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Abstract 

The requirements of an electrical machine (EM) in Electric- (EV) and Hybrid 

Electric Vehicles (HEV) are high power density, a stator and rotor field with low 

harmonic content and best acoustic behavior. Six-phase permanent magnet 

synchronous machines (PMSM) have significant benefits over conventional 

three-phase PMSMs, such as reduced current per inverter phase leg, less 

fundamental losses because of a better winding factor and increased fault 

tolerance. Despite their advantages, considering the same installation space, 

the torque per ampere increase of a six-phase PMSM is very marginal. 

Therefore, the main focus of this dissertation lies in increasing the power density 

of the multiphase electric drive, where optimizations and investigations are done 

on a system level. System level simulation models, which consist of the power 

electronics, different control strategies and the electrical machines are 

developed and studied. Considering the electrical and mechanical phase shift 

between the two three-phase winding sets, different winding concepts of the six-

phase EM are developed, in an effort to gain a better understanding of their 

advantages and disadvantages. Detailed analyses are performed, in order to 

understand the sources and influences of the space harmonics and high 

frequency inverter-induced time harmonics on the losses and performance of 

the EM. In particular, this dissertation will examine the EM torque, iron losses, 

magnet losses and copper losses for both inverter switched currents and 

sinusoidal currents supply. 

The results show that Pulse Width Modulation (PWM) Interleaving control 

strategy for a multiphase phase inverter eliminates the dominant harmonic 

frequencies in DC link capacitor voltage and current ripple thereby reducing their 

root mean square (RMS) as well as peak amplitudes. Therefore, the size of the 

DC link capacitor can be reduced while maintaining the same current and 

voltage ripple. The focus lies in understanding the physical and control 

difference between each three-phase inverter module due to PWM Interleaving 

strategy, which leads to high frequency harmonics producing only harmonic air-

gap fields, increasing and decreasing losses in different parts of the electrical 

machine. Compared to the conventional six-phase design, an alternative dual 

three-phase winding concept, where the two three-phase windings are 180° 
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spatially wound from each other, is shown to reduce the influence of these 

harmonic frequencies, thereby reducing the losses in the electrical machine. 

A time effective combination of simulation and interpolation methodology is 

suggested for the simulation of the electrical machines, coupled with a voltage 

source inverter (VSI). The interpolation results, when compared with the time 

consuming Finite Element Method (FEM) simulation results, show very good 

accuracy. In an attempt to find the electric drive with the best redundancy, 

examinations of the fault tolerance of the different six-phase windings concepts 

are performed. Open circuit fault (OCF) simulations for a complete three-phase 

winding are executed and their performances in post fault operation are studied. 

One of the investigated multiphase electrical machines is built as a prototype, in 

order to validate the simulation results with measurements. The final part of the 

dissertation contains the measurement results and their comparison with the 

simulation results. 
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Kurzfassung 

Die Anforderungen an elektrische Maschinen in Elektrischen- und Hybrid-

Elektrischen Fahrzeugen sind eine hohe Leistungsdichte, ein Stator und Rotor 

magnetisches Feld mit niedrigem Oberwelleninhalt und bestes akustisches 

Verhalten. Sechsphasige permanent magneterregte Synchronmaschinen 

zeigen signifikante Vorteile gegenüber den konventionellen dreiphasigen 

PMSMs, wie beispielsweise reduziertem Strom pro Phase im Umrichter, 

weniger Grundwellenverlusten aufgrund eines besseren Wicklungsfaktors und 

eine erhöhte Fehlertoleranz. Auf der anderen Seite ist, unter Annahme 

desselben Bauraums, der Anstieg des Drehmoments sehr gering. Aus diesem 

Grund liegt der Hauptfokus dieser Dissertation auf der Erhöhung der 

Leistungsdichte mehrphasiger elektrischer Antriebe, wo Optimierungen und 

Untersuchungen auf Systemebene durchgeführt werden. Simulationen auf 

Systemebene, welche die Leistungselektronik, unterschiedliche 

Steuerungsstrategien sowie die elektrischen Maschinen beinhalten, werden 

entwickelt und untersucht. Unter Berücksichtigung der elektrischen und 

mechanischen Phasenverschiebung zwischen den zwei-dreiphasigen 

Wicklungen werden verschiedene Wicklungskonzepte der sechsphasigen 

elektrischen Maschine entwickelt, um ein besseres Verständnis von deren Vor- 

und Nachteilen zu gewinnen. Detaillierte Analysen werden durchgeführt, um die 

Quellen und Einflüsse der Oberwellen sowie hochfrequenten durch den 

Umrichter induzierten Oberschwingungen auf die Verluste und Performanz der 

elektrischen Maschine zu verstehen. Das Drehmoment, Eisenverluste, 

Magnetverluste sowie Kupferverluste werden insbesondere hinsichtlich 

Umrichter getakteter sowie sinusförmiger Stromeinprägungen untersucht. 

Es wird dargestellt, dass durch die PWM-Interleaving Steuerungsstrategie bei 

einem mehrphasigen Umrichter die dominante Oberschwingungsfrequenzen in 

der Strom- und Spannungswelligkeit des Zwischenkreiskondensators eliminiert 

wird und sich somit deren Effektivwert sowie Spitzenwert verringert. Daher 

könnte der Bauraum des Zwischenkreiskondensators prinzipiell reduziert 

werden unter Beibehaltung derselben Strom- und Spannungswelligkeit. Der 

Fokus liegt auf dem Verständnis der durch die PWM-Interleaving Strategie 

induzierten physikalischen Differenzen sowie Steuerungsdifferenzen zwischen 

jedem dreiphasigen Umrichtermodul, was zu hochfrequenten 
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Oberschwingungen führt, die nur Oberfelder im Luftspalt produzieren, was zur 

Ab- und Zunahme von Verlusten in verschiedenen Orten der elektrischen 

Maschine führt. Ein alternatives dual dreiphasiges Wicklungskonzept zeigt, 

dass im Vergleich zu konventionellen sechsphasige Ausführung, bei dem die 

zwei-dreiphasigen Wicklungen räumlich um 180° voneinander gewickelt sind, 

die Einflüsse der Oberschwingungsfrequenzen sich reduzieren und somit auch 

die Verluste in der elektrischen Maschine. 

Eine zeiteffektiv kombinierte Simulations- und Interpolationsmethode wird zur 

Berechnung der elektrischen Maschine in Verbindung mit einem Umrichter 

vorgeschlagen. Die Interpolationsergebnisse, verglichen mit den 

zeitaufwändigen FEM Simulationsergebnissen, zeigen eine sehr hohe 

Genauigkeit. In einem Versuch, den elektrischen Antrieb mit der besten 

Redundanzfähigkeit zu finden, werden Untersuchungen hinsichtlich der 

Fehlertoleranz der verschiedenen sechsphasigen Wicklungskonzepte 

durchgeführt. Es werden Fehlersimulationen für nur eine intakte dreiphasige 

Wicklung durchgeführt und deren Leistung im Fehlerbetrieb untersucht. 

