reduce power/torque density 

of the machine. Another commonly used technique to reduce cogging torque is skewing 

of the magnets that were also not considered here as it will complicate the 

manufacturing process. In [91], the cogging torque of an SPM machine has been 

analyzed by varying the magnet strength, varying the magnet arc length and shifting 

magnet poles. The results show that cogging torque increases with the rise in magnet arc 

length and magnet strength in SPM machines. The cogging torque of an IPMM can also 

be reduced by choosing an optimum flux barrier shape, as stated in [93]. The two 

methods that were applied in the proposed design to minimize cogging torque were: 

magnet pole arc variation and flux- barrier variation. As the flux barrier shape also have 

a significant effect on minimization of the torque ripple, the optimization of flux barrier 

shape has been conducted in order to minimize both the cogging torque and torque 

ripple in section 3.3.8. 
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Fig. 3.16. Cogging torque in PM machines 

3.3.7 Design optimization for low Cogging torque 

The IPMM with the flat shaped magnet rotor structure will be referred here as D-1, 

and the one with a V-shaped rotor structure with a V-angle of 120° will be referred as 

D-2. To achieve the same power as of D-1, the stack length of D-2 was increased to 

173mm. Except for the difference in the stack length both designs have the same key 

dimensions as shown in Table 3.4. The winding layout for both the designs is a DW 

with 1 slot short pitch winding as discussed in section 3.3.3. The reduction of the 

cogging torque is achieved by changing the magnet arc length in the rotor of the 

machine. The analysis had been conducted for D-1 to get the optimum magnet arc 

length to achieve minimum cogging torque in the machine. Table 3.5 shows the change 

in the cogging torque with various magnet arc lengths for D-1.  

The optimum magnet arc length for D-1 was found to be 40.84 mm with a 

minimum cogging torque of 2 Nm, which is less than 1% of rated torque. Similarly, for  
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Table 3.5 Effect of cogging torque with the variation in magnet arc length 

Magnet arc 

length (mm) 

Cogging 

torque (Nm) 

Air-gap flux 

density (T) 

38.92 10.46 0.785 

39 11.1 0.79 

40.84 2 0.8 

42.2 5.83 0.837 

 

 

Fig. 3.17. Cogging torque of D-1 and D-2 

D-2, the minimum cogging torque was found to be at 4.53 Nm with an optimum magnet 

arc length of 38.09mm. Fig. 3.17 shows the cogging torque for D-1 and D-2 as a 

percentage of rated torque with optimum magnet arc found in Table 3.5. 

It was found that although the overall magnet arc length of a D-2 was smaller than 

that of the D-1, the cogging torque is nearly two times higher in the D-2. Thus, in terms 

of cogging torque, DW IPMM-F (D-1) has better performance. Although pole arc length 

of DW IPMM-V (D-2) is lower, the total machine volume as well as the magnet volume 

in this machine is found to be higher to obtain similar performance as the DW IPMM-F 

(D-1), shown in Table 3.6. Hence, it can be concluded that in terms of cogging torque 

optimization and also to achieve a more compact design in an IPMM with large pole 

number flat-shaped magnet with the DW stator i.e. D-1 is a better choice.  
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Table 3.6 Difference in volume for both the DW IPMM’s 

 D-1 

mm
3
 

D-2 

mm
3
 

Machine volume   58.8e-3    62.82e-3 

Magnet volume    0.8e-3    0.86e-3 

3.3.8 Torque ripple minimization 

Torque ripple is critical at low speed due to the damping effect of the rotor mass 

inertia. This ripple is mainly caused by the harmonics in the air-gap flux density. 

Besides, the saturation in the rotor and stator core due to the magnetic and electrical 

loading increases the torque ripple component in the developed torque. Typically, the 

cogging torque and the harmonic contents in the back EMF are minimized to reduce the 

torque ripple in the developed electromagnetic torque in PM machines [94, 95]. The 

harmonics in the air-gap flux density are introduced by the slot openings of the stator 

and the magnet flux-barrier of the rotor in an IPMM. Hence, both the slot opening and 

the design of flux barriers influence the minimization of the torque ripple. Moreover, in 

an IPMM, the design of the flux barrier is also essential to reduce unnecessary magnet 

flux leakage in the iron parts next to the bridges. The effect of flux-barriers on the rotor 

MMF harmonics has been discussed in chapter 4.  

Fig. 3.18 shows three flux barrier design variations proposed in order to reduce 

torque ripple for D-1 and D-2. As the slot opening has a direct influence on torque 

ripple, an analysis had also been carried out with various slot opening values along with 

the three flux barrier designs shown in Fig. 3.18 to achieve reduced torque ripple. In this 

thesis, the three flux-barrier design for D-1 IPMM are referred to as A, B and C and for 

D-2 IPMM, it is called a, b and c.  
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Fig. 3.18. Flux barrier designs 

 

Fig. 3.19. Variations in torque ripple with the change in flux barrier design and slot opening 

for D-1 

The variation in torque ripple for D-1 with the three flux barrier designs shown 

above is compared in Fig. 3.19. The analysis also included the effect of closed slot in 

the stator on the torque ripple. The results shown in Fig. 3.19 indicates that the closed 

stator slots will reduce the torque ripple in comparison to open stator slots. However, 

the constructions of closed stator slots are troublesome making the insertion of the 

windings in the slots very difficult. For this reason, closed slots in the stator were not 

considered in this research.  

For all three flux barrier designs in open slot stators, the torque ripple is found to be 

the lowest when the slot opening is 1.2 mm. The minimum torque ripple for D-1 was 

found to be 6% of the total rated torque with a flux barrier design of “B” and a slot 

opening of 1.2 mm. The air-gap flux density of D-1 under this condition is compared in 

Fig. 3.20  with a  slot opening of 1.2 mm to  ensure that the air-gap flux density   is still  
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Fig. 3.20. Air-gap flux density of the prototype machine for three flux barrier designs mentioned 

in Fig. 3.18 

within the design range with the selected barrier design and slot opening. The FFT 

analysis of the air-gap flux density for Design “B” with all three slot opening is showed 

in Fig. 3.21. Design “B” produces the minimum total harmonic distortion (THD) in the 

air-gap with a slot opening of 1.2 mm. 

The fundamental component of Design “B” is 0.8 T, which is found to be higher than 

the other two flux barrier designs (A and C). Thus, it can be concluded from this study 

that the flux barrier design “B” reduces the unnecessary flux leakage in the iron ribs and 

will be able to generate higher torque than design A and C while producing the lowest 

torque ripple. The variations in torque ripple for D-2 with the three flux barrier designs 

shown in Fig. 3.18 are compared with respect to three different slot openings in Fig. 

3.22. As for D-2, the minimum torque ripple was 14.4% of the rated torque with the flux 

barrier design of “b” and a slot opening length of 1.3 mm. However, this value of torque 

ripple is still much higher than the set design goal discussed in section 3.3.4.  The ripple 

of torque can also be expressed with respect to the EMF harmonics. If the cogging 

torque and the magnetic saturation is neglected, the torque ripple can be shown as [96], 

                     
2 2 2 2

7 5 13 11 19 17 25 23 12 ( ) ( ) ( ) ( ) /rippleT E E E E E E E E E
∧ ∧ ∧ ∧ ∧ ∧ ∧ ∧ ∧

= − + − + − + −  (3.10) 

where, 
nE  is the amplitude of the n

th
 order harmonic component of the phase back-EMF.  
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Fig. 3.21. FFT analysis of air-gap flux density for D-1 with a flux barrier Design ‘B’ at various 

slot openings. 

 

Fig. 3.22. Variations in torque ripple with the change in flux barrier design and slot opening for 

D-2 

Assuming the back-EMF consists of only fundamental, 5
th

, 7
th

, 11
th

 and 13
th

 

harmonics, it will induce a 6
th

 and 12
th

 order harmonic ripple in the torque waveform 

[84]. This means that the torque harmonics will be influenced by the 6
th

 and the 12
th

 

order torque ripple. According to [84], the trade-off between electrical and magnetic 

loading influences the EMF harmonics which in turn affect the torque ripple. An 

analysis has been conducted for D-1 by varying the electrical loading of the machine. 

As mentioned earlier in the definition of electrical loading given in Eq.(3.5), it is the 

function of rated current and number of turns per phase. By keeping the rated current 

constant but by changing the number of turns per phase, electrical loading can be varied.    
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However, reduction of the number of turns will affect the induced voltage and 

torque unless the active length of the machine is increased.  Hence, the active length 

was adjusted to get the same RMS voltage and torque output as before while reducing 

the number of turns per phase. To accommodate the conductors in the slots, the slot 

depth was also adjusted. Fig. 3.23 shows the change in the 6
th

 and 12
th

 order harmonic 

component of torque ripple with the variation in the number of conductors per slot (N) 

for D-1. 

The plot in Fig. 3.23 shows that the 6
th

 order harmonic content is lowest when the 

number of conductors per slot is 6. On the other hand, the 12
th

 order harmonic content is 

highest when N=6. Further FFT plot of the torque waveform when N=6 (Design A) & 

N=7 (Design B) is shown in Fig. 3.24. In the FFT of the Fig. 3.24, the DC component of 

the torque is excluded to show the harmonics clearly. From Fig. 3.24, it can be seen that 

the 12
th

 order harmonic is higher for Design B that produces a peak-peak torque ripple 

of 9% of the rated torque. On the other hand, Design A has higher 6
th

 order harmonic 

but the peak-peak torque ripple is 6% of the rated torque. Hence, it can be concluded 

that the reduction of 6
th

 order harmonic is more important for reducing peak-peak torque 

ripple. This suggests in keeping the number of conductors per slot to its previous value 

of 6 which produces a torque ripple of 6% of rated torque for D-1. The FFT plot of the 

torque waveform for D-2 when N=6 & 7 is shown in Fig. 3.25. The minimum torque 

ripple was found to be 14.4 % at N=6 turns per slot. 

The effect of slot dimension on the 6
th

 order EMF harmonics has been analyzed in 

[84]. This means that the torque ripple can also be optimized by varying the slot 

dimensions in the stator. The stator slot depth was previously adjusted according to the 

slot area needed to accommodate the coils. The slot opening has been adjusted in this 

section to minimize the torque ripple.  
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Fig. 3.23. Variation in 6
th
 and 12

th
 order torque ripple with the change in the number of 

conductors per slot (N)  

 

Fig. 3.24. FFT of the developed torque for D-1 when N=6 and N=7 

 

Fig. 3.25. FFT of the developed torque for D-2 when N=6 and N=7 

The effect of shoe thickness (shown in Fig. 3.10) on torque ripple was also 

investigated in this research. Table 3.7 displays the variation of the torque ripple due to 

the change in the 6
th

 order harmonic content in back EMF for various shoe thickness. 

The minimum  torque ripple  for the  proposed D-1 was  found to be 6%  of the rated  
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Table 3.7 Variation in torque ripple with the change in shoe thickness for D-1 

Shoe thickness (mm) 1.6 1.7 1.9 

6th order EMF Harmonic  4.9% 5.2% 5.3% 

Torque ripple 6% 6.8% 6.8% 

torque with a shoe thickness of 1.6mm. Similarly for D-2, the shoe thickness for lowest 

torque ripple was found to be at 1.6 mm. 

3.3.9 Simulation results 

After appropriate optimization of the barrier and slot opening, the air-gap flux 

density, EMF and the developed power were recalculated for both designs- D-1 and D-2 

using FE model. Table 3.8 shows the key specifications and typical parameters of both 

models. As mentioned earlier, to achieve the same power rating in the two designs, the 

stack length of the design D-2 was increased by 6.8%. The chosen rotor and stator core 

material (grade M270-35A), is a non-oriented silicon steel with a thickness of 0.35mm. 

It has a saturation point at 1.6T and core losses of 2.7 W/kg at 1.5T/50Hz [97]. The flux 

density waveforms of both the machines designed are shown in Fig. 3.26. The peak 

fundamental air-gap flux density is found to be 0.8 T for D-1 and for D-2, it is 0.76 T. 

Fig. 3.27 displays the L-L back EMF of D-1 and D-2. The line to line back EMF of D-1 

is found to be 370 volts (RMS) with a total harmonic distortion (THD) of 4.82%. As for 

the L-L EMF voltage for D-2, it is 360 volts with a THD of 4.96%. Fig. 3.28 shows the 

L-L EMF spectrum analysis of D-1 and D-2. 

The RMS line current is set to 6.5 A for both the designs. The maximum torque per 

ampere (MTPA) condition under current control was simulated in the FE model to 

calculate the developed power and torque at rated speed. 
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Table 3.8 Key parameters of the DW IPMM 

Items  

Rated Power 4 KW 

Rated Voltage 370 V 

Rated Current 6.5 A 

Speed 143 RPM 

Number of poles 42 

Number of slots 252 

Number of conductors per slot 6 

 

 

Fig. 3.26. Air-gap flux density of D-1 & D-2 

 

Fig. 3.27. Line-Line Back EMF 

 

Fig. 3.28. Spectrum analysis of the L-L EMF of D-1 and D-2 
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The coupled circuit and the analysis procedure for simulating the developed torque 

have been already shown for an IPMM machine in chapter 2. The current angle for 

MTPA is found to be 3° for D-1 and 5° for D-2. This indicates that the saliency in both 

machines is low.  Fig. 3.29 shows the electrodynamic torque of both the machine 

design. The total developed power of D-1 is 4137W with a total torque of 276 Nm at 

rated speed. D-2 has a total power of 4048 W with a total torque of 270 Nm at rated 

speed. This indicates that even with a larger machine volume for D-2, it generates 2.1% 

less power than D-1. Fig. 3.30 shows FFT of the developed torque for D-1 and D-2. The 

variation in peak of the developed torque with respect to the torque angle (Gamma) for 

D-1 is shown in Fig. 3.31. As stated before, the torque ripple for D-1 is 6% of rated 

torque, whereas the torque ripple for D-2 is 14.4%. 

From Fig. 3.30, it can be seen that 6
th

 harmonic component has the highest 

magnitude that is dominating in production of torque ripple. This is due to the fifth and 

seventh harmonics of the back-EMF [86], already explained in section 3.3.8. The next 

highest torque harmonic is of 12
th

 order. 

 

Fig. 3.29. Total developed torque 
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Fig. 3.30. FFT of the developed torque 

 

Fig. 3.31. Variation in peak electrodynamic torque with respect to the torque angle for D-1 

Torque ripple produced by these 6
th

  and 12
th

 order harmonics can be eliminated in 

principle by generating an inverse torque component through appropriate modulation of 

the stator current as described in [98] where a very high bandwidth current controllers 

were proposed for high-frequency torque ripple compensation. However, this study has 

not been conducted in this research. The torque ripple can be minimized further by 

applying various design technique explained in [98, 99]. It can also be reduced by using 

particular winding layout in stator [86]. Future research will focus on analyzing these 

techniques into reducing the torque ripple for DW IPM machines. 

3.3.10 Losses in the DW IPMM 

In this section, the iron losses in the stator and rotor and resistive losses in the 

conductors of the winding were studied. No mechanical losses were investigated. Fig. 
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3.32 shows the B-H characteristics curve and the loss characteristics of M270-35A 

(Core material of the stator and the rotor for D-1 and D-2).  

 

Fig. 3.32. (a) B-H characteristics curve and (b) loss characteristics of non-oriented silicon steel 

M270-35A   

The stator and rotor iron loss in the machine can be estimated using Bertotti’s loss 

model as given below, 
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 (3.11) 

where, 

hk =Hysteresis loss coefficient; 

fk =Fill factor=0.97; 

ek =Loss in excess coefficient; 

maxB =Peak air-gap flux density; 

 f=electrical freq=50 Hz;  

σ =Conductivity=1923077 s/m; 

id =Thickness of steel iron=0.35e-3m. 

The density of silicon steel M270-35A is 7650 Kg/m
3
. The coefficients of Bertotti’s 

loss model have to be accurate in order to achieve the correct core loss of the machine 
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in FE. Applying the formula to 2 different points in Fig. 3.32 will give two set of 

equations for two unknowns. hk  and ek  are found to be 50.069 WsT
-2

m
-3 

and 1.383 

W(Ts
-1

)
-3/2

m
-3

 respectively. The loss curve of silicon sheet steel M270-35A is plotted in 

Fig. 3.33 with the new coefficient, which is then compared with the loss curve found in 

CEDRAT Flux-2D material database. 

The coefficients found using Bertotti loss model are used to analyze the core loss of 

the machine in FE. The resistive losses in the copper conductors can be expressed as, 

                                                      2

cuP = 3I R  (3.12) 

where,  

R=Conductor resistance;  
2I = Stator Current; 

 

 Fig. 3.34 & Fig. 3.35 show the calculated copper losses and iron losses for D-1 and 

D-2 for different load settings at rated speed. It can be seen that 94% efficiency can be 

achieved at full load for D-1, whereas for D-2 it is 93.78%. Efficiency and power at full 

load for various speeds were also calculated for both the machines and shown in Fig. 

3.36. For both the machines, the maximum efficiency is achieved at rated speed as can 

be seen in Fig. 3.36. 

 

Fig. 3.33. Individual loss elements of the Bertotti loss model using M270-35A silicon steel for 
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Fig. 3.34. Cu. losses & Iron losses versus percentage of loading for D-1 

 

Fig. 3.35. Cu. losses & Iron losses versus percentage of loading for D-2 

 

Fig. 3.36. Efficiency versus P.U. of rated speed for DW IPMM-F (black) and DW IPMM-V 

(blue) 

3.3.11 Inductance and saliency ratio of the DW IPMM 

Saliency ratio ( ξ ) given by Eq.(3.13), contributes to the additional reluctance 

torque that is additive to the total machine torque. In an IPMM, the saliency is greater 

than 1. 
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 It is defined as, 

                                                                 
q

d

L
=

L
ξ                                                               (3.13) 

where,  

qL = q-axis inductance; 

d
L =d-axis inductance; 

Measuring the inductance in distributed winding IPMM is a straight forward task as the 

rotor can be easily positioned according to the d- and q-axis flux  paths   shown   in  Fig. 

3.37. By measuring the flux linkage at these particular locations, the inductances can be 

measured easily. The equation for calculating dL  and qL are given below: 

                                                  , 0
d pm

d q

d

L i
i

λ ψ−
= =  (3.14)  

                                               , 0
q

q d

q

L i
i

λ
= =  (3.15) 

where, ,d qλ = d,q axis flux linkage, ,d qi = d,q axis current and 
pmψ = PM flux linkage;  

In IPM machines, the flux linkages are influenced by self-saturation and cross 

saturation effects [100]. Thus, it is crucial to consider these impacts while estimating the 

flux linkages to calculate the inductance. The calculation of the inductances has been 

only  conducted for the  distributed  wound flat shaped  IPMM. In FE,  by varying the 

 

Fig. 3.37. 42-pole DW IPMM-F with flux being channeled to (a) d-axis and (b) q-axis  
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Fig. 3.38. Basic phasor diagram of the IPM machine 

current angle (γ shown in Fig. 3.38) from 0° to 90°, the IPMM is excited with q- or d-

axis current, respectively.  

Using, Eq.(3.14) and (3.15), the value for dL  and qL  of the DW IPMM-F are found 

to be 6.5 mH and 15mH respectively. This makes ξ  to be 2.3 for the DW IPMM-F. The 

calculation of inductance by applying the AC standstill test for DW and CW IPMM’s 

are shown in the chapter 4.  

3.4 Conclusion 

This chapter presents the design of a low-speed distributed wound IPMM with 

minimum cogging torque and torque ripple. At first, design comparisons between 

various rotor geometries of an IPMM were performed. Analysis of the results showed 

that the flat shaped IPMM and the V-shaped IPMM with a V-angle of 120° were clear 

choices for the proposed designs for achieving an optimal design. 

The selection process of each design parameter was described in this chapter to 

model an efficient IPM machine. The procedure for determining these key parameters 

have helped us to design all IPMM’s that are modelled in the thesis.  In the latter part, 

the study conducted in FE analysis displayed that the flat shaped IPMM shows overall 
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better performance with respect to the V-shaped IPMM when designed for low-speed 

applications. Compared to the commercially available direct-drive PM machine of 

similar power rating, the optimized DW IPMM design shows significant advantages. 

Several steps were taken to minimize the cogging torque and torque ripple. It was 

shown that the DW IPMM-F has reduced cogging torque, low torque ripple, higher 

efficiency and lesser dimension as compared to a DW IPMM-V. The torque ripple for 

DW IPMM-V is high and may not be able to satisfy design specifications of low-speed 

applications. Hence, no further analysis was conducted with this model. The presented 

comparison brings to the conclusion that the DW IPMM-F is an attractive solution for 

low-speed applications.  

The next chapter will build upon the findings of the IPMM key parameters to model 

an IPMM with a concentrated wound structure. 
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4 

CHAPTER 4: Design of a High-Pole Number 

IPMM with Fractional-Slot Concentrated Wound 

Stator 
 

 

 

4.1 Introduction 

The chapter presents the design process of an interior permanent magnet machine 

(IPMM) with fractional-slot concentrated windings (FSCW) for high pole numbers. The 

primary aim of this study is to investigate the suitability of the concentrated winding 

structure in the stator and the flat-shaped or V-shaped magnets in the rotor poles. For a 

fair comparison, the selection of the key dimensions of the proposed FSCW IPMM was 

kept similar to that of the DW IPMM described in chapter 3. Various steps were taken 

to minimize the cogging torque and torque ripple for the FSCW IPMM so that design 

goals can be achieved. An extensive comparison was conducted between the FSCW 

IPMM modelled in this chapter with the DW IPMM designed in chapter 4. This chapter 

also presents the calculation of the inductances and saliency ratios of both DW and 

FSCW IPMM’s using an AC standstill test like condition in the 2D finite element 

analysis. 

4.2 Fractional Slot Concentrated winding (FSCW) and its structure 

The Concentrated winding (CW) had not been popular in the past since an FSCW 

machine produces higher harmonic contents in the armature MMF distribution 

compared with a DW machine. These harmonics cause flux variations in the air-gap, 

and, as a result, increases rotor losses, vibrations, and extra heating. In case of a low-

speed induction machine, the rotor cage actively interacts with these stator MMF 
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harmonics which is not preferable for acceptable performance [72]. However, for a 

PMSG, only the principal harmonic of the stator MMF interacts with the main harmonic 

of rotor PM flux density. The unwanted MMF harmonics in an FSCW PMSG increases 

the leakage inductance. This increase in leakage inductance results in higher core losses. 

The leakage inductance also results in a lower characteristic current that extends the 

flux weakening region in the IPMM [64]. Distributed winding stators have a higher 

winding factor compared to the concentrated winding stator resulting in a higher 

electromagnetic torque compared to FSCW design. However, in recent years, it has 

been shown that through appropriate choice of slot and pole combinations [58], the 

FSCW stator can produce sinusoidal EMF waveform with a high winding factor and 

smooth average torque. As for FSCW layout, the stator windings can be of   

o Single layer 

Advantage: Single layer produces high self-inductance and almost zero mutual-

inductance leading to good fault-tolerant capability [57, 101].  

o Double layer  

Advantage: Double-layer FSCW has smaller torque ripples and lower magnet 

eddy current losses due to lower air-gap MMF harmonic components as 

compared to a single layer FSCW [102, 103]. 

Fig. 4.1 shows the winding layouts for a single and double layer FSCW. Double 

layer FSCW machines can be further categorized as traditional FSCW and modular 

FSCW. The winding arrangement for traditional FSCW is as shown in Fig. 4.1. Fig. 4.2 

shows the winding arrangement for a modular FSCW. In comparison to traditional 

FSCW, modular FSCW has a higher winding factor. For an 8pole/12slot traditional 

FSCW machine, the winding factor is 0.866. As for a 10pole/12slot modular FSCW 

machine, the winding factor is 0.933 [104]. 
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Fig. 4.1. Single layer and double layer concentrated winding layout 

 

Fig. 4.2. Modular concentrated winding layout 

Modular FSCW machines also have low cogging torque as the lowest common 

multiple (LCM) between the slot and the pole number being large [104]. On the other 

hand, modular FSCW machines have higher sub-harmonics in the MMF as compared to 

the traditional FSCW machines [105]. These sub-harmonics cause saturation in the core, 

rotor losses, higher inductance and unbalanced radial magnetic forces. This thesis 

focuses on traditional concentrated windings; thus, the modular FSCW structures have 

not been discussed further. Air-gap flux waveforms and their corresponding harmonic 

spectrums for a single and double layer, 54-slots, 42-pole FSCW IPMM are shown in  
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Fig. 4.3. 54-slot, 42 pole single-layer FSCW design 

 

Fig. 4.4. 54-slot, 42 pole double-layer FSCW design 

Fig. 4.3 and Fig. 4.4 respectively, as an example. The double layer FSCW shows fewer 

air-gap harmonics in the DW arrangement in comparison to the single layer FSCW 

arrangement shown in Fig. 4.4. These harmonics contribute to core and magnet eddy 

current losses. For this reason, the double layer FSCW was selected as the base layout 

in this research.  

4.3 Performance analysis of using FSCW over DW 

Fig. 4.5 shows the cross-sections of a typical 4-pole IPMM’s with DW and FSCW. 

It can be seen from Fig. 4.5 that the number of slots is 24 for DW as compared to 6 in 

FSCW for the same rotor configurations.  
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Fig. 4.5. Configuration of IPMM with (a) Distributed windings and (b) Concentrated winding 

structure 

In FSCW, the opposite polarity of the corresponding phase coil is located in the 

next slot. This makes the end windings not to overlap, in contrast to DW structure 

resulting in longer end windings for DW IPMM as seen in Fig. 4.6. As a result of end 

winding length, the axial length of the DW IPMM becomes longer than that of the 

FSFSCW IPMM of equal torque and power rating. 

The key favorable characteristics of an FSCW stator are : 

o High slot-fill factor [106, 107]: Typical slot-fill factors of a DW design is around 

35%, whereas it can go up to 45% for a conventional FSCW design. 

o Simplified manufacturing process. 

o Low cogging torque [72, 73]. 
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Fig. 4.6 A 2 pole (a) Distributed winding structure and (b) Concentrated winding structure 

o High tolerance to phase fault: An FSCW machine has high leakage inductance 

as compared to the DW machine but has a small or zero mutual inductance that 

makes it ideal for fault tolerant applications [108]. 

o Non-overlapping coils resulting in shorter end-windings: reduced copper usage, 

resulting in lower copper  losses [58]. 

o Higher power density [19]. 