Eine der untersuchten mehrphasigen elektrischen Maschinen wurde als 

Prototyp gebaut, um die Simulationsergebnisse mit den Messungen zu 

validieren. Der letzte Teil der Dissertation enthält die Messergebnisse und deren 

Vergleich mit den Simulationsergebnissen. 



x 

Table of Contents 

Abstract ........................................................................................................... vi 

Kurzfassung .................................................................................................. viii 

Nomenclature ................................................................................................. xii 

1 Introduction ................................................................................................... 1 

1.1 Rotating magnetic field and winding factor .............................................. 4 

1.2 Motivation and state of the research ...................................................... 10 

2 Inverter, control and control strategies .................................................... 15 

2.1 Sinusoidal voltage PWM (SPWM) ......................................................... 16 

2.2 Field oriented control of electric drives .................................................. 21 

2.3 Third harmonic voltage supply (THPWM and SVPWM) ........................ 25 

2.4 Dual three-phase and six-phase inverter ............................................... 31 

3 System level investigated electrical machines........................................ 33 

3.1 Three-phase PMSM ............................................................................... 34 

3.2 Dual three-phase PMSMs ...................................................................... 34 

3.3 Six-phase PMSM ................................................................................... 36 

4 d-q equivalent circuits of a three-phase and six-phase PMSM .............. 38 

5 Voltage and current harmonics in a PMSM .............................................. 45 

5.1 Magnetic saturation induced harmonics ................................................ 45 

5.2 Permanent magnet induced harmonics ................................................. 46 

5.3 PWM generated harmonics ................................................................... 52 

6 PWM induced effects and harmonic losses in the electrical machine .. 56 

6.1 Torque .................................................................................................... 57 

6.2 Iron losses .............................................................................................. 60 

6.3 Magnet losses ........................................................................................ 64 

6.4 Copper losses and current displacement losses in stator windings ...... 69 

6.5 Comparison of the three-phase PMSM with the other multiphase PMSM 

concepts ....................................................................................................... 75 

6.6 Influence of switching frequency on harmonic losses ............................ 80 



xi 

7 PWM Interleaving ........................................................................................ 89 

7.1 Influence of PWM Interleaving on the DC link capacitor ........................ 94 

7.2 Differential harmonic voltages in d and q axis ..................................... 102 

7.3 Influence of PWM Interleaving on the multiphase PMSMs .................. 106 

8 Interpolation of the system-level investigation ..................................... 115 

8.1 Three-phase PMSM- Sinusoidal current supply .................................. 116 

8.2 Three-phase PMSM- VSI PWM switched current supply .................... 117 

8.3 Dual three-phase PMSM with 180° phase shifted winding sets- VSI with 

PWM Interleaving ....................................................................................... 124 

9 Redundancy analysis ............................................................................... 131 

10 Experimental verification of the results ............................................... 144 

10.1 No load operation ............................................................................... 146 

10.2 Loaded operation ............................................................................... 148 

10.2.1 Dual three-phase operation ............................................................ 149 

10.2.2 Redundant operation ...................................................................... 157 

11 Summary ................................................................................................. 164 

12 Appendix ................................................................................................. 170 

Bibliography ................................................................................................. 174 

List of figures ............................................................................................... 182 

List of tables ................................................................................................. 189 



Nomenclature 

xii 

Nomenclature 

Latin 

𝐴𝑒𝑑𝑑𝑦 Area of the eddy current path 

𝐴𝑚𝑎𝑔 Surface area of the magnet 

𝑎𝑝 Number of parallel branches 

𝐵 magnetic flux density 

𝐵6 Six switching three leg half bridge inverter 

𝐵12 Twelve switching six leg half bridge inverter 

𝐵𝑒𝑐 Reaction magnetic field from the eddy currents 

𝐵𝑔 Air gap flux 

𝐵𝑛𝑜𝑟𝑚𝑎𝑙 Normal flux density 

𝐵𝑝 Peak flux density 

𝐵𝑟 Radial flux density 

𝐵𝑟µ Harmonic radial flux density for harmonic order µ 

𝐵𝑟𝑚 Remanence flux density of the magnet 

𝐵𝑠𝑡𝑎𝑡𝑜𝑟 Flux density induced in the rotor from the stator 

𝐵µ Peak flux density for the harmonic order µ 

𝐵𝜃 Tangential flux density  

𝐵𝜃µ Harmonic tangential flux density for harmonic order µ 

𝑏𝑚𝑎𝑔 breadth of the magnet 

𝐶 Amplitude of carrier harmonic component 

𝐶𝐷𝐶−𝐿𝑖𝑛𝑘 DC link capacitor 

𝐶ℎ Hysteresis constant 

𝐶𝑒 Eddy current constant 

𝐶𝑀𝑟𝑖𝑝𝑝𝑙𝑒 Capacitor ripple current multiplier 

𝐷𝑖 Stator inner diameter 

𝐸 Electric field 

𝑓 Frequency 

𝑓1 Fundamental frequency 

𝑓𝑆 Switching frequency 

𝑓µ Harmonic frequency for the order µ 

𝑔 Positive integer 

H Magnetic field 
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𝐻𝑝  Peak magnetic field strength 

ℎ𝑐  Total height of the conductor 

ℎ𝑚𝑎𝑔  height of the magnet 

𝐼𝑑  direct axis current 

𝐼𝑞  quadrature axis current 

𝐼𝑐𝑎𝑝  DC link capacitor ripple current 

𝐼𝐷𝐶  Battery DC current 

𝐼𝑒𝑑𝑑𝑦  Induced eddy currents in magnets 

𝐼𝑖𝑛𝑣  Inverter input current 

𝐼𝑝  Phase current 

𝐼𝑝𝑒𝑎𝑘  Peak phase current 

𝐼𝑑µ  harmonic direct axis current of order µ 

𝐼𝑞µ  harmonic quadrature axis current of order µ 

𝐽  Current density 

𝐾𝑐𝑒  Iron cut edge factor 

𝐾𝑐𝑢  Windings resistance increase factor 

𝐾𝑓𝑒  Iron loss increase factor 

𝐾𝑖𝑑  Integral constant of direct axis controller 

𝐾𝑖𝑞  Integral constant of quadrature axis controller 

𝐾𝑝𝑑  Proportional constant of direct axis controller 

𝐾𝑝𝑞  Proportional constant of quadrature axis controller 

𝐾𝑚𝑎𝑔  Magnet loss increase factor 

𝐿𝑏  Parasitic inductance between battery and DC link capacitor 

𝐿𝑐𝑎𝑝  Equivalent circuit inductance of DC link capacitor 

𝐿𝑑  direct axis inductance 

𝐿𝐸𝑊  End winding leakage inductance 

𝐿𝑞  quadrature axis inductance 

𝐿𝑖𝑛𝑣  Coil inductance between DC link capacitor and inverter 

𝐿𝑝  Inductance for phase p 

𝐿𝑝𝑝  Self-inductance 

𝐿𝑝𝑞  Mutual inductance of phases p and q 

𝑙𝑎𝑔  Length of the air gap 

𝑙𝑐𝑦𝑙  Length of the cylinder 

𝑙𝑒𝑑𝑑𝑦  Lenght of the eddy current path 
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𝑙mag  length of the magnet 

𝑚  Number of phases 

𝑚𝑓  Frequency modulation factor 

𝑚𝑖  modulation index 

𝑁𝑚𝑒𝑐ℎ  Mechanical rotational speed 

𝑁𝑠  Number of stator slots 

𝑛  Neutral point 

𝑝  Number of pole pairs 

𝑃𝐴𝐶  AC power 

𝑃𝑐𝑢,𝐴𝐶  AC copper loss 

𝑃𝑐𝑎𝑝  Power loss of the DC link capacitor 

𝑃cu,AL  Copper losses at the active length of the machine 

𝑃𝑐𝑢,𝐷𝐶  DC copper loss 

𝑃𝑐𝑢,𝐸𝑊  Copper loss at end windings 

𝑃𝑐𝑢,𝑡𝑜𝑡𝑎𝑙 Total Copper loss 

𝑃𝐷𝐶  DC power 

𝑃𝐸𝑀,µ  Harmonic loss for the harmonic order µ 

𝑃𝑚𝑎𝑔  Magnet loss 

𝑃𝑚𝑒𝑐ℎ  Mechanical power 

𝑃𝑓𝑒  Iron loss 

𝑃𝑓𝑒,𝑠𝑡𝑎𝑡𝑜𝑟 Iron losses at the stator 

𝑃𝑓𝑒,𝑟𝑜𝑡𝑜𝑟 Iron losses at the rotor 

𝑃𝑆𝐿  Supply line losses 

𝑃𝑣,𝐸𝑀  Total electrical machine losses 

𝑃𝑣,𝑖𝑛𝑣  Total inverter losses 

𝑃𝑣,𝑡𝑜𝑡𝑎𝑙 Total electrical drive losses 

𝑞𝑛  Slots per pole per phase 

𝑅𝑎𝑐  AC resistance of the winding 

𝑅𝑏  Parasitic resistance between battery and DC link capacitor 

𝑅𝑐𝑎𝑝  Equivalent circuit resistance of DC link capacitor 

𝑅𝑑𝑐  DC resistance of the winding 

𝑅𝑒  Eddy current resistance 

𝑅𝐸𝑊  End winding resistance 

𝑅𝑒𝑦  Reynolds number 
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𝑅𝑝  Phase resistance 