4.3.1 Choice of slot and pole combination 

Through the selection of an appropriate number of slots per pole per phase ( ), the 

output torque can be increased while cogging torque can be further reduced for a PM 

machine with FSCW stator.
pp

S  for an FSCW machine is calculated using the equation 

below, 

 .  

 .     
pp

Total No of slots
S

Total No of poles total number of phase
=

×
 

For example, in Fig. 4.5, a 3-phase IPMM with 24 slots, 4 poles would have an 

integral-slot distribution of 2ppS = , whereas, an IPMM with 6 slots/4-poles would have  

 

ppS
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Fig. 4.7. 42 pole IPMM with various slot and pole combinations in FSCW layout 

an 0.5ppS =  a fractional-slot distribution. Fig. 4.7 shows 42 pole IPMM with fractional-

slot concentrated windings having 1/2,1/7,2/7 and 3/7
pp

S .  

Fig. 4.8 shows a stator pole for 1/7 
ppS , where a large portion of a rotor pole of 

opposite polarity falls under the same stator pole. This reduces the total EMF generated 

in that phase. Thus, it can be concluded that the selection of lower values of 
ppS  in 

FSCW machines will reduce the total developed EMF. This means the selection of 

appropriate 
ppS  is very crucial in producing a sinusoidal EMF of the desired magnitude. 

For an FSCW stator, the cogging torque has high-frequency fluctuations due to its 

fractional slot distribution. The periodicity of the cogging torque can easily be 

determined by  

                                                             
360

cfreqT
LCM

°
=  (4.1) 

 

42 poles;54 slots

3/7 Spp

42 poles;63 slots

1/2 Spp
42 poles;18 slots

1/7 Spp

42 poles;36 slots

2/7 Spp
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Fig. 4.8. An IPMM with 1/7 
ppS  showing a stator pole 

 

Fig. 4.9. Cogging torque of the 42 pole IPMM with various ppS  combinations. 

Eq.(4.1) indicates that the frequency of cogging torque will vary based on the lowest 

common multiple (LCM) of the IPMM. The value of LCM is associated with ppS  of an 

IPMM. The lowest common multiple (LCM) of a 42 pole, 36 slots IPMM is 252. This 

makes the periodicity to be 1.42°. For the four designs of 42-pole IPMM shown in Fig. 

4.7, the calculated cogging torques are compared in Fig. 4.9.  

It is seen from Fig. 4.9 that the peak cogging torque value changes with the change 

in the 
ppS  value. This is expected since the change of 

ppS  is related to LCM.  

According to Eq.(4.1), a high value of LCM results in higher frequency fluctuations. On 

the other hand, it also yields in lower peak value in the cogging torque waveform [72, 

109], which is reflected in Fig. 4.9. In this case, the 42 pole FSCW IPMM has a LCM 

value of 378 which is the maximum compared to the other designs. It also has the 
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lowest peak value of cogging torque. 

4.3.2 Winding Factor 

EMF is induced in the phase coils when the flux varies across the air-gap. Its 

magnitude depends on three main variables-rotor speed (
mw ), flux-density (

maxB ), 

winding factor(
wk ) and number of series turns per phase (

ph
N ).  

                                               
maxm ph wE w N B k=  (4.2)               

Eq.(4.2) shows that the winding factor directly affects the generated EMF. The total 

EMF of a phase is the sum of all EMF produced by each coil. The winding factors are 

mostly expressed for each space harmonic. The ratio of flux linked by a winding 

compared to flux that would have been linked by a single-layer full-pitch DW winding 

with the same number of turns and one single slot per pole per phase is referred to as 

winding factor [64]. It can be written as, 

                                                   .w p dk k k=  (4.3) 

where, 

p
k =pitch factor &  

dk = distribution factor.  

The skewing factor is neglected in Eq.(4.3) as FSCW machines are usually not 

skewed. Winding factor can be computed by determining 
pk  and 

dk  using the EMF 

phasor method [64]. A simple example of this approach is demonstrated using a 14 pole, 

18 slot FSCW IPMM is shown in Fig. 4.10.  Each winding in a particular slot represents 

an EMF phasor element. Each of this EMF phasors is represented by: 

                                                 
i

n

.p
j( n )

sE = e

π
���

  (4.4) 
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Where, 

nE
���

= Reference EMF phasor element, 

in = Slot number 

p = Total number of poles, 

s = Total number of slots. 

Fig. 4.10 shows the sum of EMF phasors that makes up phase A in the IPMM.  

Vectors  Va/b/c′  are achieved when all the winding elements corresponding to a 

particular phasor are in phase. 

 

Fig. 4.10. (a) 18-slot,14 pole IPMM showing phase coils and (b) Phasor diagram indicating 

the construction of each phasor using EMF phasor diagram  

From Fig. 4.10, the winding factor can be easily calculated by dividing vectors Va/b/c 

by Va/b/c′ respectively. The winding factor found for this 14 pole, 18 slot IPMM is 0.903. 

Another approach to calculating the winding factor is to use the winding function. 

The winding factor with respect to the winding function is given by [110], 

                                                   
,

,

, ,

m n

w n

m n b

W
k

W
=  (4.5) 
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Where,  

,w nk  = Winding factor of the 
thn  order harmonic component 

,m nW = is the amplitude of the 
thn  order harmonic component of the actual 

winding function for the winding of interest 

, ,m n bW = is the amplitude of the 
thn  order harmonic component of the base 

winding function  

Table 4.1 shows the winding functions that are used to determine the winding factor 

for different 
pp

S  [111]. The winding factor can now be easily calculated using Eq.(4.5) 

for various slot-pole combinations, plotted in Fig. 4.11 - Fig. 4.13.   

Table 4.1 winding functions for different 
pp

S  

pp
S  1/5,1/7,1/11 2/5,2/7 3/7,3/11 

,m n
W
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 where, 

c= Denominator of  
ppS ; 

n=Harmonic order and 

m= Number of phases 

 

 

Fig. 4.11. Winding factor for 2/5 
ppS  
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Fig. 4.12 Winding factor for 3/7 
ppS  

 

Fig. 4.13 Winding factor for 3/8 
ppS  

Unity winding factor is not achievable for fractional-slot concentrated windings. 

However, by adjusting slots and poles combination, a value very close to unity can be 

achieved. Table 4.2 shows the winding factors of double layer windings with various 

slot and pole combinations. Table 4.3 summarizes the results of the investigation 

conducted in [112] for various Spp  of a 14 pole IPMM. The maximum value for wk  is 

found to be 0.945 when the Spp is either 3/8 or 3/10 according to Table 4.2. However, 

both these winding layout has unbalanced magnetic pull (UMP) [113]. Avoiding UMP 

is important as it affects the wear of the bearings as well as the noise and vibrations 

[113, 114]. Neglecting the  Spp related to UMP, the highest wk  is found to be 0.933 

when the Spp is either 2/5 or 2/7. 
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Table 4.2 Winding factor for different 
ppS  

 

Table 4.3 Induced EMF and winding factor for different combinations of  ppS and winding type  

 
ppS  Type 

Winding 

layer 

     EMF 

(RMS volts) 

EMF  harmonic 

contents 

Winding 

factor 

2 DW Double 28.4 Very low 0.933 

1/7 CW Single 14.5 High 0.866 

2/7 CW Double   21 Low 0.933 

3/7 CW Double 27.6 Very low 0.902 

From Table 4.3, it can be seen that with an Spp of 3/7, an FSCW machine can 

produce an EMF with low harmonic content and magnitude of EMF is close to an 

equivalent DW machine. Apart from this, a very low cogging torque and a wider flux-

weakening range were also achieved in this FSCW machine [112]. This justifies the fact 
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that by an appropriate selection of slot and pole combination, FSCW can produce 

sinusoidal EMF with a small THD in an IPMM.  

For a 42-pole IPMM, Spp = 3/7 was selected based on the previous research 

conducted in [115]. Under such a structure, the slot number will be 54. 

4.3.3 MMF 

As previously discussed, an FSCW machine produces higher harmonic contents in 

the armature MMF distribution compared with a DW machine. These harmonics cause 

flux variations in the air-gap and, as a result, increases rotor losses. The flux variations 

in the air-gap also result in higher leakage inductance that contributes to the self-

inductance of the machine [116]. The number of slots (s) and pole pairs (
pP )  in an 

FSCW machine has an effect on MMF distribution [117]. Periodicity of a machine is 

given as 

                                                          tp=GCD  (4.6) 

where, GCD refers to the greatest common divisor. 

 According to [117], if s/tp is even, only the odd order harmonics will be present in 

the MMF distribution. The developed MMF in the air-gap is profoundly related to  ppS . 

A base winding distribution exists for each  
pp

S which is based on the minimum possible 

number of poles and slots. To achieve a winding distribution for the higher number of 

slots and poles for the same 
pp

S , the core winding function is reproduced 

P/(2*denominator of
ppS ) times. Fig. 4.14 shows the MMF waveform for different

ppS . 

The prototype FSCW machine with 3/7  ppS for this thesis has a periodicity of 3 which 

makes s/tp=18 an even number. This suggests only the odd order harmonics will be 

present in the MMF distribution. 
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Fig. 4.14. MMF obtained by FEA for various slots and poles combination.  

The MMF produced by stator coils can also be expressed as 

                                                     s s g airF = B A R  (4.7)               

where, 

sB =Flux-density produced by the stator 

gA =Air-gap surface area  

airR = Air-gap reluctance.  
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Fig. 4.15. MMF harmonic spectrum for DW IPMM-F and  FSCW IPMM-F 

If the air-gap length and overall slot opening widths are kept constant, then the 

MMF of the machine is proportional to the air-gap flux density produced by the stator 

coils. Fig. 4.15 shows the harmonic spectrum of the flux density produced by stator 

coils for the DW IPMM-F and the FSCW IPMM-F of same dimensions. The main 

harmonic order is equal to the number of pole pairs that is 21 for both the prototype 

machines as seen in Fig. 4.15. No notable sub-harmonics are present in the DW 

machines. As for the FSCW machine, significant odd order harmonics are present in the 

MMF distribution. Due to the imperfections in the machine i.e. slot openings and 

reluctance of the flux path, some even order harmonics are also present in the spectrum 

that are negligible.  

4.4 42 pole IPMM with Concentrated windings 

In chapter 4, the DW machine was designed to achieve a very low cogging torque, 

low torque ripple, and high efficiency. The geometry of the optimized DW IPMM is 

taken as the base model for the FSCW IPMM. Apart from the different stator winding 

configuration, the two IPMM’s have identical rotor and stator dimensions, air-gap 

length, magnet length and stack length for a fair comparison. Two rotor geometries: flat  
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Fig. 4.16. Flux distribution of a portion of (a) FSCW IPMM-F and (b) FSCW IPMM-V 

with V-angle of 120° 

shaped IPMM and V-shaped IPMM (V-angle of 120°) has been modelled with 

fractional-slot concentrated windings having 3/7  
pp

S  as shown in Fig. 4.16.  

4.4.1 Stator design for FSCW IPMM 

As compared to 252 slots in the DW IPMM, the number of slots has been reduced 

to 54 slots for the FSCW IPMM having an  ppS of 3/7. A typical slot-fill factor of 0.4 

was assumed for the FSCW machine. A study on slot-fill factor on DW and FSCW 

machines has been conducted in chapter 5. The number of conductors per slot needed to 

produce the rated voltage of 360 volts was found to be 15. Similar to DW design, the 

required slot area was calculated based on number of conductors, the cross-sectional 

area of the conductors based on the current rating. It was calculated as 124 mm
2
. Fig. 

4.17 shows the slot dimensions of the proposed FSCW IPMM. Note that the total 

amount of copper used for the FSCW IPMM is kept same as of the DW IPMM. 

4.4.2 Winding layout of the FSCW IPMM 

The arrangement of phase coils in FSCW to achieve the desired winding factor is 

not as straight forward as the DW design.  

(a) (b)
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Fig. 4.17. Slot and air-gap dimension of the FSCW IPMM 

Methods of finding the optimal winding layout in FSCW to achieve the highest 

possible flux linkage is shown in [58, 64]. In this thesis, these methods are used to 

obtain the optimal winding arrangement for the FSCW IPMM. Since, the periodicity of 

a 42 pole, 54 slot FSCW IPMM is 3,the winding pattern is studied for 120° (1/3
rd

 of the 

machine) which will be repeated three times to represent the entire winding.  

The method of determining the optimal winding pattern based on [58, 64] is 

explained as follows: 

a. A repeatable sequence of 1s and 0s can be determined by using 
ppS : 

 

b. The optimum repeatable sequence is found by alternating the 1s and 0s with 1s 

being the first integer. The sequence for the test machine is,  

                                        1 0 1 0 1 0 0 

c. The optimum sequence is repeated until the total number of 1s is equal to the 

total number of slots in the machine. For 1/3
rd

 of the machine, the number of 

slots is 18. This means the sequence should be repeated 6 times. 

3

7
ppS =
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d. Each integer in the sequence is assigned to a particular winding conductor of a 

phase. The usual winding sequence is:  

                          PA MC PB MA PC MB…………………………….  

The first alphabet of each conductor represents the orientation. Here P is referred to 

as positive, and M is referred to as minus that is the return conductor. The second 

alphabet of each conductor refers to the phase. The integers under 1s are selected to 

form the first layer of the winding. The second layer is obtained by shifting the first 

layer in the neighboring slot and reversing the conductor’s direction. This process is 

shown below: 

Fig. 4.18. Winding layout for 42 pole FSCW IPMM 

4.4.3 Cogging torque optimization for FSCW IPMM 

The IPMM with concentrated winding is less affected by cogging torque than its 

counterpart distributed winding mainly due to the discontinuous reluctance variation in 

the rotor and stator. The reduction of the cogging torque is crucial for low-speed IPM 

machines [118]. The optimization of the magnet arc length and flux barrier were 

considered as the two main cogging torque minimization techniques in chapter 4 for the 

DW IPMM. The same minimization techniques were investigated for the FSCW 

IPMM-F and the FSCW IPMM-V. Initially, the magnet arc length of the proposed flat 

shaped FSCW-IPMSM was kept to 40.84 (for which the magnet length is 39.78 mm), 
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that is the same magnet length as the DW IPMM-F, so that cogging torque of the FSCW 

machine can be compared fairly with the DW machine. The cogging torque calculated 

for the FSCW IPMM with the same magnet arc as the DW IPMM-F was found to be 2.8 

times higher in comparison to the DW IPMM-F. This high value of cogging torque is 

due to the misalignment of the stator teeth and the permanent magnets of the FSCW 

IPM machine. This indicates that further magnet arc optimization will be necessary for 

the FSCW IPMM to minimize cogging torque. It should be noted here that the change 

of the magnet arc length results in a change in the overall magnet volume which in turn 

results in the variation of the air-gap flux density. Table 4.4 summarizes the outcome of 

this investigation. Table 4.5 shows the change in the cogging torque with various magnet 

lengths for the FSCW IPMM-V. The optimum magnet length of the FSCW IPMM-F is 

found to be 36.6 mm which is 7.6% less than that of the DW IPMM-F designed in 

chapter 3. As for the FSCW IPMM-V, the optimum magnet length is found to be 38.7 

mm, slightly higher than that of FSCW IPMM-F. 

Table 4.4 Change in the cogging torque with respect to the variations in magnet length for 

the FSCW IPMM-F 

Magnet 

length (mm) 

% Reduction in magnet 

volume with respect to 

DW IPMM-F 

Cogging 

torque (Nm) maxB (T) 

    39.78 0    5.67   0.837 

     38.7 2.5    4.89    0.82 

     37.6 5    3.06     0.8 

     36.6 7.6     0.5   0.794 
     35.5 10    1.47    0.77 

Table 4.5 Change in the cogging torque with respect to the magnet length for FSCW IPMM-V 

 

 

 

 

 

Magnet  length 

(mm) 

% Change in magnet 

volume with respect to 

DW IPMM-F 

Cogging Torque 

(Nm) 

37.7 5%  reduction 0.66 

38.7 2%  reduction 0.63 

39.7         0 3 

40.7 2%  increase 5.4 

41.7 4.8% increase 6.5 
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Fig. 4.19. Cogging torque of FSCW IPMM’s 

Fig. 4.19 shows the cogging torque waveforms of both FSCW designs. Both the 

FSCW IPMM’s produce significantly less cogging torque compared with the DW 

machines. This is because FSCW eliminates periodicity between slots and poles which 

aids in the reduction of the cogging torque. Also, it should be noted here that the 

cogging torque of the FSCW IPMM has a higher frequency than the DW IPMM and 

easier to filter out. 

4.4.4 Torque ripple minimization for FSCW IPMM 

The torque ripple is mainly caused by the stator and rotor MMF harmonics. Many 

pieces of literature have highlighted the effect of the structure of flux barriers on the 

overall torque ripple of the machine [119-121]. The torque ripple of the DW IPMM-F 

and the DW IPMM-V were optimized in chapter 3 by varying the flux barrier designs 

with respect to the slot opening in the stator. Bianchi et al.[119] developed an 

expression to clearly highlights the stator-rotor harmonic interactions on the torque 

ripple. It is given as, 

                    ( )0
,n ,n r d

6 1
1,2,3,..

sin((n 1) )
2

ripple g s r

n m
m

p
T r l nf f

µ
π θ γ

δ =
=

= − ± ±∑
∓

 (4.8) 

where, 

p =Number of poles; 
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gr =Air-gap radius; 

l = Stack-length; 

δ = Air-gap length; 

n=Harmonic Number; 

rθ = Rotor angular position (electrical); 

dγ = Current phase angle measured from d-axis; 

,nsf = nth-order stator MMF harmonic; 

,nr
f =  nth-order rotor MMF harmonic; 

It can be seen from Eq.(4.8), that the harmonic order of torque ripple waveform are 

a multiple of 6. Also, the same order of stator and rotor MMF harmonics interacts and 

contributes to the overall torque ripple. The stator and rotor unwanted harmonics are 

caused by the winding structure, stator slotting and the flux barriers in the rotor. It is 

already seen in Fig. 4.15 that the FSCW IPMM-F has significant harmonics in the stator 

MMF distribution which cannot be avoided. In order to reduce the overall torque ripple, 

the rotor MMF distribution has to overcome unwanted harmonics that can be done by 

adjusting the flux barriers and the slot opening of the slots. 

In FSCW IPMM, the positioning of the slots with respect to flux barrier is not the 

same as the DW IPMM. Initially, for the FSCW IPMM-F, the magnet length is kept 

identical as that of the DW IPMM-F for a fair comparison. The variation in the 

dimensions of x and y of the flux barriers (as shown in Fig. 4.20) were required to 

minimize torque ripple in the FSCW IPMM-F. The effect of rotor air-gap field with the 

change in flux barrier is shown in Fig. 4.21.    

It can be seen from Fig. 4.21 that the fundamental rotor air-gap field is maximum 

when the flux barriers are of ‘Design B’. This indicates that the machine designed with 

this geometry will produce maximum torque. On the other hand, ‘Design C’ has a lower 

magnitude of unwanted spatial MMF harmonics in the stator. 
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Fig. 4.20. Cross-sectional view of a flat shaped IPMM with different flux barrier shapes 

 

Fig. 4.21. Rotor air-gap field for various flux barriers in the FSCW IPMM-F 

Table 4.6 summarizes the effect of the changes in the flux barrier dimension on the 

torque ripple for the FSCW IPMM-F with a constant slot opening length. It can be seen 

from Table 4.6 that Design B generates more torque as compared to Design ‘A’ and ‘C’. 

Although Design ‘C’ causes the least amount of torque ripple, it has not been taken into 

account because it produces less overall torque compared to the other two designs. 

Thus, design ‘B’ was chosen for the FSCW     IPMM-F for further analysis. 

A further torque ripple analysis of FSCW IPMM was carried out by using the flux 

barrier design ‘B’ while varying the slot openings. The analysis has been conducted 

using two different magnet lengths in the rotor; (a) magnet length of 39.788mm which  
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Table 4.6 Change in torque ripple with the change in flux barrier shape and size for FSCW 

IPMM-F 

Design A 

x y Area of the flux barrier Total torque 
Torque 

ripple 

2.469 1.882 2.34 274.2 5.67% 

2.588 2.056 2.62 274.5 5.7% 

2.8 2.4 3.2 274.8 5.84% 

Design B 

3.7 1.2 1.6 279 6.98% 

3.8 1.5 2.2 280.5 6.09% 

3.8 1.7 2.5 281 5.7% 

Design C 

1.4 3.3 2.1 272.31 4.9% 

1.59 3.49 2.4 272.49 4.97% 

 

 

Fig. 4.22. Variation in torque ripple with the change in slot openings in the stator slots for the 

FSCW IPMM-F 

is the same as in the DW IPMM-F and (b) optimized magnet length of 36.57 mm in 

which the cogging torque is the minimum. The variations in torque ripple for the FSCW 

IPMM-F under these conditions are compared in Fig. 4.22. The minimum torque ripple 

for FSCW IPMM-F was found to be 1.48% of the total rated torque with a flux barrier 

design of “B” and a magnet length of 36.57mm. The slot opening at this condition is 

2.05 mm.  
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Fig. 4.23. Variation in torque ripple with the change in slot openings in the stator slots for the 

FSCW IPMM-V 

This indicates that the reduction of cogging torque is of primary importance when 

reducing the overall torque ripple of an IPMM. A similar analysis has been conducted 

for the FSCW IPMM-V, which shows that Design ‘A’ generates the least amount of 

torque ripple for the FSCW IPMM-V. This is because Design ‘A’ reduces the flux 

leakage significantly compared to the other two designs that in turns reduces the rotor 

MMF harmonics in the air-gap that causes torque ripple for the FSCW IPMM-V. The 

effect of slot opening on FSCW IPMM-V with a flux barrier of design ‘A’ is shown in 

Fig. 4.23. Table 4.7 compares the cogging torque and torque ripple of all four designs 

investigated in this thesis. It can be concluded from Table 4.7 that the FSCW IPMM-F 

and the FSCW IPMM-V are the best choices as they have the lowest torque ripple and 

cogging torque. 

Table 4.7 Magnet area, Flux barrier design, Slot opening, Cogging torque, Torque ripple 

and peak air-gap flux density for all of the four designed machines 

Machine 

type 

Magnet Area 
2mm  

Flux barrier 

design 

 

SO 

Cogging 

torque Nm 

Torque ripple 

(% of rated 

torque) 

maxB         

(T) 

DW IPMM-F 119          B 1.2 2 6% 0.8 

DW IPMM-V 114          B  1.3      4.53      14.4% 0.76 

FSCW IPMM-F 110          B 2       0.5      1.48% 0.77 

FSCW IPMM-V 116          A 1.4      0.63      1.47% 0.71 
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4.4.5 Comparison of FSCW IPMM and DW IPMM 

This section compares some of the key performance characteristics of the FSCW 

IPMM with the DW IPMM-F. As shown in Table 4.7, air-gap flux densities of the 

FSCW IPMM’s are slightly lower than the DW IPMM-F due to reduced magnet volume 

in these machines. The optimum magnet arc length of the FSCW IPMM-F to achieve 

the minimum cogging torque is about 7.6% less than that of the DW IPMM-F. The 

magnet volume for an FSCW IPMM-F is 7.6% less than the DW IPMM-F, but the 

power is only 3.7% lower than that of the DW IPMM-F. In order to achieve the design 

specification of the rated power, the stator outer diameter of the FSCW IPMM were 

increased by 2.9%. It should be noted that the increase in the stator outer radius also 

increases the cogging torque and torque ripple marginally.  

The rated current is set to 6.5 A (RMS) for both the designs to achieve 4 KW at 

rated speed. Fig. 4.24 shows the flux density at the tooth of the slots for both machines. 

Table 4.8 compares the main outcomes of the three IPMM designs. It is seen that the 

DW IPMM-F has higher flux density of 1.2T in the tooth, which is close to saturation 

for the material that has been used in the stator core. As for the FSCW IPMM-F, the 

flux density is 0.8T in the tooth which suggests that the rated current can be increased to 

a higher value without making the stator core saturated. This suggests that the power 

density of the FSCW IPMM-F can be increased to a higher value to achieve higher rated 

power than that of the DW IPMM-F. Throughout this thesis, the rated current is kept to 

6.5 A (RMS) to have a fair comparison between all the IPMM’s modelled.  

It can be seen from the Table 4.8 that the overall volume of the FSCW IPMM is 

larger by 2.9%, and cogging torque is smaller by 68.5% than that of the DW IPMM-F. 

Thus, it can be concluded that the selection of the DW versus FSCW stator for the high  
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Fig. 4.24. Flux density in the tooth of the stator for (a) DW IPMM-F and                            

(b) FSCW IPMM-F 

Table 4.8 Output Parameters for DW IPMM-F, FSCW IPMM-F, and FSCW IPMM-V 

Machine type 

Stator outer 

radius 

mm 

L-L 

EMF 

V 

EMF 

THD 

Total 

torque 

Nm 

Total 

power 

W 

DW IPMM-F 340 363 4.18% 276 4137 

FSCW IPMM-F 350 360 0.76% 270 4038 

FSCW IPMM-V 350 340 0.67% 260 3890 

 

pole number IPMM will be influenced by the reduction of the cogging torque rather 

than by the increase in overall volume. 

The Line-Line EMF voltage waveforms of all three designs are shown in Fig. 4.25. 

Fig. 4.26 plots the L-L EMF harmonics of all the machines. It can be seen, that the THD 

of the FSCW IPMM-V is at a much lower level compared to the other ones. Fig. 4.27 

and Fig. 4.28 show the total power and the FFT of the developed torque for these three 

machine designs. Fig. 4.28 shows that the torque ripple is small at low frequencies for 

the FSCW IPMM that can easily be eliminated by speed control loop using vector 

control system [122]. The 6
th

 and 12
th

 harmonics of torque in a DW IPMM-F are much 

higher than the FSCW IPMM that is considered to be the dominating harmonic in the 

torque ripple. For the DW IPMM-F, the 6th order harmonic component has the highest 
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magnitude of 4.88 Nm. As for the FSCW IPMM-F, the magnitude of the 6th order 

harmonic is 0.93 Nm.   

 

Fig. 4.25. L-L Back EMF of DW IPMM-F, FSCW IPMM-F, and FSCW IPMM-V 

 

Fig. 4.26. Spectrum analysis of DW IPMM-F, FSCW IPMM-F, and FSCW IPMM-V 

 

Fig. 4.27. Total developed torque of DW IPMM-F, FSCW IPMM-F and FSCW IPMM-V 
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Fig. 4.28. FFT analysis of developed torque for the DW IPMM-F, FSCW IPMM-F, and FSCW 

IPMM-V 

 

Fig. 4.29. Copper losses & Iron losses versus percentage of loading for FSCW IPMM-F 
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Fig. 4.30. Copper losses & Iron losses versus percentage of loading for FSCW IPMM-V 

 

Fig. 4.31. Efficiency versus P.U. of rated speed for DW IPMM-F and FSCW IPMM-F 

4.4.7 Inductance and saliency ratio comparison between DW and FSCW IPMM’s  

The measurement of 
dL  and 

q
L  are usually carried out by the AC standstill test method. 

The conventional method applied to the DW IPMM (shown in chapter 4) for calculating 

inductances is not applicable for FSCW IPMM’s. This is because of the fact that the d- 

and q-axis flux paths are not obvious for FSCW IPMM’s due to the aperiodicity 

between slots and poles. For the FSCW IPMM, an AC standstill test like condition is 

simulated to calculate 
dL  and

qL . Although this method takes longer computational 

time, it is found to be more accurate than various magneto-static methods available in 

0

50

100

150

200

 

 

% Loading

C
u

 l
o

ss
 &

 i
ro

n
 l

o
ss

 (
W

)

Cu loss

Iron loss

100755025

P:3099W
Eff:93.96%

P:2062W

Eff:93.08%

P:1029W
Eff:89.17%

Eff:Efficiency

P:Power
P:4137W

Eff:94.03%

0.25 0.5 0.75 1
86

89

92

94

96

P.u. of rated speed

E
ff

ic
ie

n
cy

 (
%

)

 

 

DW CW



CHAPTER 4: Design of a High-Pole Number IPMM with Fractional-Slot Concentrated 

Wound Stator 

123 

 

the literature, in particular for the FSCW-IPMM. This process is conducted by exciting 

one of the phase coils with an AC source at a specified frequency.  

The circuit model for this test is shown in Fig. 4.32.  

 

Fig. 4.32. Circuit for AC standstill test for the DW IPMM-F 

The voltage drop across the excited winding and the neighboring phase winding are 

measured for various rotor positions (θr). For accuracy of the results the simulations are 

conducted every 0.1° (mechanical) and the self-inductance (
aL ) and mutual inductance   

(
abM ) at each rotor position are calculated by Eq.(4.9) and Eq.(4.10) respectively. 
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bV = Voltage drop across another phase 

 

Fig. 4.33 and Fig. 4.34 show the self- and mutual inductances of the two FSCW 

IPMM’s designed in this chapter and compares it to the DW IPMM-F developed in 

chapter 4. Even with similar FSCW structure, the FSCW IPMM-F and the FSCW 

IPMM-V shows different self-inductance values. This can be easily explained by 

analytical self-inductance formula for conventional salient-pole machine given as [123], 

                                     

2

2 1

0

0

( ) ( )g ( )a r si a r r rL R l N d

π

θ µ θ θ θ−= ∫   (4.11) 

Where, 

 
siR = Stator inner radius, 

 l = Effective stack length,  

aN = Winding function of phase A and  

1
g ( )rθ− = Inverse air-gap function.  

The effective air-gap length is different for both the FSCW machines due to their 

dissimilar pole pitch [124], making the self-inductance non-identical for the FSCW 

machines. The high self-inductance for the FSCW IPMM-V will provide the machine 

with high fault-tolerant capability in comparison to the other two designs. The self-

inductance for the DW IPMM-F is low due to its lower harmonic contents [116] in the 

MMF waveform as seen in Fig. 4.33. However, the mutual inductance is much higher 

for the DW IPMM-F seen in Fig. 4.34.  
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Fig. 4.33. Self-inductance of the DW IPMM-F, FSCW IPMM-F, and FSCW IPMM-V 

 

Fig. 4.34. Mutual-inductance of the DW IPMM-F, FSCW IPMM-F, and FSCW IPMM-V 

 

Fig. 4.35. Harmonics of self and mutual inductance 
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components of 
aL  and 

abM values, 
dL  and

qL  can be determined by Eq.(4.12) and 

Eq.(4.13), respectively. Conventionally with DW, 
dL  and

q
L  are calculated from self-

inductance using equations Eq.(4.14) and Eq.(4.15) [123]. 

                              1 2
d 0 0 1 2

L L
L = (L - M )- + M - + M -………

2 2

   
   
   

 (4.12) 

                              1 2
q 0 0 1 2

L L
L = (L - M )+ + M + + M +………

2 2

   
   
   

 (4.13)  

                                               
d 0 1

3
L = (L - L )

2
  (4.14) 

                                               
q 0 1

3
L = (L + L )

2
  (4.15) 

Table 4.9 compares the 
dL  and

q
L values that were calculated using the above 

equations from the measured self- and mutual inductances. It should be noted here that 

the saliency ratio is slightly different when 
dL  and

q
L are calculated using Eq.(4.14) and 

Eq.(4.15), which neglects mutual inductance. Here, the mutual inductance is much 

larger in DW IPMM-F that should be included in the calculation of d- and q-axis 

inductances.  

The comparison in Table 4.9 also shows that FSCW machine has slightly lower 

saliency ratio compared to the DW machine. This is due to a significant increase in the 

d-axis inductance that becomes comparable to q-axis inductance resulting in a lower 

saliency ratio. A comparison of inductances between the two FSCW designs reveals that 

saliency ratio is the lowest in the FSCW IPMM-V. This indicates reluctance torque 

component of such a machine will be lower compared to that of the FSCW IPMM-F.  
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Table 4.9 Inductance and saliency of DW IPMM-F, FSCW IPMM-F, and FSCW IPMM-V   

Machine  type 

Phase A 

current (A) 

Resistance in  

phase A  

(Ω) 

dL

(mH) 

qL  

(mH) 
ξ  

ξ  

(excluding

abM ) 

DW IPMM-F 6.5 0.56 6.3 14.1     2.22      2.07 

FSCW IPMM-F 6.5 0.6 8.4 17.1 2.04 2.46 

FSCW IPMM-V 6.5 0.6 13.5 19  1.4 1.54 

However, the wider constant power speed range is still possible in a PM machine 

with low or nil saliency, if its characteristic current as defined in Eq.(4.16) is equal or 

close to rated current ( rI ). 

The characteristic current is defined as, 

                                                  PM
cr

d

I =
L

ψ
 (4.16) 

where, 
PMψ is PM flux linkage.  

As for the DW IPMM-F, the saliency ratio is higher than the other two but with 

smaller d-axis inductance values. Therefore, its characteristic current will be larger 

compared to two FSCW designs. In this study, the end winding leakage inductance has 

been neglected as 2D FEA does not consider end winding leakage inductance. The 

effect of end winding leakage inductance is examined in chapter 6.  

4.5 Conclusion 

Chapter 4 has investigated the suitability of implementing FSCW layout on 

IPMM’s with high number of poles. The FSCW designs were then compared to a DW 

IPMM, which had been developed in the previous chapter. It is seen that the FSCW 

IPMM-F and the FSCW IPMM-V are the best choices as they have the lowest torque 

ripple and cogging torque. The FSCW designs also achieved sinusoidal back EMF 

waveform with low THD. However, the winding factor of the concentrated winding 
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IPMM is slightly lower than the DW design. As for the FSCW design, the FSCW 

IPMM-F was chosen for prototyping for the following reasons: 

• For FSCW design, the flat shaped IPMM provides higher air-gap flux density as 

compared to the V-shaped IPMM for the same pole arc. 

• A comparison of inductances between the two FSCW designs in [125] reveals 

that saliency ratio is lower in the FSCW IPMM-V. This indicates reluctance 

torque component of such a machine will be lower compared to that of the 

FSCW IPMM-F. 

• The overall cost of manufacturing is more in the FSCW IPMM-V due to its 

segmented magnets in the rotor. The cost of laser cutting the rotor would also 

increase for the FSCW IPMM-V due to the small air-gap between the magnets 

in the same pole.  

The next chapter will build upon the findings in this chapter to construct a prototype 

flat-shaped IPMM with FSCW structure.    
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5  

CHAPTER 5: Final Design Selection and 

Prototyping of the FSCW IPMM-F 
 

 

 

5.1 Introduction 

The work done in chapter 4 already provided an optimal design of a 42-pole/ 54-

slot FSCW IPMM with flat-shaped magnets in the rotor (FSCW IPMM-F). A prototype 

machine was constructed based on this design for experimental verification. 

Construction of this prototype FSCW IPMM-F was carried out by the Energy Systems 

Group, EET, UNSW in collaboration with the Commonwealth Scientific and Industrial 

Research Organization (CSIRO), Linfield.   

This chapter focuses initially on the selection of materials for each region of the 

FSCW IPMM-F. The final rotor and stator dimensions were selected based on the study 

carried out to minimize the cogging torque and torque ripple as described in chapter 4. 

The FSCW winding configuration designed for the prototype was presented and 

analyzed in chapter 4. The FE analysis conducted in chapter 3 and 4 was in 2-

dimension. A 3-D FE analysis was conducted to investigate leakage fluxes in the axial 

direction of the machine. The 3-D FEA results are presented in this chapter. A step by 

step construction process of the machine described in this chapter will provide an 

overview of the manufacturing process of the prototype FSCW IPMM-F.  

5.2 Choice of materials 

Three different active materials are considered for the core, coil, and rotor magnet 

poles. The materials were selected based on the properties such as low losses, 
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saturation, operating temperature, demagnetization, and mechanical stress. The next few 

sections describe the selection process of the active materials. 

5.2.1 Core material 

The lamination sheet made of silicon steel is the most commonly used core material 

for electric machines. First choice for the prototype machine was non-oriented silicon 

steel grade M270-35A of thickness 0.35mm. It has a high saturation point at 1.6 T and 

relatively low core losses 2.7 W/kg at 1.5T/50Hz. However, the availability of the 

lamination sheet of 0.35 mm turned out to be an issue during the construction phase. 

This has prompted an investigation for other equivalent steel grades. It was found that 

two radially available non-oriented steel grades (i) 35CS300 (According to EN 10106: 

M300-35A) and (ii) 50CS350 (According to EN 10106: M350-50A) could replace 

M270-35A without any compromise to the optimized design. The B-H characteristics 

curves of these two materials are shown in Fig. 5.1.  Some of the key features of these 

non-oriented silicon steel grades are given in Table 5.1. The loss characteristics curve 

for the 35CS300 and the 50CS350 obtained from the manufacturer are shown in Fig. 

5.2.  

 

Fig. 5.1. B-H characteristics curves of 35CS300 and 50CS350 (Manufacturer datasheet) 
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Table 5.1 Properties of compared core grades 

Material Type 

Lamination 

thickness 

Stacking 

Factor 

Max power 

loss (W/kg) 

at 50 Hz at 

1.5 T(from 

datasheet) 

Loss (W/kg) at 

50 Hz at 1.7 

T(from 

Manufacturer’s 

Test) 

EN 

10106:2007 

JISC 2552 

:2000 

M270-35A 35A270 0.35 95% 1.1 N/A 

M300-35A 35CS300 0.35 95% 1.2 2.56 

M350-50A 50CS350 0.50 97% 1.5 2.65 

In chapter 4, was shown that the core loss in the FSCW IPMM-F makes up 

approximately 27% of the total loss of the machine at full load. A more in-depth 

analysis was conducted to see the effect on the overall efficiency of the prototype 

FSCW IPMM-F by selecting the 50CS350 as the core material. Fig. 5.3 shows the core 

loss and the efficiency of the FSCW IPMM-F with two different core materials.  

It can be seen from Fig. 5.3 that the difference in core loss between the two 

materials is approximately 10 watts during full load. However, this difference does not 

have a considerable influence on the efficiency, as both materials produce an efficiency 

of 93% under full load conditions. This suggests that the use of 50CS350 will not 

decrease the efficiency to a significant level.  

 
 

Fig. 5.2. Loss characteristics curve for the 35CS300 and the 50CS350  
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Fig. 5.3. Core loss and efficiency for FSCW IPMM-F with two different core materials 

In order to select 50CS350 as the core material of the rotor and the stator for the 

prototype machine, some further analysis was conducted. The Bertotti loss coefficients, 

hk  and 
ek  were found for 50CS350 in the similar manner as it was found for M270-35A 

as discussed in chapter 3.  The coefficient values of 50CS350 are given below: 

hk =35.647 WsT
-2

m
-3; 

f
k =0.97; 

ek =2.227 W(Ts
-1

)
-3/2 

m
-3;  

σ= 2272727 s/m; 

 

The calculated loss curve of silicon sheet steel 50CS350 using the Bertotti loss 

model is compared with that of the manufacturer’s datasheet in Fig. 5.4. It can be seen 

that the Bertotti loss curve is following the loss curve provided by the manufacturer, 

suggesting that the coefficients calculated can be used in FE to determine the iron loss. 

 In this research, a steel tester method is used to accurately define the 50CS350 

material in FEA. Using the steel tester method, the B-H loop of the 50CS350 can be 

easily determined from which the B-H characteristics curve is originated. Fig. 5.5 shows 

the B-H loop of typical non-oriented silicon steel. The block diagram for the steel tester 

method is shown in Fig. 5.6.    
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Fig. 5.4. Individual loss elements of the Bertotti loss model using 50CS350 silicon steel 

 

Fig. 5.5. B-H loop of typical non-oriented silicon steel (Bipolar curve) 

 

Fig. 5.6. The steel tester method 
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Fig. 5.7. Copper wound toroid 

For this study, a toroid was constructed using laminated sheets of 50CS350 for 

which the inner diameter was 35 mm, and the outer diameter of the toroid was 64mm. 

The number of turns on the primary side was 209, and for the secondary side it was 48. 

Both the primary and secondary winding coils are copper wires of grade AWG 22. Fig. 

5.7 shows the copper wound toroid used in this experiment.  

The equation used to determine B and H are given as, 

 
2/

1
B = e dt

A.N ∫  (5.1)  

 And H.dl = N.I∫  (5.2)  

Where, 

 B= Magnetic flux density;  

A =Cross sectional area of the toroid; 

/
N = Number of turns in the secondary; 

2
e = Secondary induced voltage; 

H = Magnetic field strength; 

N = Number of turns in the primary and 

I = Current induced in the primary side of the toroid; 

 

A program was used in MATLAB based on Eq.(5.1)-Eq.(5.2) to determine the 

hysteresis loop of 50CS350 (plotted in Fig. 5.8). The B-H characteristics curve is found 
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by taking the maximum value of B and H from each of the hysteresis loop shown in Fig. 

5.8. The experimental B-H characteristics curves of 50CS350 together with the B-H 

characteristic curve given in the datasheet are plotted in Fig. 5.9.  

It is seen from Fig. 5.9 that the experimental B-H characteristics curve differs 

slightly from the manufacturer’s one. The experimental B-H curve was used in the FE 

model so that the FE result would closely resemble the experimental results.  

Fig. 5.10 shows the FEA flux density color plot of the highly saturated regions of 

the prototype machine at full load for the three core materials considered here. They 

were found to be within permissible limits for all three materials. 

 

Fig. 5.8. Experimental hysteresis loop of 50CS350 

 

Fig. 5.9. Experimental B-H characteristics curve of 50CS350 
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5.2.2 Selection of Permanent Magnet material 

Like any ferromagnetic material, Permanent Magnet materials can be characterized 

using a B-H loop. Fig. 5.11 shows a typical B-H Hysteresis loop and characteristic 

parameters for a permanent magnet. The primary parameters that characterize a 

Permanent magnet are described below [126]:  

• Remanence (Br): It is the magnetic flux density at zero magnetic field. 

• Coercivity (Hc): This point is defined as the negative field at which the magnetic 

flux density is zero. 

• Recoil Magnetic Permeability: 0rec r recB B Hµ µ µ= + .  

The first and third quadrants in the B-H loop of Fig. 5.11 are defined as magnetizing 

and demagnetizing quadrants respectively. The characteristics of PM’s are often 

described by the quadrant II as they mostly operate in this region. PM’s are designed to 

function in the recoil line (see Fig. 5.11). The recoil line is linear till B reaches Bknee. If 

B< Bknee, the magnet becomes partially demagnetized and will fall under a new recoil 

line. It should be noted here that demagnetization of PM’s is irreversible.  

 

Fig. 5.10. Flux density in various segments of the prototype FSCW IPMM-F using different 

core materials  
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Fig. 5.11. B-H Hysteresis loop for a permanent magnet [127] 

 

Fig. 5.12. (a) Effect of temperature on PM demagnetization curve, (b) Demagnetization curves 

of standard permanent magnets at 20° C [127]. 

Fig. 5.12 shows the demagnetization curves of standard permanent magnets at 20°C. 

It also displays the effect of temperature on Bknee. As seen from Fig. 5.12, the increase in 

temperature increases the demagnetization risk as Bknee reduces. PM’s are classified as 

either soft or hard based on their hysteresis characteristics. A soft magnetic material has 

a small hysteresis loop that indicates the material has high initial permeability and a low 

coercivity. On the other hand, a hard magnetic material has wider hysteresis loop [127]. 

Permanent magnet synchronous generators are designed with hard magnetic material as 

they have higher coercivity and thus have less chance of demagnetization.  
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In Fig. 5.12, AlniCo has the highest remanent flux density. Due to its small 

hysteresis loop, there is a high possibility of magnetization as well as demagnetization. 

The rare-earth PM materials, SmCo, and NdFeB, have large remanence and coercivity 

as seen in Fig. 5.12. Both of these PM’s have superior magnetic properties. The general 

properties of the most common permanent magnets are displayed in Table 5.2. It can be 

seen that the maximum allowable temperature for SmCo is higher than NdFeB, which 

indicates lesser chances of corrosion. However, NdFeB magnets are the most preferred 

choice for present day PM machines due to its lower cost in comparison to SmCo. It has 

maximum operating temperatures of between 80°C to 220°C. NdFeB magnets also have 

a high coercivity of approximately 844KA/m. Fig. 5.13 shows the effect of negative id 

current on the coercivity of the magnets of the prototype FSCW IPMM-F. This shows 

that the magnets will not be demagnetized even after applying high negative id current 

during field-weakening.   

Table 5.2 Properties of various PM’s 

 
Br 

(T) 

Hc 

(KA/m) 

Tcurie 

(°C) 

Tmax 

(°C) 

Hysteresis 

Loss 

(KJ/ m
3
) 

Fe 0.38 250 450 300 0.27 

AlNiCo 1.2 50 860 540 36 

SmCo 0.85 570 775 250 170 

NdFeB 1.15 880 310 180 255 

 

 

Fig. 5.13. NdFeB 32SH coercivity versus the change in id current.   
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Fig. 5.14. Dimension of each Magnet piece for the prototype FSCW IPMM-F 

The chosen grade of NdFeB magnet is N32SH with a remanent flux density of 

1.13~1.17 T and maximum operating temperature of 230°. This grade was chosen based 

on the required air-gap flux density to produce 4 KW at 143 RPM. The dimension and 

the orientation of one magnet piece are shown in Fig. 5.14. In chapter 3 and 4, the 

magnet remanence was chosen to be 1.16 T with a relative permeability of 1.0446. In 

FEA, the magnet property was considered to have linear approximation. This is defined 

by, 

                                                     0 r r
B(H)= H +Bµ µ   (5.3) 

where,
74 x10rµ π −= H/m.  

In order to represent the PM’s accurately in FE, the magnets were tested using a 

Gaussmeter. Ten random magnets were chosen out of 42 magnets and were placed in an 

open atmosphere so that no outside field can influence the experiment. Using axial and 

transversal HALL probes connected to the Gaussmeter, the remamant flux density was 

measured. An axial HALL probe measured the flux parallel to the probe holder whereas 

the transversal probe measured the flux perpendicular to the probe holder. It is should 

be note here that the position of the probe related to magnet must be exactly the same 

between each sample. Fig. 5.15 shows the magnetic field for the ten magnets under test 

at 2 m and 4 m distance from the HALL probes. The Flux density for each magnet can  
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Fig. 5.15. Magnet Fields for various magnets at 2m and 4m distance 

Table 5.3. Testing of individual magnets using HALL probes 

Magnet 

Field ratio= 

Field at 2m

Field at 4m
 

Magnetic 

moment 

(A.m
2) 

Current 

(A) 

H 

(A/m) 
rB   

(T) 

1 8.03 11.53 1958 -652654 0.86 

2 8.04 11.39 1934 -644683 0.85 

3 8.09 13.02 2212 -737247 0.97 

4 8.01 13.77 2339 -772569 1.03 

5 8.01 13.22 2245 -748296 0.99 

6 7.99 13.71 2329 -776192 1.02 

7 8.04 12.94 2198 -732718 0.97 

8 8.01 13.77 2339 -772569 1.03 

9 8.06 13.65 2318 -772569 1.02 

10 8.01 13.77 2339 -772569 1.03 

Average 8.04 12.89 2188 -729440 0.96 

Std. Dev. 0.03 0.89 151 50480 0.07 

 

be calculated easily as shown in Table 5.3 using the above data achieved from the 

HALL probes. 

From Table 5.3, it can be seen that there are discrepancies in rB for each piece of 

permanent magnet. The average value for rB  is found to be 0.96 T which is almost 18% 

lower than the expected value of 1.16 T. rB is proportional to magnetic loading and 

slight change in remanence significantly affects the parameters of machine design. Fig. 

5.16 shows the change in flux density and L-L voltage for the FSCW IPMM-F with the 
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change in rB . The impact of rB  on the main fundamental component of flux density 

and the generated EMF is shown in Table 5.4 for the FSCW IPMM-F. 

 

Fig. 5.16. Effect on Flux density and L-L voltage of FSCW IPMM-F with the change in rB  

Table 5.4. Change in Fundamental component of flux density and the L-L voltage of 

FSCW IPMM-F with the change in rB  

Magnet Remanence 

(T) 

Fundamental 

Flux density, 

Bδ  (T) 

L-L Voltage (RMS) 

(Volts) 

1.01 0.56 352.6 

1.04 0.59 366.94 

1.08 0.62 386.3 

1.13 0.65 410.43 

1.16 0.68 424.87 

 

From Table 5.3, it is seen that 3 out of 10 magnets have a rB of 1.03 T. Some more 

discussion on the magnet remanence with the magnet manufacturer and considering the 

accuracy of the test methods, it was decided that use of  rB = 1.03 T in the FE model 

would be reasonable. Fig. 5.17 shows the magnet orientation of the FSCW IPMM-F.  

5.2.3 Stator coil 

The use of copper is a common choice for coil material due to its high melting 

point, low cost, high conductivity, and excellent flexibility. The selection of the proper 

grade of copper wire is important as it significantly affects the copper loss that makes 
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up around 65 % of the total loss of the FSCW IPMM-F at full load.  In chapter 3 and 4, 

the copper wire was assumed to be AWG 17 during FE analysis. AWG 17 has a 

maximum ampere rating of 19A with a resistance of 16.6 ohms/km.  

 

Fig. 5.17.A portion of FSCW IPMM-F showing the orientation of the magnets. 

The amount of copper loss can be calculated as, 

 cu coil r

w

l2
P = 2N I

A
ρ  (5.4)  

where, 

coilN = Number of turns per coil 

rρ = Conductor resistivity 

wA = Cross-sectional area of the wire 

l = Machine stack length 

A copper material grade for winding is characterized by its resistivity, cross-

sectional area, and its ability to carry maximum current. All 3 of these parameters affect 

the copper loss of the machine according to Eq.(5.4). For the prototype FSCW IPMM-F, 

the maximum current in the stator is 9.2A. In order to minimize the stator resistance 

while keeping the current carrying capacity unaltered, paralleling of copper wires to 

form one coil is an excellent option. A test was conducted by using six conductors in 

parallel to form one coil. Two sets of wires were used in the test – one set with a 

diameter of 0.56mm for each conductor and another set with a diameter of 0.6mm for 

each conductor. It was found that the slot-fill factor achieved using a 0.6mm copper wire  



CHAPTER 5: Final Design Selection and Prototyping of the FSCW IPMM-F 

143 

 

 

Fig. 5.18. Winding with a 0.6 mm copper wire for double layer CW stator 

was higher than that of 0.56mm. Using a 0.56mm wire will allow a current density of 

8.16A/mm
2
 for a 12A load. As for the same condition, the current density would be 7.1 

A/mm
2
 for a 0.6mm wire. The required current rating of the prototype machine to 

achieve 4kW at 143 rpm is 6A. Hence, the 0.6mm copper wire was selected for the 

winding. The one coil of the winding will consist of 6 conductors in parallel. Fig. 5.18 

shows the winding with a 0.6mm diameter copper wire that form the double layer CW 

stator of the prototype machine. The nominal resistance of the copper wire with 0.6mm 

diameter is 60.46 Ω/km at 20° C. The use of 6 parallel strands to form one coil reduces 

the resistance to 10.08 Ω/km. As compared to AWG 17 used previously for designing 

the DW and CW IPMM’s in chapter 3 and 4, the resistance of the wire decreases by 

almost 60% with the use of 0.6mm copper wire.  

Resistivities of the materials and thus the resistance of conductors vary with 

temperature. Fig. 5.19 shows the graphs of resistivity versus temperature for various 

metals. It is seen from Fig. 5.19 that the change in resistivity for copper is lower than 

that of Aluminum, Gold, and Tungsten. Resistance of a conductor due to temperature 

rise can be estimated using the equation below 

 25 25 25
[1 (T T )]

T
R R α= + −   (5.5) 
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Where, 

T
R =Resistance of the conductor at Toperating temperature; 

25R = Resistance of the conductor at 25°C ambient temperature; 

T= Operating temperature;  

25T =25°C ambient temperature; and 

25
α =Temperature co-efficient (TCR) at 25°C ambient temperature (

34.138 10−×  for copper); 

The variation in resistance per phase of the final model with the increase in 

temperature is shown in Fig. 5.20. 