𝑅𝑡ℎ,𝑐𝑎𝑝−𝑎 Thermal resistance between capacitor and ambience 

𝑟𝑎𝑔  Radius of the air gap 

𝑟𝑐𝑦𝑙  Radius of the cylinder 

𝐴𝑚𝑎𝑔  Surface area of the magnet 

𝑆𝑝  Upper IGBT switching signal for phase p 

𝑆𝑝_𝑛  Lower IGBT switching signal for phase p 

𝑠  slip of the electrical machine 

𝑇  Temperature 

𝑇𝑎  Ambient temperature 

𝑇𝑐𝑎𝑝  Temperature of the DC link capacitor 

𝑇𝑐𝑢  Temperature of copper 

𝑇𝑒𝑙  Electrical period 

𝑇𝑚𝑒𝑐ℎ  mechanical torque 

𝑇𝑂𝐶𝐹  Time at open circuit fault 

𝑇𝑟𝑜𝑡𝑜𝑟  Average hottest temperature of rotor magnets 

𝑇𝑠  PWM period 

𝑇𝑠𝑎𝑚𝑝𝑙𝑒 Sampling time 

𝑇𝑠𝑡𝑎𝑡𝑜𝑟  Average hottest temperature of stator windings 

�̿�𝑑𝑞  Rotational transformation matrix for d and q axis 

𝑡  time 

𝑡𝑖  Lamination thickness of iron 

𝑉𝑐𝑎𝑝  DC link capacitor ripple voltage 

𝑉𝑐𝑚  Kinematic viscosity of the cooling medium (air) 

𝑉𝐷𝐶  DC Battery voltage 

𝑉𝑖𝑛𝑑,𝑝  Phase induced voltage 

𝑉𝑖𝑛𝑑,𝑡  Terminal induced voltage 

𝑉𝑝3  Reference voltage for phase p (THPWM & SVPWM) 

𝑉3  Injected third order harmonic voltage amplitude 

𝑉𝑝0  Line to ground voltage for phase p 

𝑉𝑝𝑞  Line to Line voltage between phases p and q 

𝑉𝑝  Reference voltage for phase p (SPWM) 

𝑉𝛼  stationary alpha component of the voltage 

𝑉𝛽  stationary beta component of the voltage 
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𝑉𝑑 direct axis voltage 

𝑉𝑞 quadrature axis voltage 

𝑉𝑑
0 direct axis feedback voltage 

𝑉𝑞
0 quadrature axis feedback voltage 

𝑣 Harmonic order 

𝑣𝑚𝑎𝑔 Total volume of the magnet 

𝑤𝑒𝑓𝑓 Effective number of turns 

𝑊𝑓𝑒 Steinmetz term for iron losses 

𝑤𝑠𝑙𝑜𝑡 Number of hairpin windings in the slot 

𝑍µ Impedance of the harmonic order µ 

𝑍1𝑑,µ Frequency dependent d axis impedance of the harmonic order µ 

𝑍1𝑞,µ Frequency dependent q axis impedance of the harmonic order µ 

Greek 

Υ Star connection 

Δ Delta connection 

𝜉𝛾′ Winding factor for the harmonic 𝛾′ 

𝜉𝑝 Fundamental order winding factor 

θ Electrical angle between αβ and dq co-ordinate system 

𝛩 Current linkage in the stator windings 

𝜆 Slot angle in radians 

𝜏𝑝 pole pitch 

𝜏𝑣 phase zone division 

𝜔 angular velocity of rotor 

𝜔1 angular velocity of fundamental order 

𝜔𝑣 angular velocity of harmonic order 

𝜔𝑒𝑙 electrical angular speed 

𝑣 Space harmonic order in the air gap 

𝛾′ Space harmonic number 

µ Time harmonic order 

ϒ Electrical phase shift between the three-phase winding sets 

𝛼 alpha co-ordinate system 

𝛽 beta co-ordinate system 
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Ф magnetic flux 

𝜓𝑝𝑚 Permanent magnet flux 

𝜓𝑝 Flux linkage of phase p 

𝜓𝑑 Flux linkage in the d axis 

𝜓𝑞 Flux linkage in the q axis 

𝜃𝑝−𝑞 Phase shift between phase p and q in deg 

𝜃𝑑1−𝑑2  Phase shift between first and second d axis in deg 

𝜃𝑞1−𝑞2  Phase shift between first and second q axis in deg 

𝜌𝑖 Mass density of the iron  

𝜎𝑖 Conductivity of the iron  

𝜎𝑚𝑎𝑔 Conductivity of the magnet  

𝜎𝑐𝑢 Conductivity of the copper  

𝜌𝑇 Resistivity of the copper at temperature T 

𝜌20 Resistivity of the copper at 20°C 

𝜌𝑎𝑖𝑟 Density of air at 20°C 

𝛼𝑇 Linear temperature coefficient 

µ𝑖 Relative permeability of iron 

µ𝑚𝑎𝑔 Relative permeability of magnet 

µ𝑜 Relative permeability of air 

µ𝑟𝑒𝑐 Relative recoil permeability 

𝜃𝑠 Initial angle of the carrier wave 

𝜃0 Initial angle of the fundamental wave 

𝜃𝑐′𝑠′ Constant depending on PWM method and operating condition 

𝜃𝐼𝑁𝑇 PWM Interleaving angle 

𝛿 Skin depth in windings or magnets 

𝜌 Resistivity of the material 

𝜏𝑑 Time constant for the d-axis PI controller 

𝜏𝑞 Time constant for the q-axis PI controller 

𝛥𝑉𝑑 Error signal from d axis controller 

𝛥𝑉𝑞 Error signal from q axis controller 
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Abbreviations 

EV  Electric vehicle 

HEV  Hybrid Electric Vehicle 

MMF  Magnetomotive force 

FEM  Finite Element Method 

PMSM Permanent magnet synchronous motor 

IPMSM Interior Permanent magnet synchronous motor 

EM  Electrical machine 

PWM  Pulse Width Modulation 

DC  Direct current 

AC  Alternating current 

OCF  Open Circuit Fault 

THD  Total harmonic distortion 

SPWM Sinusoidal pulse width modulation 

THPWM Third harmonic injected pulse width modulation 

SVPWM Space vector pulse width modulation 

VSI  Voltage source inverter 

FOC  Field oriented control 

IGBT  Insulated gate bipolar transistor 

PI  Proportional Integral controller 

RMS  Root mean square 

DSP  Digital signal processing 

NdFeB Neodymium Iron Boron 

FFT  Fast Fourier Transformation 

ESR  Equivalent circuit resistance 

EMF  Electromotive force 

PC  Personal computer 

MTPA Maximum torque per Ampere 

2-D  Two dimensional 

3-D  Three dimensional 

 

Indices 

𝑐′  carrier band harmonic index 

cu  Copper 

𝑑  direct axis component 



Nomenclature 

xix 
 

𝑑1  direct axis component of the first system 

𝑑2  direct axis component of the second system 

fe  Iron 

min  Minimum value 

max  Maximum value 

mag  Magnet 

pm  Permanent magnet 

𝑞  quadrature axis component 

𝑞1  quadrature axis component of the first system 

𝑞2  quadrature axis component of the second system 

AL  Active length of the electrical machine 

EW  End winding 
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1 Introduction 

 

A permanent magnet synchronous machine (PMSM) has a stationary stator and 

a rotating rotor energized by permanent magnets. By mechanically phase 

shifting the stator windings and by suppling sinusoidal voltages that are 120° 

electrically phase shifted, a rotating Magnetomotive force (MMF) can be 

generated in the air gap. The induced voltages in the stator due to the flux 

linkages from rotating permanent magnets are alternating. Therefore, phase 

currents also have to alternate in order to produce a positive torque. The phase 

currents can be made almost sinusoidal with a suitable PWM switching 

topology, sufficient machine inductance and sinusoidal induced voltages [30]. 