 
Fig. 5.19. Resistivities of selected metals  

[128] 

Fig. 5.20. Resistance per phase as 

temperature increases for the FSCW 

IPMM-F 

The resistance for each phase in the FSCW IPMM-F can be calculated easily using 

datasheet provided by the manufacturer that specifies the resistance of the copper wire 

per km length. It is shown below: 

The average turn length of one coil is found to be 0.433m.  

The average length of each coil = 0.433 x 21(total number of turns per coil) = 9.07 m; 

Total length of each phase = 9.07 x 18(coils per phase) = 0.163 km; 

From the datasheet, the resistance of the copper wire with 0.6 mm diameter is 

determined to be 60.46 Ω/km. The use of 6 parallel strands to form one coil reduces the 

resistance to 10.08 Ω/km. So the resistance of one phase in the FSCW IPMM-F is 0.163 

x 10.08 = 1.65 Ω. Later this value was verified with the FSCW IPMM-F by directly 

measuring the phase resistance using a multi-meter. 
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5.3 Final winding Configuration 

The slot dimension of the final design is shown in Fig. 5.21. The determination of 

the arrangement of phase coils in the prototype FSCW IPMM-F has already been 

discussed in chapter 4. Fig. 5.22 shows the winding layout of each phase with respect to 

the slot number.  

 

Fig. 5.21. Slot dimension of the final FSCW IPMM-F design 

 

Fig. 5.22. Winding layout of the FSCW IPMM-F 
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  (a)    (b)   (c) 

Fig. 5.23. Estimated End winding length for (a) Single layer DW; (b) Single layer FSCW 

and (c) Double layer FSCW 

As the periodicity of the FSCW IPMM-F is three, thus the winding layout in Fig. 

5.22 is shown for 18 slots and has to be repeated three times in order to achieve the total 

winding layout of the FSCW IPMM-F 

5.3.1 End winding inductance  

A CW layout has non-overlapping coils leading to smaller end-winding length in 

comparison to a DW design. This leads to lower stack length for a CW machine. Fig. 

5.23 compares the end-winding lengths of DW and FSCW.  

 

 

 

 

 

 

 

 

It can be seen from Fig. 5.23, that the end-winding length of a double layer CW is a 

quarter of that of a single layer DW. This means that the end-winding leakage flux will 

also be substantially lower for a FSCW machine. In 2D FEA, the end-winding leakage 

inductance due to the flow of currents in end-windings cannot be considered in the 

analysis and needs to be included with the total inductance of the machine. In this 

thesis, the end-winding leakage inductance is calculated analytically and then added to 

the total inductance in the FSCW IPMM-F. This value is further validated with a 3D FE 
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analysis. The end winding leakage inductance was calculated using the equations below 

[129]: 

 2

end pp ph o

4m
L = s N m k

s
  (5.6) 

and   

 
ew ew ew wk = 2l +Wλ λ   (5.7) 

where, 

 s= total number of phase;  

Q = number of slots; 

phN =number of turns in series per phase; 

ewl = height of the end winding; 

ewW = width of the end winding; and 

ewλ and 
wλ  are reactance factors.  

The reactance factors for the end-winding depend on the order of the end-winding 

layers as well as the structure of the winding. A table of reactance factor values are 

given in [129] for various machines. In this study, the reactance factors ewλ = 0.518 and 

wλ =0.138 were used for a double concentrated winding structure. These values were 

recomended in [59] for concentrated winding similar to the prototype machine. Fig. 

5.24 shows the end-winding arrangement of the FSCW IPMM-F.   

  

Fig. 5.24. (a) Dimension of an end winding and (b) End winding of the FSCW IPMM-F (side 

view) 

Wew

lew

(a)
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The length of the end winding varies as the turns move further away from the tooth 

walls. It can be calculated as, 

                                                         end,min s sl (1- ).λ τ≈  (5.8) 

                                                          
.

2

s
end,maxl

π τ
≈  (5.9) 

                                                             
s si

2
= R

s

π
τ    (5.10) 

where,  

end,min / maxl = length of the innermost/outermost turn end region;  

sτ =slot pitch; 

sλ =0.5 (typical for AC machines); 

siR = stator inner radius; 

end,minl  and 
end,maxl  are found to be 66mm and 72 mm respectively for the prototype 

machine. Using the average of these values, the value for 
ewl and

ewW were calculated as 

20mm and 31 mm respectively.  

For the prototype FSCW IPMM-F, 
tN  is 378. Using Eq.(5.6), the end winding 

inductance, 
endL for each phase was found to be 0.85 mH. This value of end winding 

inductance was later verified with a 3D FE model. 

5.3.2 Slot fill factor 

A slot fill factor (
ffS ) is defined as the ratio of the total cross-sectional areas of all 

the conductors in one slot to the total slot area. Typical slot-fill factor for DW is no 

greater than 35%. In a CW stator, a slot fill factor of 50% can be achieved using the 

traditional hand winding methods. Fractional slot CW can be automatically wound with 

a needle-winding machine that results in a smaller slot fill factor as found in [130]. A 

high slot fill factor of more than 70% can be achieved with needle winding for a joint-

lapped  core [131] which also makes the production  process  quicker. However, this  
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Fig. 5.25. Manual winding methods 

method requires investing in a winding machine as well as special laminations are 

necessary for the stator. For this research, manual hand winding of coils is done on the 

teeth that make the process slow but economical for the prototype machine. 

The slot fill factor ffS also depends on the orientation of the conductors aligned in 

the stator slots. Fig. 5.25 shows two different methods that can be used to wind a 

conductor in a double layer CW machine. The vertical fill method reduces the end 

winding length by approximately half in comparison to the horizontal fill method. This 

suggests that FSCW IPMM with windings done in vertical fill method will result in a 

lower copper loss as compared to that of a horizontal fill FSCW IPMM. The only 

drawback is that the manual vertical fill method is time-consuming (required time is 

almost twice the time of the horizontal fill method). Despite the expected high 

production time, the vertical fill method was chosen in the prototype construction to 

achieve lower copper losses. In the prototype FSCW IPMM, the required conductor area 

for each slot is 35.6 mm
2
, and available slot area is 77 mm

2
 shown in Fig. 5.21. This 

makes the slot fill factor for the FSCW IPMM-F increase to 46%.  

5.4 Rotor of the final design 

The rotor outer radius was kept to 310mm as discussed in chapter 4. The structure 

of the flux  barrier and the  magnets were optimized  in chapter 4 to minimize cogging  
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Fig. 5.26. Position of magnet in the rotor for the FSCW IPMM-F (all values are in mm) 

torque and torque ripple. The dimension of the flux barrier and the position of a magnet 

in the rotor with respect to a stator tooth of the prototype machine is shown in Fig. 5.26. 

The dimensions of the magnets were described in section 5.2.2. It can be seen that, there 

is a tolerance of 0.13 mm added on both sides of the magnets. Details on this tolerance 

are presented in Appendix B. The air-gap for the final design is set to 1.225 mm based 

on the required air-gap flux density to produce 4 KW at 143 RPM. This is seen in Fig. 

5.26.  

5.5 3-D FEA of the FSCW IPMM-F design 

The 3-D FE analysis was conducted for the final design in order to ensure that there 

were no significant flux leakages in the axial direction. The followings were confirmed 

with the 3-D FE model: 

• Verify the flux density waveform with the flux density waveform obtained using 

2D FEA. 

• Verify the EMF and its total harmonic distortion. 

• Verify the analytical/calculated end-winding leakage inductance. 

 

5.03 

Flux 
barrier
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Fig. 5.27. 3-D model of the FSCW IPMM-F  

 

Fig. 5.28. Flux density and its FFT analysis of the FSCW IPMM-F using 3-D FEA 

The 3-D FE model of the prototype is shown in Fig. 5.27. The flux density 

waveform and its FFT are shown in Fig. 5.28. It can be seen that the fundamental flux 

density is 0.56 T. The fundamental air-gap flux density obtained using 2D FE is 0.576T. 

This means the inconsistency in the two models is 2.7% which is negligible.   

Fig. 5.29 shows the flux density in the axial orientation of the FSCW IPMM-F. The 

flux density is found to be negligible across the z-axis as seen in Fig. 5.29. This 

confirms that the electromagnetic analysis obtained from 2-D model was reasonable. 

The rated L-L RMS voltage is found to be 358 volts at rated speed with a total harmonic  
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Fig. 5.29. Flux density in the z-axis direction of the FSCW IPMM-F using 3-D FEA 

distortion (THD) of 0.77% which is almost identical to the value found during 2-D FEA 

shown in section 5.7. The inductance in the end-windings was calculated in the 3-D FE 

model by deriving the energy in the air around the end windings ( airW ). The end 

winding inductance can be calculated as, 

                                                

m

4
2

23 I

air
a ab

ax

W
L M− = × ×  (5.11) 

where, 

a
L and ab

M = self and mutual inductance; 

a abL M− = Cyclic inductance per phase; 

mI ax =Maximum current; 

The end winding inductance of the prototype FSCW IPMM-F was calculated for 

the 3D FE model as 0.89 mH. The analytical end winding inductance for the prototype 

machine was 0.85 mH.  

5.6 Mechanical stress analysis 

The mechanical aspects should be taken into account before construction of a 

prototype. In an IPMM, the bridge near the flux barriers in the rotor and the air-gap is a 

mechanically weak region. The bridge has to be strong enough to withstand the 
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centrifugal forces at high speed [132, 133]. In this study, mechanical stress due to 

centrifugal forces was analyzed for the FSCW IPMM-F.  

The FSCW IPMM-F was modelled in ANSYS Workbench and analyzed by rotating 

the machine with various speeds. The deflection contour for the rotor of the FSCW 

IPMM-F at 143 rpm and 4500rpm is shown in Fig. 5.30. According to the 

manufacturer’s datasheet, Poisson ratio for silicon steel grade 50CS350 is 0.3 [134]. 

The maximum deformation is found to be 0.06 mm at 4500 rpm that is well below the 

limit of the material. The mechanical stress applied to the rotor due to centrifugal forces 

is evaluated by VON-MISES Stress. An irreversible deformation of the rotor will not 

take place until the VON-MISES Stress exceeds the yield strength of the rotor material 

[135]. This analysis also looks into the sheer stress caused by Poisson effect, which can 

lead to rotor and magnet cracking and eventually machine failure.   

Fig. 5.31 shows the VON-MISES Stress and SHEAR Stress for the rotor and 

magnets of the FSCW IPMM-F at 143 rpm and 4500rpm. The main conclusions of this 

analysis are pointed out in Table 5.5. Note that in this analysis, a linear elastic material 

behavior is assumed. Small deflection theory was used to do the solving process, and no 

non-linear iterations were included.  

  

 

(a) Deflection Contour for the rotor at 143 

RPM 

 

(b) Deflection Contour for the rotor at 4500 

RPM 

  
Fig. 5.30. Deflection Contour of the FSCW IPMM-F  
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(a) VON-MISES Stress for rotor core and 

magnets at rated speed 

(b) SHEAR Stress for rotor core and 

magnets at rated speed 

  

(c) VON-MISES Stress for rotor core and 

magnets at 4500 rpm 

(d) SHEAR Stress for rotor core and 

magnets at 4500 rpm 

Fig. 5.31. VON-MISES Stress and SHEAR Stress for rotor core and Magnets of the FSCW 

IPMM-F at Rated Speed (Fig. a & b); 4500 rpm (Fig. c & d); 

Table 5.5 Mechanical stress limit for the rotor core 

 

Speed 

(Rpm) 

Allowable 

VON-MISES 

stress (MPa) 

Maximum 

VON-MISES 

stress (MPa) 

Allowable 

shear stress 

(MPa) 

Maximum 

shear stress 

Rotor Core 

Weight 

(279 Kg) 

143 

400 

78.107 

230 

44.046 

4500 190.36 106.67 

The analysis has been performed to determine limiting speed for the rotor. The 

maximum VON-MISES stresses/Pressure developed in the rotor core at 4500 rpm is 

190.36 MPa. The allowable limit for non-oriented silicon steel 50CS350 is 400 MPa. 

The SHEAR stress is also below the maximum condition during this speed. Hence, the 

rotor is safe for working in speeds almost 30 times higher than the base speed. As for 
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the NdFeB magnets, the SHEAR stress during 4500 rpm is 23 MPa, which is well 

below the maximum allowable SHEAR stress of 48 MPa.   

5.7 Final FSCW IPMM-F design 

This section presents the key machine parameters of the final FE design of the 

FSCW IPMM-F. The overall construction process of the FSCW IPMM-F describing the 

entire development process and the manufacturing timeline is presented in Appendix B.  

Full specifications of the final design are shown in Table 5.6.  

Fig. 5.32 shows the flux density waveform for the final design of the FSCW IPMM-

F. The fundamental air-gap flux density is found to be 0.57 T for the proposed machine. 

The cogging torque minimization technique applied to the FSCW IPMM-F helped in 

reducing the cogging torque to less than 1% of rated torque. The cogging torque 

computation was performed with finite element analysis using fine mesh discretization 

as a multi-static computation for different rotor positions. The cogging torque waveform 

is displayed in Fig. 5.33. It was already observed in chapter 4, the EMF is nearly 

sinusoidal for the FSCW IPMM-F. The predicted L-L EMF from the FE model is 

shown in Fig. 5.34. The rated L-L RMS voltage is found to be 362 volts at rated speed 

with a total harmonic distortion (THD) of 0.75%. Except for the 3
rd

 harmonic in the 

phase voltage, there are no significant harmonics in the FFT analysis for both the L-L 

and phase voltage of the final design. 
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Fig. 5.32. Flux density of the Final design (FSCW IPMM-F) conducted in FEA 

 

Fig. 5.33. Cogging torque of the Final design  

 

Fig. 5.34. (a) L-L Back EMF & (b) FFT analysis of the L-L and phase Back EMF of the Final 

Design 
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Table 5.6  Specifications of the final design 

Stator outer diameter 680 mm 

Rotor outer diameter 620 mm 

Air-gap Length  1.225 mm 

Stator inner diameter 621.225 mm 

Shaft diameter 60 mm 

Stack length  161 mm 

Active stack length 201 mm 

Stator & Rotor Lamination thickness 0.50 mm 

Slot-opening width 2.05 mm 

  

Number of poles 42 poles 

Number of magnet pieces 42 pieces  

Magnet dimension 161mm x 36.575mm x 3mm 

Magnet remanence  1.03 T 

Magnet operating temperature rating ≥ 230° C 

Magnet Coating Ni-Cu-Ni 

Number of slots 54 slots  

Winding type Double-layer concentrated
 

Slot-fill factor 46% 

Number of turns per coil 21 turns 

Total number of conductors in parallel 6 

Diameter of each conductor 0.6 mm 

Conductor insulating material  ULTIMEG 2000/380 Alkyd phenolic 

Conductor withstanding temperature ≥ 180° C 

Cooling arrangement N/A 

Core material 50CS350  

Experimental Core loss at 50 Hz/1.7 T 2.65 W/kg 

Allowable VON-MISES stress  400 Mpa 

Allowable SHEAR stress 230 Mpa 

Conductivity of lamination 2272727 s/m 

  

Rated Voltage (RMS) 362 volts 

Rated Current (RMS) 6.5 A 

Base speed  143 rpm 

Maximum rated torque at base speed 274 Nm 

d-axis inductance (at rated current) 29.4 mH 

q-axis inductance (at rated current) 43.2 mH 

Stator winding resistance 1.65 Ω/phase 

Magnet flux linkage  0.945 Wb (peak) 
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5.8 Losses of the final design 

The power absorbed in the machine during the conversion of electrical and 

mechanical energy is referred to losses of that particular machine. The individual losses 

in the IPM machine are: 

 

Fig. 5.35. Losses in an IPM machine 

The determination of Cu. loss and Iron loss has already been studied in chapter 4. 

This chapter analyzes the mechanical loss, magnet loss and the stray load loss of the 

IPMM.   

5.8.1 Mechanical losses 

In PM machines, the mechanical losses consist of bearing/friction and windage 

losses [129, 136, 137]. The bearing loss is due to the friction in the bearings of the 

motor. As for windage loss, it is caused by the rotating elements of the machine. These 

mechanical losses are identified and calculated individually for the FSCW IPMM-F. 

5.8.1.1 Bearing loss 

There is a wide variation of bearing types available with rely upon the rolling action 

of balls or rollers. The bearings used for manufacturing the prototype are hybrid deep 
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groove ball bearings (SKF: 6212-2RS1). These bearings are usually preloaded axially in 

high-speed applications. Under these conditions, hybrid deep groove ball bearings 

behave like angular contact ball bearings with a similar reduced frictional moment. The 

friction loss is a small portion of the total losses of the machine and in most times are 

neglected in the calculation. The friction losses in the bearings are a function of bearing 

size, speed, type of bearing and load. Bearing losses can easily be calculated with the 

following equation given in [129]: 

                                              0.5bearing m b bP K FDω=  (5.12)  

where, 

mω = Speed of the rotor (Mechanical); 

bK = Bearing loss constant; 

F = Force acting on the bearing; 

bD = Bearing inner diameter; 

Fig. 5.36 shows the schematic rotor and the two bearings to calculate the friction 

loss of the prototype. In machines with bigger geometrical dimensions, the bearing loss 

is significant as the force acting on the bearing is high for these machines. According to 

the manufacturer datasheet, the bearing loss constant is found to be 0.0015. The mass of 

every portion of the machine is calculated using the volume of the material and its 

density.  

The force acting on the bearings can easily be estimated by using the total mass and 

multiplying it by the gravitational force (9.81 m/s
2
). The calculated force acting 

downwards on both the bearings is found to be 1821 Nm. The friction loss in the 

bearings is shown in for various rotor speeds is shown in Fig. 5.37. The total bearing 

loss is found to be 2.45 W at rated speed. The results indicate that the bearing loss is 

small compared to other electrical losses in the prototype. 
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Fig. 5.36. Drawing of the rotor and bearings to calculate the bearing friction loss 

 

Fig. 5.37. Power loss due to bearing friction at various speeds 

5.8.1.2 Windage loss 

Windage loss is due to the aerodynamic power loss in the machine. It is generated 

by friction resulting from relative air movement in reference to the machines rotating 

part [137]. The fundamental effect of windage power loss that are skin friction, pressure 

drag, and induced drags are described in details in [138]. According to [129], the 

windage loss can be expressed as follows: 

                                 3 40.03125windage m ct r air rP k k D lω π ρ=   (5.12) 
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where, 

ctk = Torque co-efficient;  

rk = Roughness co-efficient (for a smooth surface, rk =1 ); 

airρ = Density of air (1.184 kg/m
3
); 

rD = Rotor diameter; 

l = Length of the rotor; 

 

The torque co-efficient ( ctk ) is defined by Couette Reynolds number (
eR δ

). It is 

given by: 

                                                 
eR

2

air m rD
δ

ρ ω δ

µ
=   (5.13) 

where, 

δ = Air-gap length; 

µ= Dynamic viscosity of air (18.6 µPa s); 

 

The torque co-efficient is obtained as follows: 
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These values are calculated to determine the windage loss of the FSCW IPMM-F, 

which is shown in Table 5.7. 

Table 5.7 Reynolds number, torque coefficient and winding loss at various speeds 

Speed 

(rpm) 
eR δ

 ctk  windageP (W) 

50 126.569 0.0208 38.25 10−×  

100 253.173 0.0137 0.0435 

143 361.97 0.0110 0.102 

200 506.283 39.06 10−×  0.23 

250 632.856 37.93 10−×  0.393 
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5.8.2 Magnet losses 

Magnets in an IPM machine are buried inside the rotor that means that they are not 

directly exposed to the air-gap flux. This suggests that magnet losses in IPMM will be 

much smaller in comparison to SPM machines [139]. On the other hand, a concentrated 

winding IPMM results in higher magnet losses as opposed to DW IPMM. This is due to 

the losses induced by the stator winding MMF spatial sub-harmonics and other higher-

order harmonics of a FSCW machine [117, 140-142]. Common strategies used by 

researchers to reduce magnet losses are: 

• The use of Bonded Magnets instead of Sintered Magnets. 

• Magnet Segmentation. 

Bonded NdFeB magnets are typically made of neodymium powder and Binder. It 

can be magnetized in any direction or with multiple poles. Ideally, bonded magnets 

should offer negligible losses in the magnets of a machine. However, the bonded 

magnets have lower remanence in comparison to sintered magnets. Currently, the 

maximum remanence available for bonded magnets is well below 1 T. This leads to an 

increase in the machine volume when using bonded magnets [143]. For this reason, the 

use of bonded magnets was not considered in this research. The other common way to 

reduce magnet losses is by the segmentation of the magnets [144-148]. In [149], it was 

seen that the segmentation of magnets into two magnet pieces reduces the magnet losses 

by more than 50%. The segmentation of the magnets reduces the eddy currents induced 

in the magnets thus reducing the overall loss. Analysis of the segmentation of the 

magnets was conducted in the latter part of this section. 

The calculation of magnet losses in FEA is very similar to calculating the core loss 

of the machine. Magnet loss of the FSCW IPMM-F consists of magnet eddy current loss 

and magnet hysteresis loss. A lot of researchers have suggested on calculating only the 
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eddy current loss of a PM machine, but some recent findings show that the magnet 

hysteresis loss is larger than the eddy current loss in the range of frequencies less than 

several hundred hertz [150]. The magnet loss can be expressed as [151, 152], 

                                     
2 2 2

ma
mag

x m x
e

a
h

p = k B f +k B f

Losses
by

hysteresi

Eddy
loss

s

����� �����
 (5.18) 

The calculation of hysteresis loss co-efficient (
hk ) is not easy as the value is not 

readily available in manufacturer's datasheet. The eddy current loss coefficient ( ek ) can 

be easily calculated using the following equation: 

                                                 
2 2

i
e

d
k

6

π σ
=  (5.19) 

The conductivity (σ ) of NdFeB is 55555s/m as found in the manufacturer’s 

datasheet. 
hk  can be estimated by extrapolating measured data of Sintered NdFeB  

magnet losses  from previously achieved results found the literature. In [150, 152], the 

authors presented mag
p - maxB  characteristics for a fully magnetized NdFeB magnet at 50 

Hz, shown in Fig. 5.38. As seen in the figure, the magnets were exposed to flux 

densities up to only 0.1T. Fig. 5.39 shows the extrapolated polynomial trend lines that 

were fitted to the measured results of Fig. 5.38.  

The maximum operating point of the FSCW IPMM-F is approximately 0.8 T. At 

this value, the hysteresis loss is found to be 13.03 W/kg and as for eddy current loss, it 

is 8.04 W/kg seen from Fig. 5.39. Both the losses increase proportionally with 

increasing flux density with a linear trend for the hysteresis loss curve, as for the eddy 

current loss curve, it is exponentially linear. After achieving 
hk  from Fig. 5.39, and ek  

from Eq.(5.19), both the values were used to study of the magnet losses with 2-D FEA. 
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Fig. 5.38. Hysteresis and eddy current loss 

for sintered NdFeB at 50 Hz [150, 152]. 

Fig. 5.39. Extrapolated values of measured 

hysteresis and eddy current loss. 

The calculation of the losses in IPMM is done using Eq.(5.18). Fig. 5.40 displays 

the effect of magnet segmentation on the magnet eddy current loss of the prototype 

FSCW IPMM-F. It can be seen from Fig. 5.40 that the eddy current loss at 50 Hz is 3.36 

watts for non-segmented magnets in the FSCW IPMM-F. The necessity of segmenting 

the magnets becomes evident when the machine operates at 200 Hz. At this condition, 

the eddy current loss rises to 52.9 watts, whereas six segments of magnets reduce the 

loss to only 1.26 watts. The operating region of the prototype FSCW IPMM-F is below 

100 Hz frequency, which suggests the magnet eddy current loss will always be less than 

5% of the total loss of the machine. 

 

Fig. 5.40. Magnet eddy current losses at various frequencies with the variation in the number of 

segment in the magnets. 
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Fig. 5.41. Magnet losses versus frequency in the final design of the FSCW IPMM-F  

Segmenting the magnet into more than two pieces will make the whole rotor 

manufacturing costly and time consuming due to the high pole numbers in the machine. 

In the final, sintered non-segmented NdFeB magnets were used to prototype the FSCW 

IPMM-F. The total magnet loss of the final model is shown in Fig. 5.41. The magnet 

loss found to be 12.18 W at rated condition that is approximately 4% of the total loss of 

the FSCW IPMM-F. As compared to other IPMM with CW, the magnet loss for this 

prototype is a bit high due to its large pole numbers. As seen in Fig. 5.41, the hysteresis 

loss is the dominant loss in the magnet for frequencies below 100 Hz. The magnet loss 

in the rotor is quite significant in the total core loss of the rotor for the prototype FSCW 

IPMM-F. 

5.8.3 Stray load loss 

Stray load losses are residual losses that arise from the skin effect resulting from the 

same source conductors [153]. Due to skin effect, AC current tends to flow on the 

outside of the conductor. The skin effect is defined by the skin depth (
skinδ ) which is the 
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distance below the surface, where the current density has fallen to 1/e, where e is equal 

to 2.718… It can be characterized as 

                                                 
2

skin

r

δ
ωµ σ

=  (5.19) 

where, 

ω = Angular frequency = 2 π × frequency; 

rµ = Relative permeability= 0.999994 (For copper); 

σ = Electrical conductivity=1.68
810−× Ω.m 

The power loss due to this skin effect, as well as the proximity effects of conductors 

located in the slots of electric machines, can be based on the following equation: 

 

                                                    ac
stray cu

dc

R
P = P ( -1)

R
 (5.20) 

ac

dc

R

R
can be easily determined using 

skinδ  as shown in Eq.(5.21). It is also readily 

available in manufacturer’s datasheet for various AWG wires. Fig. 5.42 shows this ratio 

versus frequency for different sizes of copper wire [128].   

                                                 
2

22

ac

dc
skin skin

R r

R rδ δ
=

−
  (5.21) 

It can be seen in Fig. 5.42, 
ac

dc

R

R
 is one at lower frequencies. For the prototype 

FSCW IPMM-F, the diameter of the wire used for winding is 0.6mm. This suggests the 

ratio of effective AC resistance and the DC resistance will be 1. This indicates that the 

stray load loss can be considered negligible for the prototype FSCW IPMM-F. 
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Fig. 5.42. Ratio of ac

dc

R

R
 versus frequency for different sizes of copper wire (at 25°C) [128] 

5.8.4 Final Efficiency for the FSCW IPMM-F 

Fig. 5.43 shows the calculated copper losses, magnet losses and the iron losses for 

different load settings at rated speed. At rated speed, the iron loss is dominant when the 

FSCW IPMM-F is loaded 80% of full load configuration. At full capacity, the copper 

loss accounts for 61% of the total loss of the machine as seen in Fig. 5.43. A surface 

plot of the efficiency at rated speed for the FSCW IPMM-F is plotted in Fig. 5.44. An 

efficiency of 92.32 % is achieved for the FSCW IPMM-F at full load during rated speed 

condition. 