Distributed windings are used in this dissertation as they offer advantages over 

concentrated windings, such as reduced  harmonics, increased fundamental 

winding factor, reduced vibration and noise as well as a better reluctance torque 

usage [45].  

 

The invention of neodymium-iron-boron (NdFeB) permanent magnets in the 

early 1980s certainly increased their popularity as high power density machines 

capable of working in small installation spaces. By burying the magnets, as it is 

in an interior PMSM (IPMSM), flux concentration can be achieved, thereby 

increasing flux per pole and magnet pole area [86]. Other important advantages 

of an IPMSM are small effective air gap, higher machine inductance and a 

structurally strong rotor enabling operation at higher speeds [86]. An increased 

machine inductance helps in suppressing high frequency harmonics from PWM 

switching by reducing phase current ripple and also limits the current amplitudes 

under faulty conditions. Additionally, the rotor flux leakage paths divert the 

armature-reaction flux away from the magnets which makes the IPMSM less 

susceptible to demagnetization [30]. Therefore, for a given drive voltage, a 

PMSM with buried magnets is a good fit for electrical machines with high power 

density requirements, especially in the high speed range.  
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Fig.1.1: d and q axis of an IPMSM 

 

The d- and q-axis of a IPMSM is shown in Fig.1.1. The IPMSM is a salient pole 

machine where the d-axis inductance and q-axis inductance are not the same 

(𝐿𝑑 ≠ 𝐿𝑞). The relative permeability of the permanent magnets is approximately 

as that of the relative permeability of air (µ𝑚𝑎𝑔 ≈ µ0). The flux in the d-axis has 

higher magnetic resistance which has to pass through both the magnet and the 

air gap. On the other hand, the flux in the q axis only has to pass the air gap and 

encounters smaller magnetic resistance. Therefore, in an IPMSM the d-axis 

inductance is always smaller than the q-axis inductance (𝐿𝑑 < 𝐿𝑞). This saliency 

produces an additional torque component called the reluctance torque, which 

combined with the permanent magnet alignment torque gives the total torque. 

The magnets are shown to have air bridges on both sides. These bridges 

provide bracing or support against mechanical forces and are dimensioned so 

that they saturate. This saturation limits the loss of useful magnet flux [30].  

 

The EM losses are comprised of the hysteresis and eddy current losses in the 

iron, AC and Direct current (DC) copper losses in the windings and eddy current 

losses in magnets. These losses are influenced by the variation in magnetic flux 

densities from winding harmonics, slotting harmonics and PWM induced 

harmonics. The highest increase in losses from PWM switching compared to 

sinusoidal current supply is seen in the magnets. Very high frequency eddy 

currents are induced in magnets due to the high frequency components in the 

PWM switched phase currents. These effects will be discussed in detail in 

chapter 6.3. The AC copper losses in the hair pin windings as well as the iron 

losses are increased significantly due to PWM switching. The increase in losses 

d-axis 

q-axis 

air gap 
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depends on PWM switching topology and machine inductance. Even though, 

modern day electrical machines are equipped with effective cooling 

arrangements, the temperatures of magnets and copper conductors are critical 

factors in their development. These factors also limit the power output of the 

PMSM because at high temperatures, the flux generating capability of magnets 

decreases. For an accurate estimation of the material temperatures under 

loaded operation, an accurate estimation of losses is required. Using FEM 

simulations coupled with a VSI is slower than employing analytical methods but 

provide more accurate results. In this work, investigations are done on a system 

level for the different six-phase winding PMSMs with different PWM topologies 

and are compared with the standard three-phase PMSM. The goal of the 

dissertation is to do a detailed interpretation and  performance validation of the 

different winding concepts. In order to achieve this goal, FEM methods are 

chosen. 

Three-phase IPMSMs are by far the most common choice for electrical 

machines having requirements such as high power density for high speed in 

electric vehicles. It is controllable very easily with a three-phase inverter and 

offers flexibility to have star (Y) or delta (Δ) connected windings. They offer 

constant torque with less torque ripple and constant mechanical power. A three-

phase IPMSM with 120° balanced phase shifted windings can be operated with 

different winding layouts and magnet topologies to provide a rotating air gap 

magnetic flux with less harmonics. A six-phase PMSM, where the second three-

phase winding set is 30° electrically phase shifted offers a better winding factor 

and elimination of certain winding harmonics, thereby reducing the torque ripple. 

These advantages will be discussed in detail in the next section. However, these 

arguments alone in favor of a six-phase drive do not justify the increase of power 

electronic devices, terminals, conductors and more complex control, which 

eventually increase the cost of the electric drive. Therefore, in this dissertation, 

to increase the power density on a system level and to decrease the cost of a 

six-phase electric drive, different six-phase winding concepts are developed to 

gain a better understanding of their advantages and disadvantages. 

The overall structure of the dissertation takes the form of 12 chapters, including 

this introductory chapter and the appendix in chapter 12. Chapter 2 begins by 

developing a three-phase inverter with current control for system simulations 
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and goes on to extend the model to a six-phase inverter. The different EM 

winding concepts investigated in this work are explained in chapter 3. 

Additionally, a short overview is given on the capabilities and drawbacks of each 

winding concept on the system level.  The d and q axis equivalent circuits for 

the three-phase and multiphase PMSMs along with their voltage, flux and torque 

equations are derived in chapter 4. Chapter 5 analyses the different sources of 

space and time harmonics in phase voltages and phase currents. In addition to 

that, derivations and simulation studies are performed for all investigated 

machines on the effects of fifth and seventh order harmonics. Chapter 6 of this 

dissertation presents and discusses the influence of PWM induced harmonics 

on the different EM winding concepts. This also includes comparative analyses 

on the performance of the EM with the standard sinusoidal currents supply, 

focusing in particular on different EM losses. The remaining part of the chapter 

studies the influence of switching frequency on EM losses and performance. In 

chapter 7, the influence of PWM Interleaving on the reduction of DC link 

capacitor current and voltage ripple and on EM losses are investigated for 

different multiphase electrical drives. In chapter 8, combined simulation-

interpolation methodology for the system simulations is presented. The 

methodology analyses the performances of different winding concepts for the 

whole torque-speed characteristics with and without PWM Interleaving. Chapter 

9 presents simulation studies done to evaluate the redundancy capabilities of 

the machines. Because of the control flexibility offered by the developed six-

phase inverter model, a worst case three-phase OCF is simulated and 

investigations are performed. One of the multiphase electrical machines is built 

up as a prototype and tested for working points that are chosen from the torque-

speed characteristics. Chapter 10 presents the measurement results and 

compares them with the simulation results. Finally, chapter 11 provides the 

summary and conclusions of the findings from this dissertation. 

1.1 Rotating magnetic field and winding factor 

Rotating magnetic field is the basis of all electric drives. The goal is to establish 

a continuously rotating set of north and south poles on the stator, which interact 

with an equal number of north and south poles on the rotor to produce a 

sinusoidal field and uniform torque, when supplied with symmetric poly-phase 

currents in the windings. In a distributed winding, the windings are wound in a 
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spatially distributed method by the contribution of different slots around the inner 

stator circumference. The current linkage 𝛩(𝜆, 𝑡) and the air gap flux 𝐵𝑔(𝜆, 𝑡) 

from three-phase and six-phase stator windings are shown in Fig.1.2(a) and (b) 

respectively. The sinusoidal current linkage emerges from the stator currents, 

flowing in the symmetrically distributed stator windings. The windings are 

spatially distributed in the slots on the stator surface and therefore, the flux 

penetrating the windings does not link all the windings simultaneously, but with 

a certain phase shift [69]. The current linkages distribution created by all the 

windings together produces the air gap magnetic flux.  

 
     (a)                                                                   (b) 

Fig.1.2: Current linkage and air gap field- (a) three-phase PMSM; (b) six-phase PMSM 

 

The pole pitch in mm can be expressed as [69], 

 

 𝜏𝑝 =
𝜋𝐷𝑖

2𝑝
 (1.1) 

where, 𝐷𝑖 is the stator inner diameter and 𝑝 is the number of pole pairs. The 

phase zone division 𝜏𝑣 for a m phase stator is [69], 

 

 𝜏𝑣 =
𝜏𝑝

𝑚
 (1.2) 

 

The phase zones have to be positioned symmetrically for all phases at equal 

distances in electrical degrees [69]. The six-phase stator has the second three-

phase winding set 30° electrically and 7.5° mechanically phase shifted from the 
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first. With this winding configuration, it can be seen in Fig.1.2(b) that the current 

linkage wave 𝛩(𝜆, 𝑡) of the six-phase stator has an increased number of steps 

and therefore, the air gap flux 𝐵𝑔(𝜆, 𝑡) is more sinusoidal because of lower 

winding harmonics. The fundamental air gap flux amplitude �̂�𝑔,1  for the six-

phase stator will also have higher amplitude. The harmonics in a PMSM can be 

divided into space harmonics and time harmonics. Time harmonics are driven 

by the inverter switching and will be discussed in detail in chapters 5 and 6. 

Space harmonics are a result of non-sinusoidal distribution of windings and 

slotting effects in the air gap of the EM and are discussed in this chapter. A 

symmetrical 𝑚 phase machine with number of pole pairs 𝑝 produces 𝑣 order 

winding harmonics [70], 

 

 𝑣 = (1 ± 2 ∗ 𝑚 ∗ 𝑔)𝑝 (1.3) 

 

where, 𝑔 = 0,1,2,… is a positive integer. For a three-phase machine (𝑚 = 3) 

and six-phase machine (𝑚 = 6), the winding harmonic content will contain the 

harmonic order as shown in Table.1.1, 

 
Table.1.1: Winding harmonics in three-phase PMSM and six-phase PMSM 

 

The six-phase winding harmonics shown in the table apply to the machine with 

two three-phase winding sets wound 30° electrically from each other. With this 

configuration, the space harmonic orders 𝑣 = (6n ± 1)p, n = 1,3,5… (𝑣 =

−5𝑝, 7𝑝, −17𝑝, 19𝑝… ) are eliminated in the six-phase PMSM. This is due to the 

fact that these flux components of these harmonic orders cancel each other out 

in the air gap [65]. Another reason for the phase shift is the elimination of 

pulsating component of the torque ripple with six times the fundamental 

frequency (6𝑓1). This makes the pulsating torque twelve times the fundamental 

frequency (12𝑓1) as the dominant frequency which reduces the torque ripple and 

mechanical vibrations especially during low speed, high torque operation [77].  

 

  𝒈 = 𝟎 𝒈 = 𝟏 𝒈 = 𝟐 𝒈 = 𝟑 𝒈 = 𝟒 𝒈 = 𝟓… 

𝒎 = 𝟑 𝒗 
1𝑝 +7𝑝 +13𝑝 +19𝑝 +25𝑝 +31𝑝 

 -5𝑝 -11𝑝 -17𝑝 -23𝑝 -29𝑝 

𝒎 = 𝟔 𝒗 
1𝑝 +13𝑝 +25𝑝 +37𝑝 …   

 -11𝑝 -23𝑝 -35𝑝 …   
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The windings distributed along the slots not only produce winding harmonics but 

also slotting harmonics due to regular variation of reluctance and flux along the 

inner surface of the stator [70]. Slotting harmonics always have the same 

winding factor as the fundamental wave. Slotting harmonics winding factors can 

only be reduced by chording the windings which also reduces the fundamental 

winding factor. The slotting harmonics can be calculated as [70], 

𝑣 = (1 ± 2 ∗ 𝑚 ∗ 𝑔 ∗ 𝑞𝑛)𝑝 (1.4) 

where, 𝑔 = 1,2,… and 𝑞𝑛 is Number of slots per pole per phase 

𝑞𝑛 =
𝑁𝑠

2𝑝 ∗ 𝑚
(1.5) 

For a three-phase machine (𝑚 = 3) and a six-phase machine (𝑚 = 6), the 

slotting harmonic content will contain the harmonic orders as shown in 

Table.1.2, 

Table.1.2: Slotting harmonics in three-phase PMSM and six-phase PMSM 

The winding factor for the fundamental and all space harmonic numbers 𝛾′ for 

𝑚 number of phases distributed winding can be calculated from [69][70][71], 

𝜉𝛾′ =
𝑠𝑖𝑛 (𝛾′ ∗

𝜋
2𝑚

)

𝑞𝑛 ∗ 𝑠𝑖𝑛 (𝛾′ ∗
𝜋

2𝑚𝑞𝑛
) (1.6) 

The calculated winding factor for both three-phase and six-phase PMSM is 

shown in Table.1.3. 

𝒈 = 𝟏 𝒈 = 𝟐 𝒈 = 𝟑… 

𝒎 = 𝟑 𝒗 
+13𝑝 +25𝑝 +37𝑝

-11𝑝 -23𝑝 -35𝑝

𝒎 = 𝟔 𝒗 
+13𝑝 +25𝑝 +37𝑝

-11𝑝 -23𝑝 -35𝑝
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𝛾′ =
𝒗

𝒑
Three-phase PMSM Six-phase PMSM 

1 0.9659 1 

-5 0.2588 - 

7 -0.2588 - 

-11 -0.9659 1 

13 -0.9659 1 

-17 -0.2588 - 

19 0.2588 - 

-23 0.9659 1 

25 0.9659 1 

Table.1.3: Fundamental and harmonic winding factors- Three-phase PMSM  vs. Six-
phase PMSM 

For the fundamental wave the goal is to have a winding factor as close as 

possible to 1 (𝜉p → 1). For the harmonic orders, the goal is to reduce the winding 

factors as close to 0 as possible (𝜉𝛾′ → 0). By doing so, the 𝛾′𝑡ℎ harmonic field

does not induce any voltage in the windings with frequency 𝛾′  times the 

fundamental frequency 𝑓1.  It is clear from Table.1.3 that, the fundamental 

winding factor of the six-phase machine is 3.4% higher than that of the three-

phase machine. Lesser current is therefore required for a six-phase machine to 

produce the required torque, generating lower copper losses in the windings. It 

can also be noted that the space harmonic orders 𝑣 = −11𝑝, 13𝑝, −23𝑝 𝑎𝑛𝑑 25𝑝 

for both, the three-phase and six-phase machine, have the same winding factor 

as the fundamental order and therefore are very dominant. 