 

Fig. 5.43. Various losses of the prototype at different load setting during rated speed condition 
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Fig. 5.44. Surface plot of the efficiency at rated speed for the FSCW IPMM-F 

The power loss at full load for various speeds was also calculated for the machine 

and shown in Fig. 5.45(a). The efficiency calculation at full and a half load of the 

machine is shown in Fig. 5.45(b). It can be seen that the efficiency reaches 92% for both 

full and half load settings during rated speed condition. The maximum efficiency of 

94% is achieved at 100rpm for 50% of full load configuration. 

 

Fig. 5.45. (a) Power loss of the FSCW IPMM-F at full load with the variation in speed; (b) 

Variation in efficiency with the change in speed for full- and half load; 
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5.9 Conclusion 

In this chapter, the final design of the FSCW IPMM-F was discussed. Initially, the 

materials of the IPM machine were selected based on the saturation level and design 

criteria. The final winding configuration together with the end turns inductance have 

been discussed intensively in this chapter. 3-D FEA was used to analyze the leakage 

flux in the vertical direction of the machine.  

Machine losses were studied, and the final efficiency was calculated. The efficiency 

was found to be 92% at rated speed during full load conditions. The specifications of the 

final machine were presented based on the final 2-D FEA of the prototype design. The 

cogging torque was found to be less than 1% of rated torque. As for the torque ripple, it 

was less than 2% of rated torque. The FE simulations have shown that the FSCW 

IPMM-F satisfies all the design criteria stated in chapter 1.  

The next chapter evaluates the performance of the prototype FSCW IPMM-F 

through experiments and comparisons with the FE results. 

 

  



CHAPTER 6: Experimental Validation of the Steady-State Performance of the 

Prototype FSCW IPMM-F 

170 

 

6 CHAPTER 6: Experimental Validation of the 

Steady-State Performance of the Prototype 

FSCW IPMM-F 
 

 

 

6.1 Introduction 

This chapter presents the experimental validation of the steady-state performance of 

the constructed 42-pole/52-slot FSCW IPMM-F. The experiments discussed in this 

chapter are associated with the generator action of the prototype FSCW IPMM-F. A 

four-quadrant electrodynamometer was used to drive the prototype machine as shown in 

Fig. 6.1. The tests in this chapter were conducted under open loop control. The 

dynamometer was controlled to apply various speeds to the prototype generator. A 

variable resistive load was connected to the machine terminals to absorb the generated 

active power. 

The three primary design goals are low cogging torque, low torque ripple and a 

high efficiency for the prototype FSCW IPMM-F. These were verified in this chapter. 

The saliency was also measured using the AC standstill test. The obtained results were 

compared with the predicted results of the FE model (CEDRAT FLUX 2D/3D) as 

discussed in chapter 5, for validation purposes.  

6.2 Open Circuit Parameters 

The experimental setup is shown in Fig. 6.2. The components associated with the 

configuration are given in the Table 6.1. The data sheet for each component is provided 

in the Appendix G. The numbers shown in Fig. 6.2 represent the numerical of the 

components in Table 6.1. 
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Table 6.1. Components associated with the experimental setup 

1: UNSW FSCW IPMM-F   7: Oscilloscope 

2: Electrodynamometer   8: Variable voltage supply 

3: Dynamometer control unit   9: 1-ϕ Resistive bank 

4: Dynamometer system PC 10: Voltage source inverter 

11: PC for DS1104 control board 5: Power Analyzer 

6:3-φ Resistive bank 

 

 

Fig. 6.1. The electrodynamometer coupled to the prototype FSCW IPMM-F  

 

Fig. 6.2. Experimental setup to determine the new machine parameters  
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Fig. 6.3.Phase voltage of the prototype 

The open-circuit phase back EMF waveform at the base speed of 143 RPM is 

shown in Fig. 6.3 along with the predicted waveform from the FE model. Fig. 6.4  

compares the harmonic spectrum of the measured phase voltage with that of the FE 

model. The fundamental harmonic content is omitted in this figure for better observing 

the higher order harmonics. It can be seen from the figure that apart from 3
rd

 order 

harmonics, no other significant harmonics exist in the back-EMF. This confirms that the 

ppS  = 3/7 configuration is capable of inducing a near- sinusoidal L-L back-EMF 

waveform. The time traces of the measured line to line (L-L) back-EMF of all three 

phases are displayed in Fig. 6.5. The L-L back EMF of the prototype IPMM is 503 volts 

(peak) at rated speed, and the THD is 0.76%.   

 

Fig. 6.4 Frequency spectrum of the phase voltage for the prototype 
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Fig. 6.5. Three phase voltages of the prototype 

 

 

Fig. 6.6. Frequency spectrum of the L-L voltage for the prototype 

The FFT analysis of the measured line voltage is compared with the results 

obtained from the FE model, in Fig. 6.6. The fundamental component of experimentally 

measured L-L Back-EMF is 505 volts (peak) which is close to the FE value of 509 volts 

(peak). The difference in the harmonic spectrum of the experimental and the FE results 

are mainly due to the eccentricity of the rotor [154, 155]. 
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6.2.1 PM Flux linkage 

The linear increase of the phase back EMF with the rotational speed is shown in 

Fig. 6.7.  

 

Fig. 6.7. Phase voltage versus Speed of the prototype 

The PM flux linkage of the IPMM can be calculated as, 

                                                        
(peak)phase

PM

e

v
ψ

ω
=   (6.1) 

In the above expression, 
eω  is in electrical rad/s. The PM flux linkage is found 

using Eq.(6.1) and equals to 0.917 Wb. Whereas, the finite element analysis conducted 

in flux-2D results in a value of 0.945 Wb for the PM flux linkage. As discussed in the 

previous chapter, due to the discrepancy in the magnet remanence, the experimental PM 

flux linkage is found to be 2.9% lower than what was predicted in the FE model. This 

difference is also due to some leakage flux that could not be accurately accounted for in 

the FE model.    

6.2.2 Friction co-efficient and Rotor inertia 

The friction coefficient (D) of the prototype machine and the induction machine of 

the dynamometer can be determined using a simple test. 
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Fig. 6.8(a). Power versus square of the speed of the prototype 

 

Fig.6.8(b). Rotational speed from rated to 0 with respect to time 

The rotational viscous friction of an induction machine is defined in terms of load 

torque Tv that is directly proportional to the speed wr [156],  

                                                                 
v rT Dw=  (6.2) 

where v

r

P
T

w
= and P is the power required to drive a viscous friction load. Rewriting 

Eq.(6.2) in terms of P, we can get,  

                                                          
2

r

P
D

w
=  (6.3) 

Fig. 6.8(a) shows the plot of power vs. square of the speed for the IPMM. From the 

slope of this curve, the friction coefficient was found to be 0.2361 Nm/rad/s in the 
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prototype machine. The electromagnetic torque is dependent on the friction co-efficient 

and the rotor inertia (J) that can be shown as, 

                                              r
e L r

dw
T T J Dw

dt
− = +  (6.4) 

where, TL is the load torque. Rotor inertia of the FSCW IPMM-F can be easily 

determined by rotating the machine at rated speed and then switch off the power for 

which the left hand term of Eq.(6.4) becomes 0,  

                                                    
0

0

/ r
r t

t

dw
J Dw

dt=
=

= −  (6.5) 

Fig. 6.8 (b) shows the plot of wr vs. time to find the declined slope which is the value 

of the denominator on the right hand side of Eq.(6.5). Using Eq.(6.5), the value of J is 

calculated as 4.07 kg־m
2
. 

6.2.3 Cogging torque 

There are various ways to measure the cogging torque experimentally. The simplest 

one is to use the torque transducer coupled to the machine shaft while running the 

machine at a very low speed (1 RPM or less). However, in this method accuracy of the 

measurement greatly depends on the capability of the shaft torque transducer in use.  

 

Fig. 6.9. Static measurement test to obtain cogging torque 
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Another conventional way to measure cogging torque is to do a static measurement 

[157-159] test that provides an absolute magnitude of the static cogging torque at a 

particular rotor position of the machine. The schematic of the test set-up is shown in 

Fig. 6.9. In this method, a force is applied to a lever arm sufficient to move the rotor 

from one equilibrium state to the next stable position. The experimental validation of 

the cogging torque was carried out using this simple yet accurate static measurement 

test.  The cogging torque is obtained from the measurement as, 

                                                                
c loadT LF=  (6.6) 

where,  

loadF = Weight acting on the beam; 

 L= Length of the beam.  

The experimental setup for cogging torque measurement is shown in Fig. 6.10. 

Different values of standard masses were used as weights which have accuracies of +/- 

10mg. An incremental encoder connected to the shaft was used to measure the rotor 

positions. By adding weights at each position, the amount of torque required to rotate 

the machine to the next rotor position can be calculated using Eq.(6.6). In this 

measurement method, only the positive cycle for cogging torque can be measured. 

However, this limitation is not significant since for the prototype machine the positive 

and negative cycles are symmetrical. 

For concentrated windings, cogging torque has high-frequency fluctuations due to its 

fractional slot distribution. The periodicity of the cogging torque can easily be 

determined by,  

                                                                        
360

cfreqT
LCM

°
=  (6.7) 
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Fig. 6.10. Experimental setup for cogging torque measurement 

The lowest common multiple (LCM) for a 42 pole, 52 slots IPMM is 378. 

Therefore, the periodicity is found to be 0.95° for the prototype FSCW IPMM-F, which 

means the measured cogging torque points had to be taken in small angular intervals. 

Fig. 6.11 compares the finite element results with the measured cogging torque of the 

prototype machine. The curve fitted expected experimental cogging torque was 

compared to the cogging torque waveform of the FE model in Fig. 6.12. It can be seen 

that the experimental peak cogging torque is 1.755 Nm as compared to the FE model 

result of 1.3 Nm peak. This variation in the measurement of cogging torque is likely due 

to the non-ideal assembly of the prototype during manufacturing [160]. Also, the effect 

of rotor eccentricity and bearing restriction which were not considered in the FE model 

would contribute to the magnitude of the measured points. 

The experimental peak cogging torque is less than 1% of the rated torque indicating 

that the design goal of a very low cogging torque was achieved in the prototype 

machine. 
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Fig. 6.11. Measured cogging torque for various rotor positions 

 

Fig. 6.12. Curve fitted cogging torque waveform 
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6.3 Developed Torque  

The prototype FSCW IPMM-F was loaded with a 3-φ resistive bank in order to 

measure the steady-state performance of the machine under a loaded condition. The 

torque transducer used for the experiment is a Kistler 4503A torque sensor with an 

accuracy class of ±0.1. Fig. 6.13 shows the measured electromagnetic torque at full load 

and rated speed condition. The average torque is found to be 263 Nm (shown in Fig. 

6.13) which is approximately 4% less than that of the FE result shown in Fig. 6.15. Due 

to friction, the experimentally measured average torque is less than the FE result. The 

detailed harmonic analysis of the developed torque is shown in Fig. 6.14. 

The experimental torque harmonic spectrum shows dissimilarity in comparison to 

the FE result provided in Fig. 6.15. The IPM machines modelled in chapter 3 and 

chapter 4 had significant 6
th

 and 12
th

 order torque ripple which are absent in the final 

design as seen in Fig. 6.15. This is due to negligible 5
th

, 7th, 11
th

 and 13
th

 order 

harmonic contents in the EMF waveform as seen in Fig. 6.6. From Fig. 6.15, it can be 

seen that the 18
th

 order harmonic component has the highest magnitude that is 

dominating in the production of the torque ripple using FE analysis.  

 

Fig. 6.13. Developed Electromagnetic Torque (Experimental) 



CHAPTER 6: Experimental Validation of the Steady-State Performance of the 

Prototype FSCW IPMM-F 

181 

 

 

Fig. 6.14. FFT spectrum of Electromagnetic Torque (Experimental) 

 

Fig. 6.15. Developed torque of the prototype in FE 

The measured torque ripple of the prototype is found to be 4.8%. In FE analysis, the 

torque ripple was found to be less than 2 %, which means there is a discrepancy in the 

torque ripple calculated in the FE model and the experiment. The probable reasons for 

this discrepancy are: 

� The FEA result does not include the induced torque ripples by the dynamometer 

controller. The prototype IPMM is coupled to the electrodynamometer which 

has its own speed control loop. The ripple of this controller will be reflected on 

the overall torque ripple [161]. 
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� In FE model, ideal sinusoidal voltage and current were considered while loading 

the prototype machine as a motor. However, in the experiment, the current 

waveform is not ideal sinusoid due to the machine inductance and inherent 

inductance of the resistive load. This effect is referred to as commutation torque 

[162], which will have a significant effect on  torque ripple. The current 

waveform for various speed and load conditions during motoring and generating 

operation are shown in Fig. 6.16.  

� Increased torque ripple could also be caused by the slight misalignment of the 

coupling between the prototype CW IPMM machine and the load machine 

(Electrodynamometer).  

6.4 Inductance and Saliency ratio 

Accurate knowledge of inductance is critical for implementing control techniques to 

PM machines. The most commonly used method to determine the inductance of the 

IPM machine is the AC standstill test. The self and mutual inductances of the prototype 

IPMM  with respect to rotor positions were measured using the AC standstill test 

method [123]. In this test, one phase is excited with a known AC current at a specified 

frequency. The rotor is locked mechanically at each test position. The voltage drop 

across the excited winding and the neighboring phase winding are measured. The 

locking mechanism for the AC standstill test developed for the prototype machine is 

shown in Fig. 6.17. Incremental encoder connected to the shaft was used to measure the 

rotor mechanical position. One cycle of self and mutual inductance are completed when 

positions were varied from 0 to 17.14° which is the pole pitch of the prototype machine. 

In order to have an accurate measurement, inductances were measured at 90 positions 

within one cycle. 
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Fig. 6.16. 3-phase current waveform of the prototype FSCW IPMM-F – (a) During motoring at 

full load and rated speed; (b) During generating at full load and rated speed; (c) During 

motoring at half load and rated speed; (d) During generating at half load and rated speed; (e) 

During motoring at full load and half the rated speed; & (f) During generating at full load and 

half the rated speed; 

The test was conducted for various current values. Fig. 6.18 shows the self and 

mutual inductance at rated current of 6.5A RMS respectively. The values of d- and q- 
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axis inductances calculated by using Eq.(4.9) and Eq.(4.10) provided in chapter 4  at 

this rated condition are compared with that of the FE model in Table 6.2. 

 

Fig. 6.17. Locking mechanism for the AC standstill saliency test  

Table 6.2. d- and q- axis inductances at this rated condition 

 Experimental (mH) FEA (mH) 

dL  30.25  29.48 

qL  42.73 43.24 

ξ  1.412 1.466 

 

  

Fig. 6.18. Self- and mutual-inductance waveform of the FSCW IPMM-F at rated current 
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difference in mutual inductance has led to a slight lower saliency ratio in the test 

machine compared to the predicted value of the FE model. The Probable reason for this 

slight difference in the mutual inductance is due to some end-winding mutual flux 

leakage which could not be accounted accurately in both 2D and 3D FE model. The 

measurement error while measuring small values of voltage during the test also could 

not be ruled out. 

The inductance value obtained using the AC standstill saliency test is accurate 

provided the machine does not go into saturation during high rated current. The 

experimentally measured voltage and current waveform of the AC standstill test in Fig. 

6.19 and their corresponding FFT spectrum in Fig. 6.20 show that even for rated 

condition, the machine does not go into saturation. Except for a low 3
rd

 order 

component in the voltage waveform, no significant harmonics are present in both the 

voltage and current waveforms. The increase in the current excitation causes the core in 

the machine to get saturated. This causes the inductance to vary slightly with respect to 

the variation in current. In IPM machines, the q-axis inductance is affected by saturation 

much more than the d-axis inductance [163].  

 

Fig. 6.19. Phase voltage and current during AC standstill saliency test 
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Fig. 6.20. FFT spectrum of phase voltage and current during AC standstill saliency test 

 

Fig. 6.21. Variation in d- and q-axis inductances and saliency with the change in phase current 

Fig. 6.21 shows the variation in d- and q-axis inductances and the saliency with 
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to a slight decrease in the saliency ratio with higher currents. Fig. 6.21 shows that both 

the inductances vary slightly with respect to the change in current. This is due to the fact 

that the machine is unsaturated at 6.5A RMS, which is already pointed out in this 

section. 

6.5 Generator Efficiency 

This section presents the simple efficiency determination of the FSCW IPMM-F by 
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calculation when applying a control strategy (MTPA and field-weakening) will be 

presented in the chapter 7 along with dynamic performance. The output power is 

measured at the machine terminals using a high-performance digital power analyzer 

(YOKOGAWA WT1800) with a power accuracy of ±0.1. The mechanical input power 

is measured by means of the torque transducer and the speed derived from the position 

encoder. The signals coming out from the torque transducer and speed sensor can be 

read from the electrodynamometer interface but are also fed to the power analyzer for 

the time synchronization of the input and output power readings. This gives power 

analyzer the ability to determine the mechanical input power and provide the efficiency 

directly.  

The efficiency is calculated as 

                                       ( )
  

 % *100
  

Electrical Output Power
Efficiency

Mechanical input power
=  (6.8) 

                                                           
  

*100
(   )

Electrical Output Power

Electrical Output Power Losses
=

+
 (6.9) 

According to Eq.(6.7), the mechanical input power can be determined by adding up 

the losses to the electrical output power of the machine. The efficiency analysis for 

different load settings at three different rotor speed values is shown in Fig. 6.22. The 

efficiency map of the prototype IPMM is plotted in Fig. 6.23 by which the efficiency 

value of all the possible combination of rotor speed and torque values is known. The 

map shows that at rated speed, the efficiency can vary from 90% ~ 92% over half load 

condition with speed higher than 75 RPM. 

The significant losses in an IPM machine are copper loss and core loss. Both these 

losses can be separated easily by an open-circuit test. When the armature circuits are 

open-circuited, the total loss includes the iron loss and the mechanical loss of the 
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machine [164]. The mechanical loss cannot be separated from the open circuit core loss 

in the prototype CW IPMM unless the magnet field is removed from the rotor. The 

copper loss can be easily calculated with a short circuit test in the armature terminals 

which will provide the losses which include copper loss and mechanical loss. The 

efficiency is calculated using Eq. (6.6) as the output mechanical power can be easily 

found in the experimental setup, so the need to measure individual losses of the 

prototype is not necessary. The copper loss at rated load for the prototype is 210 watts. 

Fig. 6.24 shows the experimental values for iron and mechanical losses in the prototype 

for various loading of the machine at the generating condition. At rated speed, the iron 

loss and mechanical loss sums up to 139 watts as seen in Fig. 6.24. 

 

Fig. 6.22. Efficiency calculation of the CW IPMM for three different rotating speeds 

 

Fig. 6.23. Efficiency map of the CW IPMM during generating condition 
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Fig. 6.24. Iron and Mechanical loss of the prototype CW IPMM 

 

Fig. 6.25. Power loss of the prototype CW IPMM at rated speed 
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20 40 60 80 100 120 140
0

50

100

150

Speed(RPM)

Ir
o

n
 &

 M
ec

h
an

ic
al

 l
o

ss
 (

W
)

 

 

50% loading

75% loading

100% loading

Basic fitting( 50% loading)

Basic fitting( 75% loading)

Basic fitting(100% loading)

0

50

100

150

200

250

300

350

0 100 200 300

P
o

w
er

 l
o

ss
(W

)

Torque (Nm)

Iron

loss
Cu.

loss
Total

loss



CHAPTER 6: Experimental Validation of the Steady-State Performance of the 

Prototype FSCW IPMM-F 

190 

 

6.6 Conclusion 

The measured performance characteristics of the constructed FSCW IPMM-F were 

shown and used to verify the performance of the FEA. The concentrated winding IPMM 

prototype has exhibited sinusoidal back EMF waveform with negligible THD. The 

experimental verification of the 42 pole/54 slots CW IPMM combination showed low 

cogging torque (< 1% of rated torque) and torque ripple (< 5% of rated torque) with 

high efficiency (> 90%). This suggests that all the specific design goals set for the 

FSCW IPMM-F had been achieved.  

This chapter has verified the FEA results and the design of the FSCW IPMM-F.  
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7 CHAPTER 7: Dynamic Performance of the 

Prototype FSCW IPMM-F 
 

 

 

7.1 Introduction 

This chapter discusses the dynamic performance of the prototype machine under 

current vector control. Fig. 7.1 shows  the synchronously rotating rotor reference frame 

of  a 4-pole IPM machine. The d-axis is aligned with the permanent magnet flux linkage 

and the q-axis is orthogonal to d-axis.  

  

Fig. 7.1. Reference frame for a 4-pole IPM machine 

The 3-φ time-varying quantities can be transformed into equivalent d-q quantities of 

the rotor reference frame by using parks transformation [165] given in Eq.(7.1). 

                          

2 2
       ( )     ( )

2 3 3

2 23
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π π
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   − − − − +     

 (7.1) 
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Applying parks transformation to phase voltages, currents and flux linkages of the 

PM machine, we can obtain a dynamic voltage equations in the d-q reference frame as 

given in Eq.(7.2). 

                          d

q

v

v

 
 
 

=
  

da e q

qe d a

iR L

iL R

ω

ω

−   
  

   
+      

d

d q

q

id d
L L

idt dt

  
  

   
+

0

e pmω

 
 Ψ 

 (7.2) 

where, 

,d qL = d- and q- axis inductances; 

,d qi = d- and q- axis currents; 

e
ω  = Electrical speed in rad/s and 

PM
ψ = PM flux linkage in V/rad/s.  

 

The equivalent d- and q-axis circuits of an IPMM based on Eq. (7.2) are shown in 

Fig. 7.2. The flux linkages of an IPMM in the dq-axis can be given as 

                                                      
d d d PM

q q q

L i

L i

λ ψ

λ

= +


=
  (7.3) 

7.2 Field oriented control: 

The Field Oriented Control (FOC) is one of the commonly used current control 

strategies to achieve a fast dynamic performance of speed and torque control in the 

PMSM [166].  

 

Fig. 7.2. Equivalent circuit of an IPMM 
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The developed torque can be represented in d-q reference frame as follows [167]: 

                                         
�

( )
Re tan

3

2
d q

Alignment luc ce
torque torqu

p pm q d q

e

T P i L L i i

 
 
 
 
 

= Ψ + −
�������

 (7.4) 

The first term in Eq. (7.4) represents the alignment torque that makes up most of the 

total developed torque and the second term represents the reluctance torque component. 

For IPMM, the d-axis inductance is smaller than q-axis inductance. Therefore, the 

reluctance torque can contribute to the positive torque, provided that di  and qi  have 

opposite polarities. Fig. 7.3 shows the variation of the two torque components with 

respect to current angle gamma (it is the angle between current phasor and q-axis) of the 

prototype machine. The block diagram of the FOC algorithm used in this study is 

presented in Fig. 7.4. 

 

Fig. 7.3. Calculated torque comprising of alignment and reluctance torque from Eq. (7.4) 

0 10° 20° 30° 40° 50° 60° 70° 80° 90°
0

50

100

150

200

250

300

Gamma(deg.)

T
o

rq
u

e 
(N

m
)

Total torque

Alignment torque

Reluctance torque



CHAPTER 7: Dynamic Performance of the Prototype FSCW IPMM-F 

194 

 

 

Fig. 7.4. Block diagram of Flux oriented control (FOC) 

7.2.1 Effect of current angle variation: 

The current angle is defined as the angle between the current phasor and the back 

EMF which is aligned with the q-axis, as shown in Fig. 7.5. The value of the current 

angle is directly related to the d- and q- axis current components that are fed to the 

machine. There are two operating speed regions for the IPM machine: maximum torque 

per ampere (MTPA) or constant torque region and constant power or field weakening 

region (FW). 

 

Fig. 7.5. Steady-state Space vector d- and q-axis phasor diagram 
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During MTPA operation, the current angle is maintained such that maximum torque 

can be obtained with minimum current. The optimal current angle to produce maximum 

torque is given as [168]: 

                   
( ) ( )

2

2
2

1
arcsin  

24 16

PM PM
opt

q d am q d am
L L I L L I

γ
 

Ψ Ψ = − + +
 − −
 

  (7.5) 

The optimum value of gamma was found to be 12° for the prototype machine. This 

value was confirmed by calculating the torque by the FE model.   

7.2.2 The d-q current plane 

The developed torque gives hyperbolic shapes with respect to di  and qi  according to 

Eq. (7.4). Fig. 7.6 shows the constant- torque loci in the four quadrants of an IPM 

machine. The boundaries of each quadrant are defined by a horizontal line where qi  is 

zero and a vertical dashed line established by 
( )

PM
d

q d

i
L L

Ψ
=

−
.   

 

Fig. 7.6. Constant-torque loci of an IPMM  
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Due to the saliency in an IPMM, the torque per ampere is higher in the second and 

third quadrant. For this reason, the IPMM is designed to operate in the second and third 

quadrant where di  is negative. 