Compared to the angular velocity of the fundamental wave 𝜔1 , the angular 

velocity of the harmonic waves in the air gap is fractional and can be expressed 

as, 

𝜔𝑣 =
𝜔1

𝑣
(1.7) 

To understand the harmonic orders induced in the rotor from the stator current 

harmonics, rotational transformation can be applied to the fundamental and also 

the harmonic orders to transfer them into a synchronously rotating d-q frame. 
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For a three-phase PMSM, the transformation matrix for a d-q system fixed to the 

rotating rotor for both fundamental and harmonics 𝛾′ =
𝑣

𝑝
 can be written as [26], 

𝑇𝑑𝑞 = 
2

3

(

𝑐𝑜𝑠(𝜃) 𝑐𝑜𝑠(𝜃 +
2𝜋

3
) 𝑐𝑜𝑠(𝜃 +

4𝜋

3
)

−𝑠𝑖𝑛(𝜃) −𝑠𝑖𝑛(𝜃 +
2𝜋

3
) −𝑠𝑖𝑛(𝜃 +

4𝜋

3
)

𝑐𝑜𝑠(𝛾′𝜃) cos (𝛾′(𝜃 +
2𝜋

3
)) cos (𝛾′(𝜃 +

4𝜋

3
))

−𝑠𝑖𝑛(𝛾′𝜃) −sin (𝛾′(𝜃 +
2𝜋

3
)) −sin (𝛾′(𝜃 +

4𝜋

3
)))

(1.8) 

For the dual three-phase and six-phase PMSMs, where the second three-phase 

winding set are 0° and 30° electrically phase shifted from the first one 

respectively (ϒ= 0 or 
π

6
), the equation 1.8 can be extended to equation 1.9 

[41][65], 

𝑇𝑑𝑞 = 
1

3

(

𝑐𝑜𝑠(𝜃) 𝑐𝑜𝑠(𝜃 +
2𝜋

3
) 𝑐𝑜𝑠(𝜃 +

4𝜋

3
)

−𝑠𝑖𝑛(𝜃) −𝑠𝑖𝑛(𝜃 +
2𝜋

3
) −𝑠𝑖𝑛(𝜃 +

4𝜋

3
)

𝑐𝑜𝑠(𝛾′𝜃) cos (𝛾′(𝜃 +
2𝜋

3
)) cos (𝛾′(𝜃 +

4𝜋

3
))

−𝑠𝑖𝑛(𝛾′𝜃) −sin (𝛾′(𝜃 +
2𝜋

3
)) −sin (𝛾′(𝜃 +

4𝜋

3
))

𝑐𝑜𝑠(𝜃 + ϒ) 𝑐𝑜𝑠(𝜃 +
2𝜋

3
+ ϒ) 𝑐𝑜𝑠(𝜃 +

4𝜋

3
+ ϒ)

−𝑠𝑖𝑛(𝜃 + ϒ) −𝑠𝑖𝑛(𝜃 +
2𝜋

3
+ ϒ) −𝑠𝑖𝑛(𝜃 +

4𝜋

3
+ ϒ)

𝑐𝑜𝑠(𝛾′(𝜃 + ϒ)) cos (𝛾′(𝜃 +
2𝜋

3
+ ϒ)) cos (𝛾′(𝜃 +

4𝜋

3
+ ϒ))

−𝑠𝑖𝑛(𝛾′(𝜃 + ϒ)) −sin (𝛾′(𝜃 +
2𝜋

3
+ ϒ)) −sin (𝛾′(𝜃 +

4𝜋

3
+ ϒ)))

(1.9) 

For both, three-phase and six-phase PMSMs, the equations 1.8 and 1.9 can 

also be used to transform the harmonic currents into the d-q coordinate system 

and into DC quantities, where selective harmonic cancellation can be realized 

to cancel or reduce harmonics. 

The odd space harmonics shown in Table.1.3, when transformed for a three-

phase PMSM and for a six-phase PMSM, produce harmonic frequencies 

multiples of six times the fundamental frequency. For example, both 𝑣 = −5𝑝 

and 𝑣 = 7𝑝 will be transformed to the rotor harmonic order µ = 6. The frequency 

of the µ𝑡ℎ harmonic in the rotor can therefore be calculated as [68], 

𝑓µ = |(1 −
𝑣

𝑝
) (1 − 𝑠)| 𝑓1 (1.10) 

In a PMSM, the rotor rotates with the same synchronous speed as the stator 

field and therefore slip, 𝑠 = 0.  Hence for the fundamental order 
𝑣

𝑝
= 1 , the 
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frequency created by the fundamental component in the rotor co-ordinate is 

zero. It is certainly different for other harmonics as shown below in Table.1.4 

𝛾′ =
𝒗

𝒑
 

𝒇µ

𝒇𝟏
 (Three-phase PMSM) 

𝒇µ

𝒇𝟏
 (Six-phase PMSM) 

1 - - 

-5 6 - 

7 6 - 

-11 12 12 

13 12 12 

-17 18 - 

19 18 - 

-23 24 24 

25 24 24 

 
Table.1.4: Rotor harmonic orders- Three-phase PMSM vs. Six-phase PMSM 

 

1.2 Motivation and state of the research 

 

Since the beginning of this century, lot of attention and focus are directed 

towards multiphase motor drives, as well as their advantages and 

disadvantages. Traditionally, it has been argued that multiphase electric 

machines have advantages such as higher torque density, reduced torque 

ripple, greater fault tolerance, reduction in required power electronic switch 

rating per inverter leg etc. [1][3][5]. The main sources for the stator phase current 

harmonics are the permanent magnets, winding arrangement, high frequency 

switching of the inverter leading to non-sinusoidal currents and iron saturation. 

Several studies thus far have linked six-phase machines and harmonics by 

revealing that compared to standard three-phase machines, the stator excitation 

in the six-phase machine produces a field with lower space harmonic content 

and elimination of certain rotor harmonics [3][4][6]. By increasing the number of 

phases to ‘m’, the winding harmonics up to the order ‘m+1’ can be eliminated, 

reducing the harmonic losses in the rotor. However, it is also reported that, 

increasing the phase number to six and having a 30° phase shift between the 

two three-phase windings, results in increasing certain fifth and seventh order 
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harmonics in the phase currents, which are not suppressed and increases the 

harmonic losses especially in the stator [6]. These effects for a six-phase EM 

with 30° phase shifted windings will be explained later in detail in this 

dissertation. A number of authors have reported their analysis on the current 

control method with enhanced PI controller to suppress these fifth and seventh 

order current harmonics [25][26][27][41]. The harmonics of different order are 

mapped into different sub planes and the voltage references in these sub planes 

are set to zero. Overall, these harmonic mitigation techniques provide evidence 

that some of the phase current harmonics can be eliminated or reduced, yet 

these techniques are very complicated to implement and increase the 

complexity of the control system. 

 

The power density in a given installation space depends mainly on the maximum 

possible winding factor of the EM. Despite the advantages of multiphase 

electrical machines, it is of increasing concern that, on a component level, a six-

phase machine with the same installation space offers a maximum 3.5 percent 

increase in torque compared to their three-phase counterparts. This is due to 

the higher fundamental winding factor of a six-phase machine, as seen in 

Table.1.3. This concern is also valid for machines with phase numbers more 

than six, as a fundamental winding factor higher than 1 is not realizable. 

Moreover, the system cost and complexity due to additional power electronic 

components and control strategies are technological constraints. As a result, 

questions or doubts on the possibility of realizing better power density and 

efficiency have been raised about the general agreement and idea of multiphase 

electrical machines. Having said that, most studies and researches on this topic 

have only been focused on, and restricted to, the EM component level. In [41] a 

six-phase PMSM with SVPWM and 90° Interleaving focusing on current 

harmonics, capacitor ripple current, EM- and inverter-losses is investigated. 

This work will examine the already existing such research works, develop and 

investigate different six-phase winding concepts without restricting to just six-

phase PMSM. The motivation comes from a need to understand the advantages 

of the different multiphase electrical drives and to optimize them on a system 

level. This dissertation provides an important opportunity to understand that, the 

desired benefits from a multiphase technology can only be fully achieved if 

improvements and optimizations are done on a system level, which also 

includes the six-phase inverter and its control strategy. The objective is to offer 
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some important insights to increase system power density and also maintaining 

efficiency of the EM. However, this work does not provide a comprehensive 

overview of other multiphase machines and concentrates only on different six-

phase machine winding concepts. 

Detailed investigations are conducted for all the developed winding concepts on 

EM losses and performance due to high frequency switching of the inverters. 

These investigations begin on a simulative level, where the system consisting 

of EM, power electronics and control strategy is developed, co-simulations are 

performed and in depth analyses of EM losses are performed. Iron losses, 

magnet losses due to eddy currents and current displacement effects in the 

stator windings are taken into focus. 

Film capacitors when compared with electrolytic capacitors, fare better in terms 

of their size, weight, lifetime, inverter efficiency and cost [29]. Supporting 

equations were shown to determine capacitor current ripple requirements and 

on how to properly size a DC link capacitor [10][79]. Previous research studies 

have reported the roles of the DC link capacitor as providing energy storage 

function, maintaining DC link voltage by smoothing voltage ripple to power 

source, providing reactive power and smoothing battery current due to high 

frequency inverter switching [7]-[13]. The current ripple in the capacitor is 

influenced by the PWM frequency of the inverter, the bus voltage and the load 

inductance [29][8]. The major frequency components of the capacitor current 

ripple have frequencies that are multiples of the switching frequency or their side 

bands [9]. Some studies of the DC link capacitor ripple current have shown that, 

switching frequencies in an electric vehicle ranging between 4-20 kHz leads to 

input ripple currents of approximately 30-60% of the rated load current, 

sometimes even up to 70% [7]- [14]. These large ripple currents increase the 

temperature and become problematic for film capacitors, as their ripple current 

handling capability decreases with increasing temperature [18]. As a result, a 

bulky and costly DC link capacitor is required to suppress these ripple currents. 

It therefore becomes one of the most bulky components in the system, which 

can occupy more than 30% of the inverter volume and 20% of the cost and 

weight of an inverter. Analytical studies have attempted to calculate the DC link 

capacitor current ripple from the modulation index, power factor and RMS value 

of the stator current for a standard three-phase machine, multiphase machines 
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with and without PWM Interleaving. These analyses considers the effects of the 

modulation index and the power factor on the DC link current ripple [16]-[22]. In 

this dissertation, the DC link current ripple is calculated analytically for the 

different multiphase machines, simulated, as well as measured at the test 

bench. Less than 1% difference is noted in a three-phase voltage source inverter 

(VSI) simulative study between the inverter current harmonics and the capacitor 

current ripple generated between different PWM techniques such as  sinusoidal 

PWM (SPWM), third harmonic injected PWM (THPWM) and space vector PWM 

(SVPWM) [12]. It can therefore be concluded to be similar for different six-phase 

inverters as well. In [51] the capacitor voltage ripple was found to be highly 

dependent and influenced by equivalent circuit resistance (ESR) of the 

capacitor. The capacitor current ripple and the ESR have been proven to be 

directly proportional to core temperature, power loss and capacitor lifetime 

degradation of the DC link capacitor [10][19].  

 

The so-called PWM Interleaving control strategy is an option to suppress the 

DC link capacitor current ripple. PWM Interleaving in a six-phase inverter 

introduces phase shift to the high frequency triangular carrier signals between 

the two-three-phase inverter sets, thereby phase shifting and cancelling out 

some of the harmonic inverter input currents. This results in reduced current 

ripple in the DC link capacitor. With reduced current ripple, the load is reduced 

and a smaller DC link capacitor can be realized, which can be seen as a huge 

potential to increase the power density of a six-phase inverter. Analyzing the 

frequency spectrum of the current ripple of a DC link capacitor, the dominant 

frequency components are located around the switching frequency for lower 

power factors and around twice the switching frequency for higher power factors 

and modulation index less than 0.6 [10][13]. The interleaving angle, i.e. the 

phase shift angle between the carrier signals, is chosen such that it cancels the 

dominant harmonics based on PWM schemes, power factor, modulation index 

and the number of paralleled voltage source inverters[7]. In [7], [13] and [15], it 

is reported that a 90° Interleaving angle can be employed to reduce the 

dominant harmonic components at higher power factors and a 180° Interleaving 

angle can be employed at lower power factors. In this literature, which set out 

to study the effects of PWM Interleaving on the DC link capacitor ripple current, 

it is shown that the ripple current can be substantially reduced up to 50-60%, 

therefore reducing the size of the DC link capacitor.  
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Collectively, these studies only highlight the advantages of PWM Interleaving in 

terms of the reduction of DC link current- and voltage-ripple but fail to address 

a major issue on the Alternating current (AC) side of the inverter. Due to the 

control and physical difference between the two-three phase inverter sets from 

Interleaving, harmonic frequencies exist in the EM producing only harmonic air-

gap fields with extremely low effective impedances, increasing the EM losses. 

These effects are simulated, analyzed and the results are shown for better 

understanding. This is an important issue because, without eliminating or 

reducing these additional losses, the system efficiency decreases. Previous 

studies of PWM Interleaving have not given attention to these losses in the 

machines and have mostly been restricted to ripple current reduction in the 

capacitor. Most studies focused on suppressing these harmonic frequencies 

have focused on other applications. These existing studies fail to resolve the 

problem in multiphase electrical machines. In this dissertation, different 

multiphase winding concepts are examined on a system level for reducing these 

additional harmonic losses and improving system efficiency.  

 

Reliability and redundancy being a major area of interest when it comes to 

electrical machines in electrical vehicles, multiphase electrical machines are 

considered a serious contender to traditional three-phase machines. Single 

phase OCFs are most commonly studied in multiphase induction machines 

[83][84]. Intra-phase OCFs are performed and measure of fault tolerance is 

increased by allowing currents to flow in parallel path coils in the faulted phase 

[83]. Post-fault conditions are developed to produce required MMF, reduced 

copper losses, reduced torque ripple by considering both single and double 

neutral point multiphase induction machine are presented in [84]. Post-fault 

strategies considering different types of fault are discussed for different types of 

six-phase induction machine winding concepts in [85]. These strategies 

consider post-fault current limits in healthy phases, preventing hotspots in some 

parts of the machine without violating thermal limits. In this dissertation, worst 

case fault scenario is investigated, where a complete three-phase inverter- and 

winding-set are open circuited, and the performance from the healthy phases 

for the different winding concepts are studied.  
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2 Inverter, control and control strategies 

 

Voltage source inverters are the state-of-the-art method to feed the electric 

machines in electric vehicles relying on a DC voltage supply, such as a battery. 

A DC voltage is supplied from the input side and converted into a three-phase 

AC voltage by the inverter and fed into the connected EM. A VSI has to satisfy 

the following requirements [28]: 

 

1. Ability to adjust the frequency according to desired speed 

2. Ability to adjust the output voltage to maintain air gap flux in the basic 

speed region with constant torque requirement 

3. Ability to supply a rated current on a continuous basis at any frequency 

 

There are different topologies for an inverter. In this investigation, a B6 inverter 

bridge circuit is used for the standard three-phase machine and a B12 inverter 

is used for the six-phase and dual three-phase machines. 

The three-phase inverter block diagram and the Field Oriented Control (FOC) 

for phases a, b and c is shown in Fig.2.1. The DC link capacitor is in parallel to 

the DC supply and provides a low impedance path for the ripple currents. These 

ripple currents are a result of the output inductance of the load, the DC link 

voltage and the switching frequency of the inverter [29]. To simulate the DC link 

capacitor ripple current accurately, the simulation model considers the parasitic 

resistance, inductance between the battery and the DC link as well as the 

internal resistance and inductance of the DC link capacitor. The values used in 

the simulation model are given in the appendix (chapter 12.1). Each switch in 

the inverter has an anti-parallel diode which, due to the battery voltage, is 

reverse biased when the switch is turned on. When the switch is turned off, the 

EM, being an inductive load, generates inductor current which flows through the 

anti-parallel diode. At any moment of the inverter switching, no upper and lower 

switch of the same phase leg are turned on (switching state= 1) or turned off 

(switching state= -1) at the same time to avoid short circuit. In other words, at 

every moment, three switches are open and three are closed in the B6 inverter. 