7.2.3 Circle diagram 

A trajectory diagram represents the machine current and voltage limits in the id-iq 

plane. It is customary to present the MTPA trajectory, and field weakening trajectory 

also in the same diagram. The limit and trajectory diagram consists of current limiting 

circles and voltage limiting ellipses as shown in Fig. 7.7. These limits are bound by the 

drive system and machine capacity and for satisfactory performance, the voltage and 

current limits must not be exceeded at all times. The terminal voltage (
a

V ) and the 

armature current (
aI ) limits can easily be expressed by the following equation: 

                                               2 2

a d qI i i= +   amI≤  (7.6) 

                                               2 2

a d qV v v= +   amV≤  (7.7) 

Where, 
am

I  and 
am

V  are the current and voltage limits of the IPMM. dv and qv  can 

be formulated using the matrix of Eq. (7.2), that gives the voltage limit as, 

                                     ( ) ( )
2 2

a e q q e d d e pmV L i L iω ω ω= − + + Ψ   

                                          ( ) ( )
2 2

e pm d d q qL i L iω= Ψ + +  (7.8) 

Eq. (7.8) shows that the centre of the voltage eclipse lies at ( / ,0pm dL−Ψ ) and 

becomes smaller with increased speed. 
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Fig. 7.7. Voltage limit elipses and current limit circle of an IPMM 

7.3 Maximum torque Per Ampere (MTPA): 

Due to the reluctance torque component as seen in Fig. 7.3, the armature current 

vector is controlled such that the maximum torque per ampere is produced [40]. From    

Eq. (7.4), di  can be expressed using qi  shown as 

                                    
( ) ( )

2
2

2
2 16

PM PM
d q

q d q d

i i
L L L L

Ψ Ψ
= − +

− −
 (7.9) 

The maximum torque is achieved when the armature current is equal to amI .	At 

maximum torque, the MTPA trajectory touches the current limit circle, and the point 

(referred to as A in Fig. 7.8) can be defined in di - qi  plane as 

                                   
( ) ( )

22

2
22 16

amPM PM
da

q d q d

I
i

L L L L

Ψ Ψ
= − +

− −
 (7.10) 

                           and	 2 2

qa am dai I i= −  (7.11) 

Fig. 7.8 illustrates the circle diagram with the voltage and current limits including 

the MTPA trajectory for the prototype IPMM.  
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It shows that point A intersects with the voltage eclipse limit of the base speed, 

where the base speed is expressed as 

                                             

( )
2 2

om
b

PM d da q qa

V

L i L i

ω =
Ψ + +

 (7.12) 

where,  
om

V = Voltage limit of the inverter = 
am am

V I R− 	(for motoring action ) 

With the base speed of 143 rpm, using Eq. (7.12), the value of dai   and qa
i  for the 

prototype machine at rated current of 6.5 A (RMS) is found to be -0.88A and 9.14A 

respectively for the prototype FSCW IPMM-F.  

The torque hyperbola indicated for each constant torque values is expressed using 

the normalized technique described in [40] as a function of normalized di  and qi  given as 

                                                   ( )
3

1n dn dnT i i= −  (7.13) 

                                                   ( )
2

[1 1 4
2

qn

n qn

i
T i= + + ]  (7.14) 

where,    ;  ;  
qe d

n dn qn

eb b b

iT i
T i i

T i i
= = = ; 

 

Fig. 7.8. Circle diagram showing torque hyperbolas  
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7.4 Field weakening region 

Above base speed, the negative di  current needs to be increased for field-weakening 

so that the terminal voltage of the machine does not exceed  omV . The vector diagram in 

Fig. 7.5 shows that increasing the current phase angle increases the negative di  which in 

turns weakens the resultant flux. The control algorithm for current vectors during field 

weakening can be derived from (7.8) by replacing aV  with omV  as, 

                                               ( )
2

2

2

1 omPM
d q q

d d e

V
i L i

L L ω

Ψ
= − + −   (7.15)      

where,  	
( )

om
q

e q

V
i

Lω
≤  

The limiting values for the d-axis and q-axis currents are the intersecting points of 

the current limit circles, and the voltage limiting eclipses and can be obtained by, 

( )
2

2 2 2 2 2 2 2

_ 2 2 2 2 2

1PM d om
d max PM d d q am q PM

d q d q e

L V
i L L L I L

L L L L ω

 Ψ
= − + Ψ − − + Ψ − 

− −  
 (7.16) 

                                             
2 2

_ _ q max am d maxi I i= −  (7.17) 

The transition from MTPA to field-weakening is shown in Fig. 7.9. The arrows 

reflect the path of the current vectors during field-weakening for speeds greater than the 

base speed up to a speed when the voltage limiting eclipse does not intersect with the 

current limiting circle. 
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Fig. 7.9. Vector control during field-weakening 

 The field-weakening of an IPMM can be categorized into two categories based on 

the machines characteristic current ( crI ): 

                                             Type 1:     amI  < crI  

                                             Type 2:     amI  > crI   

                                                  where crI = 
PM

d
L

Ψ
 (7.18) 

Type-1 IPMM have limited field-weakening range as the centre for voltage limit 

lies outside the current limiting circle and after a certain speed, the voltage and current 

limit both cannot be satisfied together. So the theoretical maximum speed for field-

weakening for Type-1 IPMM can be defined as, 

 
om

max

PM d

V

L
ω =

Ψ −
 (7.19) 

As for Type-2 IPM machines, the centre for voltage eclipse is inside the current 

limiting circle thus theoretically resulting in an infinite field-weakening speed range. 

The voltage limited maximum output trajectory is used to achieve the field-weakening 

range for Type-2 IPMM.  
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The voltage limited maximum output trajectory of the prototype is plotted using the 

di  and qi  values given as [169]  

                                                        
PM

d d

d

i i
L

Ψ
= − − ∆  (7.20)	

                                                       

( )
2

2om
d d

e

q

d

V
L i

i
L

ω

ξ

 
− ∆ 

 
=  (7.21) 

                                      where,

( ) ( )

( )

2

2 2
8 1

4 1

om
PM PM

e

d

d

V

i
L

ξ ξ ξ
ω

ξ

 
− Ψ + Ψ + −  

 
∆ =

−
 

The voltage limited maximum output trajectory is plotted in Fig. 7.10 for both types 

to IPMM. For Type-1 IPMM, the voltage limited maximum output trajectory is outside 

the current limiting circle thus the voltage limited maximum output trajectory control is 

applicable for Type-2 IPMM. Fig. 7.10(b) shows that the voltage limited maximum 

output trajectory intersects the current limiting circle and voltage limiting eclipse at 

point B when the speed is c
ω . Below this speed, the voltage limited maximum output 

trajectory is outside the current limit circle as seen from the Fig. 7.10(b). So 
cω  is the 

minimum speed for voltage limited maximum output operation which is referred to as 

critical speed. This speed is defined as, 

                                                     
om

c

PM

V
ω =

Ψ
 (7.22) 

For Type-2 IPMM, the current vector follows the line from B to C for flux 

weakening after the critical speed. The prototype IPMM falls into Type-1 which has 

limited capability of field-weakening. The characteristic current 
cr

I  for the prototype 

CW IPMM is found to be 33.7A using Eq. (7.18).  
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The saliency ratio found for the FSCW IPMM-F was 1.41 which is relatively low. 

This low saliency ratio is also reflected in the small reluctance torque component of the 

machine shown in the previous chapter. A wider constant power speed range (CPSR) 

can be achieved in a machine with a low or nil saliency ratio if its characteristic current 

is equal or close to the machines rated current. However, for the prototype FSCW 

IPMM, the rated current of the machine is 9.19 A as compared to the characteristic 

current crI of 30.3 A. This means that the prototype CW IPMM does not have a broad 

CPSR. In wind energy conversion applications for which the prototype machine was 

constructed, the constant power speed range is not a requirement but an added 

advantage only. The prototype machine has a theoretical CPSR of about 1:1.5.       

 

Fig. 7.10. Classification of IPM machine type by characteristic current; (a) Circle diagram 

for Type-1 IPMM; (b) Circle diagram for Type-2 IPMM; 
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7.5 Transition of control modes 

Below base speed, the IPMM operates with MTPA algorithm. Above the base 

speed, the field-weakening control algorithm is imposed in order to keep the voltage 

fixed at rated value. The current vector control block diagram including transition flow 

of control modes is presented in Fig. 7.11. 

 

Fig. 7.11. FOC control algorithm 

7.6 De-coupling current controllers 

The d- and q- axis currents cannot independently control d- and q- axis voltage 

because of the cross-coupling terms such as ( )e d d pmL i +ω ψ and 
e q q
Liω  are present in the 

matrix Eq.(7.2) . As these cross-coupling terms are proportional to the rotor speed, the 

current responses will be affected by the cross-coupling terms at high speeds. In this 

research, the effects of the cross-coupling terms are compensated by using a feed-
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forward compensation [169, 170] at the output of the PI current controllers shown in 

Fig. 7.12. Where (s)cdG  and (s)cq
G  are the two PI current controller, 

                                              
(s)

(1 s)

s
c

G
G

τ

τ

+
=  (7.23) 

where, 

pG K= (Proportional Gain) 

i

G
K

τ
= (Integral Gain) 

The voltage references are transformed back to three-phase voltages by using 

inverse Park’s transformation shown in Fig. 7.12.  

7.7 Control as a Generator: 

The FOC control algorithm is also applicable for generating operation. In this case, 

the speed controller loop is replaced by the DC bus controller that generates the 

reference	
*

qi . The controlled vector operates in the 3
rd

 quadrant as seen in Fig. 7.6 in the 

di - q
i  plane, making q

i  negative as a consequence of negative torque. The block diagram 

of the control scheme of the IPMM as a generator in FOC is shown in Fig. 7.13.    

 

Fig. 7.12. Decoupling current controllers 
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Fig. 7.13. Block diagram of the FOC scheme during generation 

7.8 MTPA control during motoring condition: 

The MTPA control is applied to the prototype CW IPMM until the rotating speed is 

below or equal to the rated speed. The dynamic response of speed and qi  with respect to 

a step change in speed from -100 rpm to 100 rpm at 0.07 Hz are shown in Fig. 7.14 and 

Fig. 7.15 respectively at no load. From Fig. 7.14, it can be seen that the settling time for 

the speed is 3.7 seconds, and the overshoot is low at 6 rpm. The MTPA trajectory for 

the FSCW IPMM-F during motoring operation is shown in Fig. 7.16 indicates that the 

experimental di  and qi  points gathered for different torque values follows the MTPA 

trajectory derived analytically using the machine lumped parameters. At rated speed, the 

machine delivers a full load, and the MTPA trajectory reaches the current limit. At this 

point, the values of di  and qi  are found to be -1.11 A and 9.12A respectively. The 

terminal voltage has also reached its limit to 458 volts RMS. The efficiency is also 

calculated for the prototype CW IPMM during motoring operation while applying 

MTPA in Fig. 7.17. In Fig. 7.17, the overall system efficiency that includes the CW 

IPM machine losses, inverter losses, and the dynamometer losses is also compared with 

just the CW IPM machine efficiency. The efficiency is found to be 92% for the FSCW 

IPMM-F and the overall system efficiency to be 87.5% at full load for rated speed. 
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Fig. 7.14. Speed response for speed step of -100 to 100rpm 

 

Fig. 7.15. q- axis current response for speed step of -100 to 100rpm 

 

Fig. 7.16. MTPA trajectory achieved experimentally (Blue points) with the current trajectory 

obtained analytically 
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Fig. 7.17. Overall system efficiency and CW IPMM efficiency during MTPA operation during 

motoring 

7.9 Generation: 

During generation, the outer speed loop of motoring was replaced with a DC bus 

regulator loop. The block diagram of the control loop is already shown in Fig. 7.13. The 

experimental setup for the prototype IPMM during generation is shown in Fig. 7.18. For 

generating operation, the 42 pole CW IPMM was driven by an MEA   

electrodynamometer system that is discussed in appendix G. The dynamometer is 

supplied with three phase AC supply of 450 volts. The control was implemented using 

DS1104.  The DC bus voltage is regulated at 650 V. 

The DC bus regulation at 143 rpm for step load change from 0 to full load is shown 

in Fig. 7.19. It can be seen in Fig. 7.19, the DC bus voltage drops down to 450 volts as 

soon as the full load is applied to the machine. After adjusting the PI controllers in the 

controls, the load disturbance was reduced to 2.14 seconds. The corresponding direct 

and quadrature axis currents are shown in Fig. 7.20 and Fig. 7.21 respectively. The 

prototype FSCW IPMM-F operates in the 3
rd

 quadrant during generation as seen in Fig. 

7.6, making both the direct and quadrature axis currents negative. After applying full 

load to the prototype CW IPMM, q
i  drops down to -10.8 A before it settles down to the 
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maximum value of -9.2 A. As for di , the reference is set to zero in this condition. Fig. 

7.22 shows the torque transient at rated speed when the load changes from zero to full 

load. 

 

Fig. 7.18. Experimental setup for generation 

 

Fig. 7.19. Measured response of the DC bus for a load step change from no load to full load 
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Fig. 7.20. Measured response of qi  for a load step change from no load to full load 

 

Fig. 7.21. Measured response of 
d

i  for a load step change from no load to full load 

 

Fig. 7.22. Torque transient when the prototype FSCW-IPMM-F is loaded from zero to full load 

at rated speed. 
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7.9.1 MTPA control during generating condition: 

In the previous section, the control strategy was implemented with di =0. For 

MTPA, di  is determined according to the value of qi .The constant torque operation of the 

drive was investigated with a step change of speed from 80 rpm to 120 rpm. During this 

experiment, the DC bus was regulated at 440 volts.  The dynamic response of the DC 

bus is given in Fig. 7.23. When the speed reference is changed to 120 rpm, the DC bus 

voltage drops down to 356 volts and accelerates back to the reference DC voltage. The 

corresponding values of  di  and qi  is shown in Fig. 7.24. The current trajectory obtained 

from the measured di  and qi  is given in Fig. 7.25. As discussed before, the MTPA 

trajectory operates in the 3
rd

 quadrant as seen in Fig. 7.25. 

At rated speed, the CW IPMM is fully loaded, and the MTPA trajectory reaches the 

voltage limit. As the speed approaches the rated value di  and q
i  jumps to its maximum 

value of the current to produce the required maximum torque.  At this point, the values 

of di  and qi  are found to be -1.11A and -9.12A respectively. Fig. 7.25 shows that the 

dynamic response and the MTPA trajectory obtained through experiments precisely 

match the results obtained analytically from the modelling.  

 

Fig. 7.23. DC bus response for speed step change of 80 to 120 rpm 
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Fig. 7.24. 
di  and q

i  current response for speed step change of 80 to 120 rpm 

 

Fig. 7.25. MTPA current trajectory from experiment during generation 

The efficiency calculation during MTPA control at the generating condition is 

given in Fig. 7.26. At full load, the efficiency is found to be 92% that is the same value 

obtained in chapter 6 during generation mode with the control strategy being absent. 

 

Fig. 7.26. Efficiency calculation of the FSCW IPMM-F with MTPA during generation 
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Fig. 7.27. Field-weakening current trajectory from experiment during generation 

7.9.2 FW control during generating condition: 

Field-weakening region occurs when the speed of the prototype CW IPMM 

becomes higher than the rated speed. In this region, di  is used to suppress the flux 

produced by the magnets and maintain a constant rated power.  The theoretical field-

weakening range of the FSCW IPMM-F has been already discussed in section 7.4. For 

the prototype IPMM, the field-weakening control algorithm becomes activated after 143 

rpm. The FW trajectory follows the current limiting circle that can be seen in Fig. 7.27. 

The voltage limited trajectory along with the voltage eclipse at critical speed is also 

pointed out in Fig. 7.27.      

It can be seen from Fig. 7.27, that the d-axis and q-axis currents could not fully 

reach its maximum values at flux weakening. The maximum speed was found to be 184 

rpm during field-weakening at which di  was -6.9A and qi  at -5.8A.  The L-L terminal 

voltage at field-weakening operation should be constant at its rated value of 450 volts 

(RMS) that can be seen in Fig. 7.28. At the maximum achievable field-weakening 

speed, the torque was reduced to 210 Nm as shown in Fig. 7.28. The efficiency during 

FW is shown in Fig. 7.29. During the FW range, the input power to the prototype CW 
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IPMM was constant at 4100 watts while the output power varied slightly between 3750 

watts to 3780 watts. The output power deviated slightly from the rated power since the 

machine iron losses increase as the speed increases. The efficiency of the FSCW 

IPMM-F was found to be in the range of 91% - 92% during the overall field-weakening 

range. The field-weakening range found in this analysis was less than the range 

calculated analytically. Fig. 7.30 shows the field-weakening range of the FSCW IPMM-

F conducted in FE analysis. Table 7.1 shows the maximum flux weakening speed 

calculated using various methods.  

 

Fig. 7.28. Outcome of terminal voltage and torque with increasing speed 

 

Fig. 7.29. Flux weakening range of the prototype IPMM (Experimental) 
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Table 7.1. Maximum speed for flux weakening 

Calculation 

method 

Max. speed for field-weakening 

of FSCW IPMM-F (RPM) 

Analytical 215 

FEA 211 

Experimental 184 

 

 

Fig. 7.30. Field-weakening range of the FSCW IPMM-F conducted in FEA 

It can be seen from Table 7.1, that the experimentally analyzed maximum speed for 

FW is a lot lower in comparison to the other two methods. This is because the analytical 

method and the FEA do not consider the mechanical losses of the IPMM and the 

inverter losses of the system. The experimental field-weakening range has been verified 

by using a back-to-back inverter to the FSCW IPMM-F that provides the same 

maximum speed for FW. This is shown in the next section.  

7.10 Wind profile simulation using back-to-back PWM converter 

A direct-drive wind turbine topology with back-to-back converters offers many 

advantages over the existing wind turbine control system [171-174]. However, 

commercial wind turbines with permanent magnet synchronous machines mainly use a 

passive rectifier followed by an IGBT inverter [175, 176]. Researchers are focusing on 
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widely adopted by the wind turbine industry. This section of the research analyzes the 

constructed FSCW IPMM-F connected to the back-to-back converter with the 

electrodynamometer emulating the wind profile. The selected wind profile has been 

already discussed in chapter 2. Fig. 7.31 shows the configuration of the FSCW IPMM-F 

connected to a back-to-back PWM converter.  

The two voltage source converters shown in Fig. 7.31 are controlled through 

conventional decoupled dq vector control approach. The machine side three phase 

converter (MSC) works as a driver controlling the generator to a reference speed. This 

reference speed is determined by the torque-speed characteristics given by the wind 

emulator to the dynamometer. Fig. 7.32(b) shows the power efficiency characteristic 

curve of a typical wind turbine generator. This curve is derived by tracking the 

maximum power at each wind speed referred to as Maximum power point tracking 

(MPPT), shown in Fig. 7.32(a). Various MPPT algorithm is available in the literature in 

order to determine the maximum power at each wind speed [177-179], which is not 

discussed or implemented in this research. 

 

Fig. 7.31. Schematic diagram of the FSCW IPMM-F controlled by a back-to-back PWM 

converter. 
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Fig. 7.32. (a) Wind turbine power versus shaft speed for various wind speed; (b) Power-wind 

speed of a typical small wind turbine generator. 

This thesis directly uses the power speed characteristics of a horizontal axis wind 

turbine derived in chapter 2 for experimenting the FSCW IPMM-F as a wind turbine 

generator. The grid side converter maintains a constant dc-link voltage and adjusts 

reactive power absorbed from the grid by the converter. Throughout this experiment, the 

reactive power was set to zero in order to achieve unity power factor. An inductance 

value of 5mH was used in each phase as the line filter across the grid. Fig. 7.33 shows 

the power and the torque of the FSCW IPMM-F acting as a wind turbine.  

It can be seen that the rated output power of 3710 watts is reached at 143 RPM. 

During this mode of operation, the control strategy applied to the prototype is 

convention MTPA. After the rated speed, flux weakening control is applied to the 

prototype design. During FW operation, the torque reduces, whereas the voltage and the 

power are kept constant. The efficiency and the L-L Back EMF of the prototype during 

MTPA and FW are plotted in Fig. 7.34.  

During the FW operation, the turbine goes to stalling mode as seen in Fig. 7.32(b). 

This is because the turbine needs to maintain a certain level of rotational speed in order 

to control the rotor torque even when the wind speed goes above the rated condition. By 
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stalling the turbine, it controls the rotational speed to a certain maximal wind speed 

(referred to as cut-out speed in Fig. 7.32(b)). 

Most wind turbine generators do not possess field weakening capability such as 

DFIG’s, SPMM, etc. In such cases, the manufacturers de-rate the machine. De-rating of 

a machine refers to operating the machine below rated power and rated speed. Fig. 

7.32(b) shows the effect of power-speed characteristics when the machine is de-rated. 

As for IPMM, de-rating is unnecessary as these machines provide field-weakening 

capability. The prototype FSCW IPMM-F has very limited field-weakening capacity as 

discussed in the previous section. 

 

Fig. 7.33. Variation in power and torque with respect to speed 

 

Fig. 7.34. Efficiency and L-L voltage  
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The maximum speed is found to be at 184 RPM after which the power starts falling 

as seen in Fig. 7.33. Fig. 7.35 shows the variation of d- and q-axis currents during 

MTPA and FW. In this section, the effect of the wind gust on the prototype machine is 

considered. The wind gust phenomenon is simulated by applying a speed step response 

to the machine operating under MTPA control at full load condition. Fig. 7.36 and Fig. 

7.37 show the speed, DC-link voltage and the current responses for a step speed change 

between 62 rpm and 143 rpm at full load. It can be seen from Fig. 7.36 and Fig. 7.37 

that the settling time for speed and the current responses are high which is due to the 

high inertia of the prototype. It can be seen that the DC-link voltage is constant at 600 

volts at all speed conditions. 

 

Fig. 7.35. Change in d- and q-axis current of the FSCW IPMM-F 

 

Fig. 7.36. Step change in speed at full load  

0 10 20 30
575

585

595

605

615

625

Time (s)

D
C

-L
in

k
 v

o
lt

ag
e 

(v
)

0 1 2 3 4
60

80

100

120

140

160

Time (s)

S
p

ee
d

 (
R

P
M

)



CHAPTER 7: Dynamic Performance of the Prototype FSCW IPMM-F 

219 

 

 

Fig. 7.37. d- and q-axis current during step change in speed from 62 RPM -143 RPM 

The dynamic performance of the FOC in the prototype was also investigated for 

load step change at rated speed conditions. The result is illustrated in Fig. 7.38. As seen 

in Fig. 7.38, the machine is initially run at 143 rpm with 100 Nm torque loading, and 

then a 150 Nm torque is applied to the shaft of the prototype. After running with this 

load for 10 seconds, the load torque is again changed to 100 Nm. The settling time of 

the speed controller under this load condition is approximately 1 sec. Fig. 7.39 shows 

the effect of load disturbance on the grid side phase current. 

 

Fig. 7.38. Dynamic performances at 143 RPM with load disturbances 
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Fig. 7.39. (a) Grid side phase current during load disturbance; (b) Magnified portion of the box 

shown in (a) 

 

Fig. 7.40. Response of the IPMM with a rapid change from generating to motoring action 

 Fig. 7.40 shows the speed and current response of the FSCW IPMM-F when the machine 

is switched from generating action to motoring action. It can be seen that the iq is negative at -

3.25 A when the machine is in generating action. During motoring mode, the iq current goes 

positive to 0.15A for a negligible load.  
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7.11 Conclusion 

In this chapter, Field oriented control of the new FSCW IPMM-F was implemented, 

and the steady-state and dynamic performances of the machine were examined 

experimentally. For the FSCW IPMM-F, the voltage limited trajectory is not applicable 

which is due to the centre of the voltage limiting ellipses that lies outside the current 

limiting circle. 

The speed regulation control was performed when the prototype operated in the 

motoring region. As for the generating region, the DC bus was regulated during MTPA 

and FW. The experimental results show that the conventional FOC can be effectively 

applied to the FSCW IPMM-F without any significant modification. As for field-

weakening operation, the prototype was not able to reach the maximum theoretical 

speed. This indicates the possibility of restriction in the existing FOC algorithm during 

FW of the FSCW IPMM-F. The control strategy to the FSCW IPMM-F fed by a full 

power back-to-back PWM converter has been also presented in this chapter. The 

experimental result verifies the vector control algorithm work effectively in the closed 

loop control system to estimate the generator speed and to control the DC link voltage 

independently.   
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8 CHAPTER 8: Conclusion and Future Works 

 

 

 

8.1   Conclusions 

This thesis has explored the suitability of fractional-slot CW-IPM machine for low-

speed, direct-drive wind turbine applications. A 42-pole, 54-slot FSCW IPMM was 

developed, constructed and tested. The theoretical and experimental results confirmed 

that this machine meets the design objectives and will be able to overcome some of the 

drawbacks of existing direct-drive PM generators.  The constructed double-layer FSCW 

IPMM is compact and offers some saliency that can be exploited to operate the 

generator without a shaft sensor and also constant power range can be extended close to 

the cut-out speed of wind conversion system. It displayed an efficiency of over 90% 

with negligible cogging torque and low torque ripple.  

The thesis presents a systematic design comparison between two commonly used 

rotor geometries of a distributed wound IPMM. Various steps were taken to optimize 

the magnetic and electric loadings to arrive at the most compact design. The thesis also 

discusses various steps that were taken to minimize the cogging torque, torque ripple 

and the overall size of the machine.  

After selecting the two most appropriate rotor geometries (Flat-shaped and V-

shaped magnet), a study was carried out to check whether a traditional distributed 

winding (DW) stator or a newly proposed fractional slot concentrated winding (FSCW) 

stator will be able to satisfy the design goals. First, DW stator with flat-shaped and V-

shaped magnet in the rotor were investigated and compared. Results were more 

favorable toward the rotor with the flat-shaped magnet. A similar study was also carried 

out with the FSCW stator and again flat-shaped magnet design was found to be 
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superior. It can be concluded from here that for a machine with large pole numbers, V-

shaped magnet design losses out to the flat-shaped magnet design.   

A systematic comparison between the FSCW IPMM and the DW IPMM were also 

carried out which showed that the FSCW IPMM with flat shaped magnets (FSCW 

IPMM-F) and V-shaped magnets (FSCW IPMM-V) both have lower cogging torque 

and torque ripple in comparison to the DW IPMM with flat-shaped magnet and can 

operate with efficiency >90%. However, the winding factor of FSCW IPMM was 

slightly lower than the DW IPMM leading to a lower power density of the machine.  

Experimental verifications of the both DW and FSCW IPMSM structures would have 

been ideal but due to cost constraint, only one machine was considered for prototyping. 

The FSCW IPMM with flat-shaped magnet was chosen as it was fulfilling the three 

primary design goals, even though there was a trade-off in the power density. The 

optimized design was constructed as a 4-kW prototype for experimental verification.  

The experimental validation of the steady-state performance was carried out and 

compared with the FE results. The L-L back EMF of the prototype IPMM displayed 

sinusoidal waveform with negligible harmonic contents. The experimental peak cogging 

torque was found to be less than 1% of the rated torque that indicates that the 

minimization method was successful in reducing the overall cogging torque in the 

machine. The measured torque ripple of the prototype was found to be 4.8% which was 

higher than the predicted FE result of 2%. The experimental results of inductance and 

saliency ratio were also relatively close to that of predicted value from the FEA. Lastly, 

the experimental efficiency of the FSCW IPMM-F was calculated during the generation 

which showed the efficiency to vary from 91% ~ 93% depending on the torque of the 

machine. All these results suggest that all the specific design goals set for the FSCW 

IPMM-F had been achieved. 
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The current vector control algorithm of the IPM machine was applied to the 

prototype FSCW IPMM-F for constant torque region and constant power region. Field 

oriented control of the new FSCW IPMM-F was implemented, and the dynamic 

performances of the machine were achieved experimentally. The speed regulation 

control was performed when the prototype operated in the motoring region. As for the 

generating region, the DC bus was regulated during MTPA and FW. The field 

weakening range found in this analysis was less than the range calculated analytically. 

This chapter also presents the control strategy to the FSCW IPMM-F fed by a full 

power back-to-back PWM converter with the electrodynamometer emulating the wind 

profile. The experimental results showed that the conventional FOC can be applied 

effectively to the FSCW IPMM-F without any significant modification.  
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8.2   Future Works 

This thesis only focuses on FSCW IPMM with a slot/pole/phase value of 3/7. Some 

literatures have pointed out other slot/pole/phase values for the FSCW to deliver good 

performance such as 2/5 or 3/8. Future work may inspect the FSCW with various 

slot/pole/phase combinations for direct-drive wind applications. 

The optimization of torque ripple in a distributed wound IPMM was conducted by 

adjusting the geometry of the rotor and stator. However, the measured torque ripple was 

found to be higher than the predicted value. It is difficult to separate the machine 

generated torque ripple from the ripple due to the mechanical coupling and controllers. 

Inclusion of these ripple sources in the machine model should be considered while 

minimizing the torque ripple.  

A future study on the power density optimization should be carried out so that more 

compact design can be achieved. Some work on loss-minimization control (shown in 

Appendix-A) of the FSCW IPMSM was carried out which indicated conventional 

minimization algorithm does not provide significant efficiency improvement due to its 

inability to suppress increasing rotor iron losses due to the MMF harmonics. Further 

work may be carried out to model the behavior of the rotor iron losses so that it can be 

incorporated in the loss-minimization algorithm.  

The power density of the prototype FSCW IPMM-F can be easily increased by 

either increasing the rated current or increasing the number of coils in a slot. This is due 

to the fact that for the prototype, the flux density around the tooth in the stator is way 

below the saturation point. Some work will be carried out to increase the power density 

of the prototype by increasing the electrical loading of the machine. 
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The effect of parameter variation due to saturation on control should also be 

investigated. Future study should also include the investigation of cross-magnetization 

and its effect on field-weakening.  

Lastly, the prototype FSCW IPMM-F displayed low saliency ratio and limited field 

weakening range. Even though, wide constant power speed range is not a requirement 

for the wind turbine application, a higher saliency will be able to provide larger 

reluctance torque component. Therefore, optimization of the saliency ratio can also be 

carried out.    
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Appendix A: Loss Minimization Control and 

Modelling in MATLAB-SIMULINK 
 

 

A.1 Loss minimization 

The iron loss is a function of flux density squared. So by applying d-axis armature 

reaction, the air gap flux in the machine can be reduced which in turns will reduce the 

iron loss thus minimizing the total losses of the machine [40, 44].  

Previously the iron loss was not considered in the equivalent circuit for IPMM. 

Considering the iron loss, the IPMM model is represented by an equivalent circuit 

shown in Fig.A. 1, where cR  represents the equivalent iron loss resistance. The voltage 

equation of an IPMM can be expressed as [180], 
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Fig.A. 1.Equivalent circuit of the IPMM taking into account the iron loss resistance 
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Taking R� into consideration, the torque equation is expressed as, 
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From the figure, the copper loss and the iron loss are shown as, 
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ωω   Ψ +  
 = − + +        

 (A.28)     

                       and ( )2 23

2
iron cd cqP i i= +  (A.29) 

                                     

2 2 2 2( ) ( )3

2

e q oq e pm d od

c c

L i L i

R R

ω ω Ψ +
= +  

 
 (A.30) 

A.2 Core loss resistance: 

The parallel connected core loss resistance can be expressed as 

                                                    
2

oc
c

iron

V
R

P
=  (A.31) 

where, ocV = no-load induced voltage. 

The approximation of the equivalent core loss resistance cR  is very crucial in the 

loss minimization algorithm. For the prototype, two different methods are used to 

determine  cR . The first method to measure the core loss resistance is executed at no 

load condition, where cR  is given as [181], 

        
( )( )2 2 2 2

2

e pm d q q

c

in e pm q q a

v L L i
R

P i i R

ω

ω

− Ψ + −
=

− Ψ −
 (A.32) 

where, 
2 2 2

d q
v v v= +  and 	 in q q

P v i= ; 
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For no-load condition, q
i  is small which makes the saliency term in the numerator 

negligible. Solving the above equation gives the value cR  to be 1800 Ω at rated speed 

and 777 Ω at half the rated speed. For further assurance on the approximation of cR , 

another method have been applied based on [182] for IPMM. This new estimation 

method can be implemented on both no-load and loading conditions and is expressed 

with a fourth order polynomial equation given as, 

                                      
4 3 2

1 2 3 4 5 0
c c c c

k R k R k R k R k+ + + + =  (A.33) 

where, 

( )( )1 3 2
p q pm d q d out

k p i L L i T= Ψ + − −  

( ) ( ) ( )( )2

2 3 .p e q d q q d d pm pm e d d qk p L L L i L i i L Lω ω = − − − Ψ Ψ + −
 

 

( ) ( )2 2

3 3 4
p q e d q pm d q q d d pm out e d q

k p L L i L L i L i T L iω ω = Ψ − − − Ψ − 
 

( ) ( )2

4 3 p q e pm d d pm e d q dk p L L i L L Lω ω = Ψ − Ψ − − 
 

and 
4 2 2

5 2
out e q d

k T L Lω= −  

This fourth order equation has two complex solutions and real solutions, one 

negative and the other positive. For no-load the equation becomes a third-order 

polynomial. Solving these equations also provides a core loss resistance close to 1800 Ω 

for no-load and full load condition. 

A.3 Control algorithm for LM 

Both the iron loss and the copper loss are dependent on  odi and oqi . These two 

losses make up the total electrical loss of the IPMM. The mechanical loss is not 

controllable by means of current vector control. However, by means of current vector 
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control, efficiency can be increased by reducing the electrical loss of the machine. The 

procedure for loss minimization is very similar to MTPA control of the machine. The 

variable oqi  can be cancelled by substituting Eq.(A.26) into Eq.(A.28) and Eq.(A.30). 

This makes the electrical loss dependent on only  odi  at rated speed and rated torque. 

Fig.A. 2 shows the variation in electrical losses with varying odi from -10 A to 10 A for 

the prototype IPMM simulated in Matlab.  

The minimum eP  is found to be 276 watts when  di  is -1.94 A and qi  is at 8.8 A. 

Using Fig.A. 2, the value for a minimum value of di 	and qi   can be found for different 

loading conditions [180]. Fig.A. 3 plots the value of qi  versus di  for various torque 

conditions. The quadratic curve fitting of these points in Fig.A. 3 gives us a relationship 

between di  and qi , which can be modelled as 

                                                     
2

d q qi Ai Bi C= + +  (A.34) 

where, A, B and C are constant values if the speed is constant. For the prototype, these 

values are 

                                                       A=-0.0135; 

                                                       B=0.011; 

                                                       C=-0.8954;  



Appendix A: Loss Minimization Control and Modelling in MATLAB-SIMULINK 

245 

 

 

Fig.A. 2.Electrical losses with varying odi  under different loading conditions for the 

prototype IPMM 

The loss minimization algorithm works in the same way as maximum torque per 

Ampere algorithm except for the fact that the di  reference is selected using Eq.(A.34). 

The maximum values for di  and qi  are still governed by the current limiting circle 

shown in MTPA section. This makes the maximum values as 

                                                           _ 2.03d maxi = − ; 

                                                           _ 8.99q maxi = ; 

 

Fig.A. 3. qi  versus di  for different torque conditions during LM control 
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A.4 Loss minimization control during motoring condition: 

The loss minimization control is similar to that of MTPA control. The only 

difference is based on the di  reference signal. The LM trajectory for the prototype CW 

IPMM during motoring operation is shown in Fig.A. 4 indicates that the experimental 

di  and qi  points gathered for different torque values follows the LM trajectory derived 

analytically using the machine lumped parameters as shown in section A.3. At rated 

speed with a full load, the values of di  and qi  are found to be -2.03A and 8.99A 

respectively. Fig.A. 5 compares the efficiency calculation while applying LM algorithm 

as compared to normal speed control FOC having di =0. It can be seen from Fig.A. 5 

that the loss minimization control scheme did not improve the efficiency and were 

similar to the efficiency found when di  is 0. This is because as the prototype CW 

IPMM has very little saliency, the demagnetizing effects due to the d-axis armature 

reaction is very small. Thus, the core loss does not reduce significantly when applying 

the loss minimization control. Also the cu. loss is the dominant part of losses in the 

prototype CW IPMM at high speed which is same for both conditions. For these 

reasons, the efficiency is always 92% at full load for rated speed and is not much 

influenced by di  current. 
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Fig.A. 4. LM trajectory achieved experimentally (Blue points) with current trajectory 

 

Fig.A. 5. Efficiency calculation of the FSCW IPMM-F during LM operation and          

when di =0 

A.5 Modelling in Matlab-Simulink for various control strategies: 

All control strategies implemented in chapter 7 were first implemented in Matlab-Simulink 

for the FSCW IPMM-F. The prototype CW IPMM is modelled in Matlab-Simulink with the use 

of Permanent Magnet Synchronous machine block located in the Simulink library. The tuning of 

the current, speed and DC link voltage PI controllers are done using the root locus method for 

FOC of a Permanent Magnet Synchronous Machines. Empirical Ziegler-Nichols PI tuning 

formula [183] was used to observe the effect in oscillation as compared to the root locus tuning 

for PI controllers. In order to avoid the unwanted Windup phenomenon [184], an Anti-Windup 

(AW) strategy is applied to all PI controllers in the Simulink blocks [185]. This lets the 
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maximum integrator output in the PI controllers to be kept within limits and thus prevents it 

from un-stabilizing the overall system. Space vector PWM (SPWM) scheme was used for the 

voltage source inverter as it has some advantages over sinusoidal PWM scheme [186]. Fig.A. 6 

shows the MTPA operation in generating mode for the prototype CW IPMM implemented in 

Matlab-Simulink for rated speed. Fig.A. 7 displays the change in di - qi  current with respect to 

the developed torque during MTPA condition.  

 

Fig.A. 6. MTPA operation in generating mode for CW IPMM implemented in MATLAB-

Simulink

 

Fig.A. 7. Variation in di - qi  current with respect to the developed torque during MTPA 

condition 
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Appendix B: Construction Process of the 42 pole 

FSCW IPMM-F 
 

 

B.1 Construction Process 

The total manufacturing process in prototyping the FSCW IPMM-F took 

approximately ten months. The construction of the prototype was conducted in CSIRO’s 

lab. It took two months for the design to be approved for construction as there were 

issues related to manufacturing. Step by step construction process of the CW FS IPMM 

is shown in Fig.B. 1.  

 

 

Fig.B. 1. Steps of Construction process 
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Each of these steps are described in details in this section. 

• Step 1: The first step was to meet the manufacturer and provide them with all the 

machine design files. This took a couple of meetings to let all the requirements 

be known to the manufacturer. All the FE geometry were converted to CAD data 

as well is in .igs format and provided to the manufacturer.  

• Step 2: Ordering of the core material was done after some initial meetings. The 

primary chosen material was not available during the time of manufacturing. 

Some simulations were conducted to obtain a material that had a high efficiency 

and also available in the local market. This topic has already been discussed in 

chapter 5. The chosen core material was ordered from ‘Sankey’. 

 After providing the manufacturer with the initial CAD design of the 

machine, some corrections were done to the design in order to overcome un-

manufacturable portions in the design. Tolerance across the magnets was given 

to the design that changed the overall output of the machine compiled in FE. 

According to the manufacturer, there should be at least 0.2mm tolerance across 

each magnet. 

Table.B 1  shows the effect of tolerance across the magnets on the torque, 

torque ripple and the total developed power of the machine. The final tolerance 

was chosen to be 0.26 mm across each magnet in order to keep the rated power 

above 4 KW.  

Table.B 1 Variation in torque and power with the change in the tolerance across each 

magnet 

 Torque (Nm) Torque ripple Power (W) 

Without any tolerance 290 1.5% 4366 

0.4 mm tolerance 265 1.4% 3966 

0.3 mm tolerance 271 3% 4068 

0.26 mm tolerance       274 1.7%      4108 
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The rotor outer diameter is 620mm and the magnets in the rotor are buried 

only 2mm away from the air-gap. This suggests that there is a large area of 

unused rotor core where the flux is absent thus it has no use.  So in order to 

reduce the weight of the overall rotor, spokes were built. Fig.B. 2 shows the final 

rotor configuration of the FSCW IPMM-F indicating the spokes in the rotor 

core.  

 
Fig.B. 2. Final rotor configuration 

• Step 3: The magnets were ordered from China (RareEarthMagnet Ltd.). The 

steel and laser cutting was done by the manufacturer that provided the core 

material. A lamination of iron was taken to the lab and tested for errors and 

found none. Fig.B. 3 shows the laser cut rotor and stator laminations that were 

tested in the lab for measurement errors. 
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Fig.B. 3. Laser cut rotor and stator laminations 

• Step 4: The rotor laminations were assembled with the magnets and the shaft. As 

for the stator, it was stacked together and sent to the winder  for winding 

according to fractional slot concentrated winding arrangement shown in chapter 

5. Fig.B. 4 shows the stacking of laminations to form the rotor core. 

 

Fig.B. 4. Stacking of all rotor laminations   

• Step 5: The winding of the stator has been done manually to achieve a high slot-

fill factor in the slots. The layout of the search coils has been shown in Appendix 

C. After the winding of all the phases in the slots had been complete, the 

windings were varnished using ULTIMEG 2000/380 alkyd phenolic to keep 

excellent electrical and bond strength of the copper wires. The operating 

temperature can go up to 180° C for this kind of the Class H varnish. Fig.B. 6 

shows the complete winding of the stator for the FSCW IPMM-F. 
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Fig.B. 5. Position of search coils, thermistor, and leads in the CW slot layout 

 

Fig.B. 6. Complete winding of the stator 

• Step 6: The final assembly of the rotor and the stator were conducted after ten 

months of intensive work in the Lab. The prototype machine was checked 

rigorously for balancing issues. The machine underwent rotating machinery 

diagnostics and vibration analysis. Dynamic balancing is done with the end 

plates to achieve rotational weight balance. With all these results coming out to 

be positive with no errors, the machine was transferred to the UNSW LAB.  
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Fig.B. 7 shows the complete machine assembly of the FSCW IPMM-F.  

 

Fig.B. 7. FSCW IPMM-F machine assembly 
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Appendix C: Thermal stress analysis 
 

 

 

A permanent magnet IPMM has a complex rotor construction and thermally it is 

more sensitive in comparison to an asynchronous machine. Thermal overloading of the 

motor is one of the main causes of degradation in the vulnerable machine components 

such as the stator winding insulation, permanent magnets and bearings [187]. An 

essential thermal model was created using Motor-CAD to test the thermal performance 

of the prototype design. Key specifications for this thermal model are given                  

in Table.C 1.  

Table.C 1. Specifications for thermal modelling of the FSCW IPMM-F 

Cooling type Totally enclosed non-

ventilated 

External/Internal fluid type Air 

Ambient temperature  (convection) 40° C 

Ambient temperature (radiation) 40° C 

Motor current [Arms] 8.485 

Iron loss Flux to Power Ratio 1.5 

End-cap vents closed 

Shaft speed[rpm] 143 

Mat (Liner-Lam) Impregnation 

Liner thickness [mm] 0.25 

Air-gap model Conduction &Convection 

 

It can be seen from Table.C 1, the cooling arrangement has been selected to an 

enclosed non-ventilated atmosphere. This indicates that the machine was subjected to 

the worst case scenario where it was completely enclosed without fins and made to run 

on higher than full load current continuously for 2 hrs. Here, the thermal analysis was 

carried out using lumped parameter network that is shown in Fig.C.1.  
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Fig.C.1. Lumped parameter network of the FSCW IPMM-F showing the temperature of various 

nodes 

Table.C 2 shows the temperature rise of different elements of the FSCW IPMM-F 

during loading of the machine with 8.48 A (RMS) current. The temperature of all the 

components of the FSCW IPMM-F was well below the maximum temperature. Fig.C.2 

shows the change in the stator core temperature when the FSCW IPMM-F is run at full 

load of 6.5 A (RMS) continuously for 2 hrs. It can be seen that the stator core reaches 

only 42° C after two hours of running continuously with full load. 

Table.C 2 Temperature data for various elements of the FSCW IPMM-F at 8.48 A current after 

running for three straight hours 

Element Temperature Element Temperature 

Housing - Active 50.72°C Airgap Banding 63.45°C 

Housing - Overhang (F) 47°C Magnet 47°C 

Endcap - Front 47.18°C Bearing (F) 47.19°C 

Housing - Overhang (R) 47°C Bearing (R) 47.12°C 

Endcap - Rear 47.16°C End Space (F) 47.9°C 

Stator Lam (tooth) 50.69°C End Space (R) 47.9°C 

Stator Lam (back iron) 50.73°C Winding Layer  61.23°C 

Stator Surface 50.66°C EWdg (F) 51°C 

Rotor Surface 47.7°C EWdg (R) 51°C 
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Fig.C.2. Change in stator laminations temperature with respect to time (measured 

experimentally) 
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Appendix D : Search coils in the winding 
 

 

 

D.1  Search coils  

Search coils placed in the stator winding helps to find out the error during 

inconsistency in the winding arrangement. The voltage can be measured to determine 

the discrepancy if any with the use of a search coil. There are two types of search coils 

placed in the stator of the FSCW IPMM-F. They are: 

• d,q axis search coil: Four search coils are placed in the d- and q-axis of the stator 

winding of the FSCW IPMM-F. For d-axis, two search coils are placed in slot 1 

and 2. Out of these two search coils; one of them is placed as close as possible to 

the yoke, the other one being placed as close as possible to the air-gap in the slot 

opening. As for q-axis, two other search coils are placed in slot 17 and 18 having 

the same arrangement as the d-axis search coils. Fig.D. 1(a) shows the 

arrangement of this search coil. 

• Leakage search coils: These search coils are placed in slots to determine the 

amount of leakage flux in a slot. The leakage search coils are placed in slots to 

determine the discrepancy in voltage due to leakage flux. Slot number 19 and 46 

contain leakage search coils. Each of these slots has two search coils 

respectively. In each slot, one of the search coils is placed as close as possible to 

the yoke in the middle. The other one being as close as possible to the air-gap in 

the slot opening located in the center of the slots. Fig.D. 1(b) shows the 

arrangement of leakage search coils in one slot of the FSCW IPMM-F. 
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Fig.D. 1. Arrangement of search coils for (a) d,q axis search coils and (b) Leakage search coils 

Each of the search coils has three turns, and the winding is done with a 0.6 mm Dia. 

copper wire. The EMF voltage calculation conducted using search coils have been 

presented in the next section.  

D.2  Phase voltage measurement using search coils 

The winding configuration of the prototype FSCW IPMM-F was also examined by 

determining the voltage across the search coils (location of the search coils are shown 

Appendix A) and comparing it to the overall voltage of the prototype. Fundamental 

voltage of Search coil (located between slot 1 & 2 with 3 turns) for phase A is 2.5 volts 

(peak). The E.M.F. equation is defined as, 

                                                              4.44* * *E f N φ=    

where,  

N = 3; 

 f=50 Hz; 

 

From the above equation, the flux is found to be, 3.753 3 e webersφ = − . Using this flux 

to calculate the total voltage for phase A gives 

= 4.44*50*( 3.753 3)e − *378 

= 314.93 volts 
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Taking the winding factor into account, EMF of phase A becomes 

                                                          =314.93*0.902 

                        = 284.07 volts (peak) 

However, the measured fundamental voltage of phase A is 290 volts. So the 

inconsistency in the voltage calculated using the search coils is 5.93 volts, which is only 

2% of the rated phase voltage. 

The analysis on slot leakage flux will be conducted in future work. 
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Appendix E: Final Machine Drawings 
 

 

 

E.1  3-D view of the FSCW IPMM-F 

 

Fig.E. 1. 3-D view of the FSCW IPMM-F 
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E.2  Rotor of the FSCW IPMM-F 
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E.3  Stator of the FSCW IPMM-F 
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E.4  Cover plate of the FSCW IPMM-F 
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E.5  End plate front of the FSCW IPMM-F 
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E.6  End plate back of the FSCW IPMM-F 
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E.7  Shaft of the FSCW IPMM-F 
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E.8  Encoder Mount and Keeper plate of the FSCW IPMM-F 
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Appendix F: Space Vector Modulation 
 

 

 

F.1  Drive system  

The controlling the IPMM in motoring action, the three-phase AC supply is 

rectified to DC supply using uncontrolled full-bridge rectifier. This DC bus input 

voltage is then converted to desired AC signal by modulating techniques. Fig.F. 1 

shows the inverter architecture for the drive system used during the FSCW IPMM-F in 

motoring mode. 

 

Fig.F. 1. Schematic diagram of the IPMM during motoring operation 

The two common modulating techniques are the sinusoidal pulse width modulation 

(SPWM) scheme, and the space vector modulation (SVM) scheme. SVM provides 

higher modulation ration that the SPWM. The fundamental phase voltage (max.) in the 

SPWM and the SVM are given below: 

                                                    
1

2
SPWM DCV V=  

1

3
SVM DCV V=  
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Here, the SVM is chosen as the modulation scheme for this thesis. The SVM 

methodology has been described in the next section.  

During generation of the FSCW IPMM-F, the uncontrolled diode rectifier is 

replaced by a resistive load connected directly to the DC-link, shown in Fig.F. 2. The 

FSCW IPMM-F was also connected to back-to-back inverters for experimental purpose. 

In this case, two individual inverters and the DC bus in both of them are shorted. The 

schematic diagram of the back-to-back inverter connected to the FSCW IPMM-F is 

shown in. The IGBT inverter 1 in Fig.F. 3 works as the machine side inverter and the 

IGBT inverter 2 performs the grid side converter. Two independent SVM scheme are 

applied individually to the IGBT inverters by using the dSPACE1104 control board. 

 

Fig.F. 2. Schematic diagram of the FSCW IPMM-F generator system 

 

Fig.F. 3. Schematic diagram of the FSCW IPMM-F connected to back-to-back inverters 
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F.2   Space Vector Modulation scheme 

A space vector, which is a simultaneous representation of all three-phase quantities 

can be defined as 

 2

s a b c

2
v = (v + av + a v )

3
  

Where, exp(j2 / 3)a π= . The desired three phase quantities Va, Vb and Vc are 

sampled in time at a specified sampling frequency and are represented in terms of space 

vectors. The discrete phase voltage space vector positions are shown in Fig.F. 4. These 

vectors form a hexagon consisting of six sectors each of 60° span. It can be seen from 

Fig.F. 4, there exist eight possible switching states (V0 - V7). Two of these vectors (V0 

and V7) are termed zero vectors while the others are referred to as switching vectors. 

The phase voltages and their corresponding space vectors can be easily determined with 

the help of a look-up table shown in Table.F 1 for the SVM scheme.  

 

 

Fig.F. 4 Phase voltage space vectors. 
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V1(1,0,0)
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Table.F 1 Space vector modulation look-up table 

State Switch On Van Vbn Vcn Space Vector 

0 2,4,6 0 0 0 V0 = 0,0,0 

1 1,4,6 
2

3

DCV
 

3

DCV
−  

3

DCV
−  V1 = 1,0,0 

2 1,3,6 
3

DCV
 

3

DCV
 

2

3

DCV
−  V2 = 1,1,0 

3 2,3,6 
3

DCV
−  

2

3

DCV
 

3

DCV
−  V3 = 0,1,0 

4 2,3,5 
2

3

DCV
−  

3

DCV
 

3

DCV
 V4 = 0,1,1 

5 2,4,5 
3

DCV
−  

3

DCV
−  

2

3

DCV
 V5 = 0,0,1 

6 1,4,5 
3

DCV
 

2

3

DCV
−  

3

DCV
 V6 = 1,0,1 

7 1,3,5 0 0 0 V7 = 1,1,1 

 

 

In Fig.F. 4, Vx represents a reference vector in the first sector. Vx  can be easily 

represented with respect to V1 and V2 given as 

 
1sin( ) sin

3 3
xV v

π π
α− =   

                
2sin sin

3
xV v

π
α =  

Vectors v1 and v2 are auxiliary vectors of space vectors V1 and V2 respectively. To 

calculate the time of application of different vectors, consider V1 and V2 to be activated 

for durations t1 and t2 respectively over a period ts. The auxiliary vectors can be 

represented with respect to the activation time given as 

 2
2 2

s

t
v V

t
=   
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         1
1 1

s

t
v V

t
=  

where 
st  is time period.  

The activation times can be represented as, 

 
1

1

sin( / 3 )

sin(2 / 3)

xV
t

v

π α

π

−
=   

 
2

2

sin( )

sin(2 / 3)

xV
t

v

α

π
=   

 
0 s a bt t t t= − −   

The switching pattern for sector 1 of a symmetrical space vector PWM is shown in 

Fig.F. 5. Similarly for the other sectors, this process is repeated. This shows that the 

desired output voltage signal specified by the controls can be easily achieved by varying 

the magnitude, frequency and the phase of the voltage. For SVM, the maximum 

obtainable fundamental output voltage is 0.577. 

 

 

Fig.F. 5. Switching pattern for sector 1. 
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Appendix G: Experimental setup 
 

 

 

G.1  The Experimental setup 

The experimental setup (shown in Fig.G. 1) for testing the performance of the 

FSCW IPMM-F consists of the following: 

i. FSCW IPMM-F 

ii. MEA Regenerative Electro-dynamometer 

iii. Load resister Bank (20Ω-200 Ω with a maximum current limit of 5 A)  

iv. DS1104 controller board 

v. Windows based PC 

vi. 3-phase IGBT inverter 

vii. Dual-range torque sensor (KISTLER 4503A) 

viii. Incremental Position sensor (HEIDENHAIN ROD 426) 

ix. Precision Power Analyzer (YOKOGAWA WT1800) 

x. 415V Voltage regulator 

xi. Oscilloscope (Lecroy) 

xii. 3-phase load bank 

In this experimental setup, the 3-phase IGBT inverter was supplied by the 3-phase 

415V voltage regulator connected to the mains. The output signal of the inverter is 

connected to the 3-phases of the FSCW IPMM-F through a power analyzer which 

measures the input/output quantities of the machine. The feedback signals from the 

inverter, which are the supply current of two phases and the DC link voltage, are fed to 

the DS1104 controller board. The incremental position sensor that is mounted on the 

shaft of the prototype also sends its feedback to the controller board. The DS1104 is 

connected to a windows based PC where the control algorithm is written in C-code and 

is applied in real time via d-space control desk (shown in Fig.G. 2). This control 

algorithm together with the feedback signals in the controller board and the SVM 
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produces the desired current references that are fed to the inverter through the controller 

board. 

 

Fig.G. 1. Complete experimental setup 

The FSCW IPMM-F is coupled to the MEA electrodynamometer which acts as the 

driving motor during generating operation. During motoring operation of the prototype, 

this dynamometer acts as the loading machine. The mechanical torque of the prototype 

is measured by a dual-range torque sensor that is coupled in between the shaft of the 

two machines.  
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Fig.G. 2 d-space control desk 

G.2  Regenerative Dynamometer System 

The MEA Regenerative Dynamometer System (RDS) is a computerized testing 

system for electric motors. The system includes the following components: 

o Control unit 

� System computer 

� Regenerative unit  

� Inverter 

� PLC 

o Torque Sensor 

o Loading Motor (Induction Machine shown in Fig.G. 3 ) 

The control unit is supplied with 415 V AC source, Neutral and Earth. The key 

parameters of the loading motor are provided in Fig.G. 3.  
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Fig.G. 3. Loading motor 

There are four control modes of the MEA RDS for testing the performance of the 

FSCW IPMM-F. Depending on the experimental setup, these control modes are 

selected. They are: 

o Torque Mode (Generating): This mode (screen shot of the torque mode is shown 

in Fig.G. 4) is selected when the FSCW IPMM-F is acting as a motor and a 

certain mechanical torque needs to be applied to it. This means the MEA 

machine acts as loading motor and can be loaded to 500 Nm. All experimental 

tests with the prototype in motoring action are conducted in this mode. 

o Speed Mode (Generating): In this mode, the prototype machine can be tested by 

defining the speed of the MEA machine. 

o Motoring Mode: The loading unit is running in motoring mode, at a defined 

speed, with the maximum torque defined by the FSCW IPMM-F. Experiments 

with the prototype in generating action with a single inverter are conducted in 

this mode. 

o Drive cycle Simulation Mode: Gives the ability to simulate Torque-speed 

characteristics by loading an Excel file that represents the drive cycle profile. 

This mode was mainly used to simulate the wind turbine torque-speed 
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characteristics to the loading motor and the FSCW IPMM-F acting as a wind 

turbine generator connected to back-to-back inverters.  

 

Fig.G. 4. Screen shot of Torque mode option available in MEA RDS 
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Table.G 1 Key parameters of the loading motor 
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G.3  Mechanical Drawing of the MEA loading motor 
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G.4 Initial Displacement Angle between the Rotor and the Encoder 

Permanent magnet synchronous machines (PMSM) require accurate information of 

rotor position for high precision control methods. This is acquired by a position sensor 

mounted on the shaft of the PMSM. As discussed previously, an incremental encoder 

was used to determine the rotor position in this work. For incremental encoders, the 

index pulse needs to be aligned to the negative-to-positive zero-crossing point of the 

phase voltage in order to produce absolute position information. From Fig.G. 5, the 

index pulse is 30 displaced from the negative-to-positive zero-crossing point of line-to-

line back EMF. This means the phase voltage is just aligned with the negative-to-

positive zero-crossing point of phase voltage. The measured angle by the encoder is 

leading the real N-pole of the magnet in the rotor by 7.1°. 

 

Fig.G. 5. Measured line-to-line back EMF of the prototype FSCW IPMM-F at 143 RPM 
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G.5  Control algorithm 

The major portion of the control algorithm that is written in C and ran with d-space 

control desk is shown below:  

/* RL_SINGLE_PWM_7.C *********************************************************** 
*                                                                       * 
* Rotor Field oriented control of the FSCW IPMM-F during generation      * 
* using new RtLib function DS1104_CS_PWM7.c                             * 
* date   : MAR. 15, 2014                                                * 
* University of New South Wales, Australia                              * 
************************************************************************/ 
#include <brtenv.h>    /* basic real-time environment */ 
#include <const.h>    /* general header for motor control */ 
#include <UserFunc.h> 
#include <variables.h> 
#include <varinit.c> 
 
void PWM_sync_interrupt(void)//60us 
{ 
RTLIB_TIC_START();          /* start time measurement */ 
host_service(1, 0);         //ControlDesk service 10us 
 
if (rst==1)  
{ 
varinit(); 
 
ds1104_bit_io_clear(DS1104_DIO0); 
 
//----------------- Measuring Initial Position from Incremental Encoder ------------------- 
index_inc=ds1104_inc_index_read(1,DS1104_INC_IDXMODE_ON); 
inc_curr= ds1104_inc_position_read_immediately(1,DS1104_INC_LINE_SUBDIV_4)*PI2/5000.0; 
theta_rm =(inc_curr +INIT_POS_OFFSET); //adding initial position to mechanical position; 
if(theta_rm<0.0) theta_rm=theta_rm+PI2; 
else if(theta_rm>=PI2) theta_rm=theta_rm-PI2; 
theta_re = Pp * theta_rm;//mech -> elec position 
theta_re=theta_re-((unsigned int)(theta_re/PI2))*PI2;/////???? 
if(theta_re<0.0) theta_re=theta_re+PI2; 
else if(theta_re>=PI2) theta_re=theta_re-PI2; 
 
//----------------- Measuring Position from Incremental Encoder ------------------- 
index_inc=ds1104_inc_index_read(1,DS1104_INC_IDXMODE_ON); 
inc_curr= ds1104_inc_position_read(1,DS1104_INC_LINE_SUBDIV_4)*PI2/5000.0; 
theta_rm =(inc_curr +INIT_POS_OFFSET); //adding initial position to mechanical position; 
if(theta_rm<0.0) theta_rm=theta_rm+PI2; 
else if(theta_rm>=PI2) theta_rm=theta_rm-PI2; 
theta_re = Pp * theta_rm;//mech -> elec position 
theta_re=theta_re-((unsigned int)(theta_re/PI2))*PI2; 
if(theta_re<0.0) theta_re=theta_re+PI2; 
else if(theta_re>=PI2) theta_re=theta_re-PI2; 
 
//---------Calculate the speed of the motor ------------------------- 
 
if((inc_curr-inc_old>PI/50.0)||(inc_curr-inc_old<-PI/50.0)||index_inc==1) {} 
else inc_delta=inc_curr-inc_old; 
wm_inc=inc_delta/TS;//rad/s 
inc_old=inc_curr; 
 
// position error skipping code 
 
if(fabs(inc_curr-inc_old>PI/50.0))inc_curr=inc_old+wm_inc*TS; 
 
//-------Fist Order Lag to remove the noise from the encoder ---------------- 
 
t_f=fol_w_inc_t; 
fol_w_inc.K1 = (2.0*t_f-TS)/(2.0*t_f+TS); 
fol_w_inc.K2 = TS/(2.0*t_f+TS);  
fol(wm_inc, wm_inc_lpf, fol_w_inc); 
 
//------------ Reading ADC ------------- 
ds1104_adc_read_mux(scantable, 4, u);//Channel 1 2 3 4 for DC voltage and phase current of inverter 2 
uab_in=GAIN_ADC1*u[0]-ADC1_0;//line-line grid voltage uab ////Vuv motor line voltage for initial position     
ubc_in=GAIN_ADC2*u[1]-ADC2_0;//line-line grid voltage ubc 
uca_in=-uab_in-ubc_in;//line-line grid voltage ubc 
uca_in=GAIN_ADC3*u[2]-ADC3_0;// 
Vdc1=GAIN_ADC4*u[3]-ADC4_0;//1000V max DC 
//if(Vdc1<1e-3) Vdc1=1e-3; 
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//------------ First order Lag Low-pass filter ------------------- 
 
t_f=fol_Vdc_t; 
fol_Vdc.K1 = (2.0*t_f-TS)/(2.0*t_f+TS); 
fol_Vdc.K2 = TS/(2.0*t_f+TS);                   
fol(Vdc1,Vdc,fol_Vdc); 
 
V_DC=2.0/3.0*Vdc;//Length of the 6 fixed active vectors 
//V_DC=U_MAX_LINE*sqrt(1.0/3.0); 
 
ia_in=GAIN_ADC5*ds1104_adc_read_ch_immediately(5)-ADC5_0;//phase current of grid-side converter 
ic_in=GAIN_ADC6*ds1104_adc_read_ch_immediately(6)-ADC6_0;//phase current of grid-side converter 
ib_in=-ia_in-ic_in; 
 
ia=GAIN_ADC7*ds1104_adc_read_ch_immediately(7)-ADC7_0;//phase current of inverter 
ib=GAIN_ADC8*ds1104_adc_read_ch_immediately(8)-ADC8_0;//DC current of inverter 
ic=-ia-ib; 
//Torque=GAIN_ADC1*ds1104_adc_read_ch_immediately(1)-ADC1_0; 
 
if(Vdc>Vdc_max) Vdc_stat=Vdc_stat+1;//Over-voltage Protection 
 
if(fabs(ia)>Iabc_max) ia_stat=ia_stat+1;//Over-current Protection 
if(fabs(ib)>Iabc_max) ib_stat=ib_stat+1;//Over-current Protection 
if(fabs(ic)>Iabc_max) ic_stat=ic_stat+1;//Over-current Protection 
 
if(fabs(ia_in)>Iabc_max) ia_in_stat=ia_in_stat+1;//Over-current Protection 
if(fabs(ib_in)>Iabc_max) ib_in_stat=ib_in_stat+1;//Over-current Protection 
if(fabs(ic_in)>Iabc_max) ic_in_stat=ic_in_stat+1;//Over-current Protection 
 
if(ia_stat>10||ib_stat>10||ic_stat>10||ia_in_stat>10||ib_in_stat>10||ic_in_stat>10||Vdc_stat>0) rst=1; 
 
ial=2.0/3.0*(ia-0.5*ib-0.5*ic); 
ibe=SQRT1_3*(ib-ic); 
 
//wt=wt+PI2*Freq*period;//add for RL load theta as no encoder reading 
//if(wt>=PI2) wt=wt-PI2; 
//if(Freq<0.0) Freq=0.0; 
//else if(Freq>0.1/period) Freq=0.1/period; 
//theta_re=wt;//add for RL load theta 
 
theta_re_est=theta_re; //should include when running motor 
 
id=ial*cos(theta_re_est)+ibe*sin(theta_re_est);//id calculation 
iq=-ial*sin(theta_re_est)+ibe*cos(theta_re_est);//iq calculation 
 
ial_in=2.0/3.0*(ia_in-0.5*ib_in-0.5*ic_in); 
ibe_in=SQRT1_3*(ib_in-ic_in); 
id_in=ial_in*cos(theta_Vin_PLL)+ibe_in*sin(theta_Vin_PLL); 
iq_in=-ial_in*sin(theta_Vin_PLL)+ibe_in*cos(theta_Vin_PLL); 
ual_in=2.0/3.0*uab_in+1.0/3.0*ubc_in; 
ube_in=SQRT1_3*ubc_in; 
Vinmax=sqrt(ual_in*ual_in+ube_in*ube_in); 
ua_in=ual_in; 
ub_in=1.0/3.0*(-uab_in+ubc_in); 
uc_in=-1.0/3.0*uab_in-2.0/3.0*ubc_in; 
theta_Vin_atan=atan2(ube_in,ual_in); 
if (theta_Vin_atan<0.0) theta_Vin_atan=theta_Vin_atan+PI2;//0 to 2*PI 
 
//---------- Anti-windup PI controller Three-phase PLL------------ 
 
ud_in=ual_in*cos(theta_Vin_PLL)+ube_in*sin(theta_Vin_PLL); 
uq_in=-ual_in*sin(theta_Vin_PLL)+ube_in*cos(theta_Vin_PLL); 
Ctrl_PLL.ref=0.0;//control Vq=>0 
Ctrl_PLL.fbk=uq_in;// Input: feedback 
Ctrl_PLL.Kp=Kp_PLL;// Parameter: proportional loop gain 
Ctrl_PLL.Ki=Ki_PLL;// Parameter: integral gain 
Ctrl_PLL.Kb=Kb_PLL;// Parameter: anti-windup back-calculation gain 
Ctrl_PLL.Umax=0.2*WB;// Parameter: upper saturation limit 
Ctrl_PLL.Umin=-0.2*WB;// Parameter: lower saturation limit 
PI_BC_MACRO(Ctrl_PLL);  
uc_PLL=Ctrl_PLL.out; 
we=WB-uc_PLL; 
theta_Vin_PLL=theta_Vin_PLL+we*period; 
if(theta_Vin_PLL>=PI2) theta_Vin_PLL=theta_Vin_PLL-PI2; 
else if (theta_Vin_PLL<0.0) theta_Vin_PLL=theta_Vin_PLL+PI2; 
/* 
 
//----------------Calculate Electromagnetic torque-------------- 
 
Te=1.5*Pp*(FLUXM*iq+(Ld-Lq)*id*iq); 
 
//----------------MTPA trajectory--------------- 
 
id_max=FLUXM/4.0/(Lq-Ld)-sqrt(FLUXM*FLUXM/16.0/(Lq-Ld)/(Lq-Ld)+Iam*Iam/2.0); 
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iq_max=sqrt(Iam*Iam-id_max*id_max); 
 
//-----------------------PI Vdc Controller-------------------------- 
 
Ctrl_Vdc.ref=Vdc_ref;// Input: reference set-point 
Ctrl_Vdc.fbk=Vdc1;// Input: feedback 
Ctrl_Vdc.Kp=Kp_Vdc;// Parameter: proportional loop gain 
Ctrl_Vdc.Ki=Ki_Vdc;// Parameter: integral gain 
Ctrl_Vdc.Kb=Kb_Vdc;// Parameter: anti-windup back-calculation gain 
Ctrl_Vdc.Umax=iq_max*100;// Parameter: upper saturation limit 
Ctrl_Vdc.Umin=-iq_max*100;// Parameter: lower saturation limit 
PI_BC_MACRO(Ctrl_Vdc);  
 
iq_ref=-Ctrl_Vdc.out/100; 
 
//----------------------PI Current(iq) Controllers-------------------------- 
 
Pulse_iq.frq=iq_ref_freq; 
Pulse_iq.amp=iq_ref_amp; 
Pulse_iq.ofs=iq_ref_ofs; 
Pulse_iq.dut=iq_ref_dut; 
PulseGen_MACRO(Pulse_iq); 
Ctrl_iq.ref=iq_ref;// Input: reference set-point 
Ctrl_iq.fbk=iq; // Input: feedback 
Ctrl_iq.Kb=Kb_iq;// Parameter: anti-windup back-calculation gain 
Ctrl_iq.Umax=V_DC;// Parameter: upper saturation limit 
Ctrl_iq.Umin=-V_DC;// Parameter: lower saturation limit 
Ctrl_iq.Ki=Ki_iq; 
Ctrl_iq.Kp=Kp_iq; 
PI_BC_MACRO(Ctrl_iq);  
uc_iq=Ctrl_iq.out; 
 
//----------------------PI Current(id) Controllers-------------------------- 
//MTPA trajectory 
id_ref=FLUXM/2.0/(Lq-Ld)-sqrt(iq_ref*iq_ref+FLUXM*FLUXM/4.0/(Lq-Ld)/(Lq-Ld)); 
 
if (id_ref <= id_max) id_ref = id_max;//id_max is negative 
 
Ctrl_id.ref=id_ref;// Input: reference set-point 
Ctrl_id.fbk=id;// Input: feedback 
Ctrl_id.Kp=Kp_id;// Parameter: proportional loop gain 
Ctrl_id.Ki=Ki_id;// Parameter: integral gain 
Ctrl_id.Kb=Kb_id;// Parameter: anti-windup back-calculation gain 
Ctrl_id.Umax=V_DC;// Parameter: upper saturation limit 
Ctrl_id.Umin=-V_DC;// Parameter: lower saturation limit 
PI_BC_MACRO(Ctrl_id);  
uc_id=Ctrl_id.out; 
 
//-------------Decoupling-------------- 
 
Ud_ref=uc_id-Pp*wm_inc_lpf*Lq*iq; 
Uq_ref=uc_iq+Pp*wm_inc_lpf*(FLUXM+Ld*id); 
Ual_ref=Ud_ref*cos(theta_re_est)-Uq_ref*sin(theta_re_est); 
Ube_ref=Ud_ref*sin(theta_re_est)+Uq_ref*cos(theta_re_est); 
 
//------------- Output Voltage Limit----------------- 
 
Vomax=U_MAX_LINE*sqrt(1.0/3.0);//Vomax is max phase peak 
if(0.866*V_DC<Vomax)Vomax=0.866*V_DC*0.95;  
Vo_mag=sqrt(Ual_ref*Ual_ref+Ube_ref*Ube_ref);//the magnitude of output voltage vector 
if(Vo_mag>=Vomax)   
{ 
Ual_ref=Vomax*Ual_ref/Vo_mag; 
Ube_ref=Vomax*Ube_ref/Vo_mag; 
Vo_mag=Vomax; 
} 
m=SQRT3*Vo_mag/(1.5*V_DC); 
theta_Vo=atan2(Ube_ref,Ual_ref);//[-PI,PI) 
if (theta_Vo<0.0) theta_Vo=theta_Vo+PI2;//[0,2PI) 
if(theta_Vo>=0.0 && theta_Vo<PI_3) 
{ 
sector=1;///V0(000),V1(100),V2(110),V7(111) 
d1=m*sin(PI_3-theta_Vo); 
d2=m*sin(theta_Vo); 
d0=1.0-d1-d2; 
duty[0]=1.0-0.5*d0;//V1(100),V2(110),V7(111) 
duty[1]=d2+0.5*d0;//V2(110),V7(111) 
duty[2]=0.5*d0;//V7(111) 
} 
else if(theta_Vo>=PI_3 && theta_Vo<PI2_3) 
{ 
sector=2;//V0(000),V3(010),V2(110),V7(111) 
theta_Vo=theta_Vo-PI_3; 
d1=m*sin(PI_3-theta_Vo); 
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d2=m*sin(theta_Vo); 
d0=1.0-d1-d2; 
duty[0]=d1+d0*0.5;//V2(110),V7(111) 
duty[1]=1.0-0.5*d0;//V3(010),V2(110),V7(111) 
duty[2]=0.5*d0;//V7(111) 
} 
else if(theta_Vo>=PI2_3 && theta_Vo<PI) 
{ 
sector=3;//V0(000),V3(010),V4(011),V7(111) 
theta_Vo=theta_Vo-PI2_3; 
d1=m*sin(PI_3-theta_Vo); 
d2=m*sin(theta_Vo); 
d0=1.0-d1-d2; 
duty[0]=d0*0.5;//V7(111) 
duty[1]=1.0-0.5*d0;//V3(010),V4(011),V7(111) 
duty[2]=d2+0.5*d0;//V3(011),V7(111) 
} 
else if(theta_Vo>=PI && theta_Vo<PI4_3) 
{ 
sector=4;//V0(000),V5(001),V4(011),V7(111) 
theta_Vo=theta_Vo-PI; 
d1=m*sin(PI_3-theta_Vo); 
d2=m*sin(theta_Vo); 
d0=1.0-d1-d2; 
duty[0]=d0*0.5;//V7(111) 
duty[1]=d1+0.5*d0;//V3(011),V7(111) 
duty[2]=1.0-0.5*d0;//V5(001),V4(011),V7(111) 
} 
else if(theta_Vo>=PI4_3 && theta_Vo<PI5_3) 
{ 
sector=5;//V0(000),V5(001),V6(101),V7(111) 
theta_Vo=theta_Vo-PI4_3; 
d1=m*sin(PI_3-theta_Vo); 
d2=m*sin(theta_Vo); 
d0=1.0-d1-d2; 
duty[0]=d2+d0*0.5;//V6(101),V7(111) 
duty[1]=0.5*d0;//V7(111) 
duty[2]=1.0-0.5*d0;//V5(001),V6(101),V7(111) 
} 
else 
{ 
sector=6;//V0(000),V1(100),V6(101),V7(111) 
theta_Vo=theta_Vo-PI5_3; 
d1=m*sin(PI_3-theta_Vo); 
d2=m*sin(theta_Vo); 
d0=1.0-d1-d2; 
duty[0]=1-d0*0.5;//V1(100),V6(101),V7(111) 
duty[1]=0.5*d0;//V7(111) 
duty[2]=d1+0.5*d0;//V6(101),V7(111) 
} 
} 
 
/* set DACH1 to ia */ 
ds1104_dac_write(3,sp_ref/10); 
ds1104_dac_write(2,uca_in/5000); 
/* activate the previously written DAC values synchronously */ 
ds1104_dac_strobe(); 
 
/*duty[0,1,2]=duty[4,5,6]*/ 
duty[4]=duty[0]; 
duty[5]=duty[1]; 
duty[6]=duty[2]; 
duty[0]=duty[3];//chopper SPWM1 
 
/* write PWM Duty cycle to slave DSP and test for error */ 
ds1104_slave_dsp_pwm_duty_write(task_id, ch2_index, duty[4]); 
ds1104_slave_dsp_pwm_duty_write(task_id, ch3_index, duty[5]); 
ds1104_slave_dsp_pwm_duty_write(task_id, ch4_index, duty[6]); 
 
 
/* write PWM3 Duty cycle to slave DSP and test for error */ 
ds1104_slave_dsp_pwm3_duty_write(task_id, index, duty[0], duty[1], duty[2]); 
 
exec_time =RTLIB_TIC_READ(); 
} 
 
main() 
{ 
init(); 
 
/*initial the master-slave communication*/ 
ds1104_slave_dsp_communication_init(); 
 
ds1104_bit_io_init(DS1104_DIO0_OUT); 
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varinit(); 
 
 
/* init D/A converter in latched mode */ 
ds1104_dac_init(DS1104_DACMODE_LATCHED); 
 
/*init incremental encoder channel 1*/ 
  ds1104_inc_init(1, DS1104_INC_MODE_RS422); 
  ds1104_inc_set_idxmode(1, DS1104_INC_IDXMODE_ON); //DS1104_INC_IDXMODE_ON);    
 
ds1104_syncout_edge_setup(DS1104_SYNC_TRIGGER_FALLING); 
ds1104_inc_trigger_setup(1,DS1104_TRIGGER_ENABLE); 
ds1104_dac_trigger_setup(DS1104_TRIGGER_ENABLE); 
ds1104_adc_trigger_setup(2,DS1104_TRIGGER_ENABLE); 
ds1104_adc_trigger_setup(3,DS1104_TRIGGER_ENABLE); 
ds1104_adc_trigger_setup(4,DS1104_TRIGGER_ENABLE); 
ds1104_adc_trigger_setup(5,DS1104_TRIGGER_ENABLE); 
ds1104_syncin_trigger(); 
 
/* init and start of 3-phase PWM generation on slave DSP */ 
ds1104_slave_dsp_pwm3_init(task_id, period,duty[0], duty[1], duty[2],deadband, sync_pos); 
ds1104_slave_dsp_pwm3_start(task_id); 
 
/* registration of PWM duty cycle update command */ 
ds1104_slave_dsp_pwm3_duty_write_register(task_id, &index); 
 
/* initialization of PWM generation on slave DSP */ 
ds1104_slave_dsp_pwm_init(task_id, period, 0.5, mode, pol, 
                          SLVDSP1104_PWM_CH2_MSK | 
                          SLVDSP1104_PWM_CH3_MSK | 
                          SLVDSP1104_PWM_CH4_MSK); 
 
/* start of PWM generation on slave DSP */ 
ds1104_slave_dsp_pwm_start(task_id, 
                           SLVDSP1104_PWM_CH2_MSK | 
                           SLVDSP1104_PWM_CH3_MSK | 
                           SLVDSP1104_PWM_CH4_MSK); 
 
/* registration of PWM duty cycle update commands */ 
/* channel 2 */ 
ds1104_slave_dsp_pwm_duty_write_register(task_id, &ch2_index, 2); 
 
/* channel 3 */ 
ds1104_slave_dsp_pwm_duty_write_register(task_id, &ch3_index, 3); 
 
/* channel 4 */ 
ds1104_slave_dsp_pwm_duty_write_register(task_id, &ch4_index, 4); 
 
/* initialization of PWM sync interrupt */ 
ds1104_set_interrupt_vector(DS1104_INT_SLAVE_DSP_PWM,(DS1104_Int_Handler_Type) 

&PWM_sync_interrupt,SAVE_REGS_ON); 
ds1104_enable_hardware_int(DS1104_INT_SLAVE_DSP_PWM); 
RTLIB_INT_ENABLE(); 
 
/* Background tasks */ 
while(1) 
{ 
RTLIB_BACKGROUND_SERVICE(); /* background service */ 
} 
 
} 
 
***************************************               END            ************************************ 
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G.6  3-phase IGBT inverter 

Fig.G. 6 shows the back-to-back 3-phase IGBT inverter which during the 

experiment is connected to the FSCW IPMM-F. The circuit diagrams of the 3-phase 

IGBT inverter are provided in Fig.G. 7 and Fig.G. 8. 

 

Fig.G. 6. Back-to-Back 3-phase IGBT inverter (casing off) 
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Fig.G. 7. IGBT inverter schematic 
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Fig.G. 8. Interconnection between the IGBT inverter and the control boards 
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