The time interval between turn on and turn off signals for the switches in the 

same phase leg can be termed as dead time. Ideal inverter Insulated Gate 

Bipolar Transistor (IGBT) switches are used in the investigation and the dead 
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time for the individual IGBT switches is not considered in the simulation. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.1: Block diagram and FOC of a Three-phase VSI supplied PMSM 

 

The line to ground (line) voltages are shown as 𝑉𝑎0,𝑏0,𝑐0 . The inverter is 

connected to a three-phase PMSM through three-phase resistance and leakage 

inductance in series. The three-phase PMSM has a star connected winding and 

is fully symmetric. 𝐼𝑎,𝑏,𝑐 denotes the three-phase currents. In a balanced three-

phase system, the sum of all phase currents is zero. 

 𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 = 0 (2.1) 

 

2.1 Sinusoidal voltage PWM (SPWM) 

 

In a Sinusoidal Pulse Width Modulation (SPWM) inverter, the three-phase 

reference voltages are compared with the high frequency triangular carrier 

signal to generate the switching signals for the IGBTs. The goal is to produce 

voltages and currents with high sinusoidal fundamental waves. The fundamental 
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frequency of the reference voltages are several orders lower than the carrier 

signal frequency. The amplitude and the fundamental frequency of the desired 

line to ground voltages can be regulated by the modulation index, amplitude and 

frequency of the reference voltages [48]. The modulation index can be defined 

as the ratio of the reference three-phase voltages to the half of the DC link 

voltage [48].  

 𝑚𝑖 = 
𝑉 𝑎,𝑏,𝑐

𝑉𝐷𝐶

2

 (2.2) 

 

When 𝑚𝑖  < 1, the line and phase voltages at the inverter output are proportional 

to 𝑚𝑖. This modulation can be termed as linear modulation. When 𝑚𝑖 > 1, the 

relationship between the inverter line and phase voltages and 𝑚𝑖 is nonlinear 

due to less switching and can be termed as over modulation [30]. The abc plane 

and the orthogonal αβ plane are shown in Fig.2.2. The voltage vector can be 

realized as shown by the circle inside the inner hexagon. The modulation factor 

with sinusoidal PWM can have a maximum amplitude of 1 without going into 

over modulation (blue region). Over modulation occurs when the amplitude of 

the three-phase reference voltage exceeds the amplitude of the high frequency 

carrier signal. 

   

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.2: Voltage vector plane of sinusoidal voltage PWM 

With reference voltages higher than the carrier signal, the line to ground 

voltages increase slightly but the IGBT switching instances reduce, leading to 

a,α 

β 
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distortion in the voltages and currents and therefore more losses generated in 

the EM. The three-phase B6 inverter with 3 phase legs and 2 switches can each 

generate 23= 8 switching states. These possible switching states and their line 

to ground voltages are displayed in the Table.2.1 below, 

Switching 

states 
𝐒𝐚 𝐒𝐛 𝐒𝐜 

I -1 -1 -1 

II -1 -1 1 

III -1 1 -1 

IV -1 1 1 

V 1 -1 -1 

VI 1 -1 1 

VII 1 1 -1 

VIII 1 1 1 

 
Table.2.1: Switching states of a three-phase VSI 

 

The three-phase reference signal 𝑉𝑎;𝑏;𝑐 and the high frequency carrier signal 𝑓𝑠 

is shown in Fig.2.3. Their comparison leads to the generation of switching 

signals 𝑆𝑎;𝑏;𝑐  for the upper IGBTs and their inverse 𝑆𝑎_𝑛;𝑏_𝑛;𝑐_𝑛  for the lower 

IGBTs. 

 

 𝑆𝑎_𝑛;𝑏_𝑛;𝑐_𝑛 = (𝑆𝑎;𝑏;𝑐)
−1

 (2.3) 
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Fig.2.3: Sinusoidal voltage PWM and switching signals 

 

With SPWM, the line to ground voltages have the fundamental component and 

also dominant harmonics. These harmonic components are shifted from the 

fundamental by integral multiples of modulation frequency. With positive DC bus 

voltages of 
𝑉𝐷𝐶

2
 and the negative DC bus voltage of −

𝑉𝐷𝐶

2
, the line to ground 

voltages for a modulation index 𝑚𝑖  less than 1 can be expressed as [48],  

 𝑉𝑎0 = 𝑚𝑖 ∗  
𝑉𝐷𝐶

2
∗ 𝑐𝑜𝑠(2𝜋𝑓1𝑡) (2.4) 

 𝑉𝑏0 = 𝑚𝑖 ∗  
𝑉𝐷𝐶

2
∗ 𝑐𝑜𝑠(2𝜋𝑓1𝑡 + 2𝜋

3⁄ ) (2.5) 

 𝑉𝑐0 = 𝑚𝑖 ∗  
𝑉𝐷𝐶

2
∗ 𝑐𝑜𝑠(2𝜋𝑓1𝑡 + 4𝜋

3⁄ ) (2.6) 

 

Similarly, the line to line voltages are [48], 

 

 𝑉𝑎𝑏 = 𝑚𝑖 ∗  √3
𝑉𝐷𝐶

2
∗ 𝑐𝑜𝑠(2𝜋𝑓1𝑡 +

𝜋
6⁄ ) (2.7) 
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𝑉𝑏𝑐 = 𝑚𝑖 ∗  √3
𝑉𝐷𝐶

2
∗ 𝑐𝑜𝑠(2𝜋𝑓1𝑡 + 5𝜋

6⁄ ) (2.8) 

𝑉𝑐𝑎 = 𝑚𝑖 ∗  √3
𝑉𝐷𝐶

2
∗ 𝑐𝑜𝑠(2𝜋𝑓1𝑡 + 3𝜋

2⁄ ) (2.9) 

The line to line voltages or phase voltages can also be represented from the 

overlapping of line voltages as, 

𝑉𝑎𝑏 = 𝑉𝑎0 − 𝑉𝑏0 (2.10) 

𝑉𝑏𝑐 = 𝑉𝑏0 − 𝑉𝑐0 (2.11) 

𝑉𝑐𝑎 = 𝑉𝑐0 − 𝑉𝑎0 (2.12) 

The line to ground voltages and the line to line voltages are shown in Fig.2.4. 

Fig.2.4: Three-phase line to ground and line to line voltages 

The RMS phase voltage is then, 

𝑉𝑝,𝑟𝑚𝑠 = 
𝑉𝑎𝑏,𝑏𝑐,𝑐𝑎

√3
(2.13) 
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2.2 Field oriented control of electric drives 

 

The vector control of currents and voltages results in control of spatial 

orientation of the electromagnetic fields in the EM and has led to the term field 

orientation [31]. The goal of the FOC is to perform real-time control of torque 

variation demands, to control the rotor mechanical speed and to regulate phase 

currents by controlling space vectors of magnetic flux, currents and voltages 

[32]. It is very difficult to control a PMSM with a stationary co-ordinate system. 

By setting up the rotating coordinate 𝑑 − 𝑞 system to convert the space vectors 

into a flux generating part and a torque generating part, it is possible to control 

the stator currents like DC values. By doing so, it is easier to obtain the desired 

flux and torque. Clarke transformation converts a three-axis and two-

dimensional coordinate system to a two-axis orthogonal system [87]. The 

conversion of a two-axis orthogonal system into a two-axis rotating system 

which rotates with the rotor flux can be termed as Park transformation. On the 

other hand, inverse Park and inverse Clarke transformations convert the d-q 

voltages into stationary α-β axis and later into three-axis stationary stator frame 

respectively [87]. 

 

PI controller 

 

In the vector control of the AC motor, the d-q axis current control plays an 

important role of determining the overall system performance and requires a 

closed loop control of the motor currents [33][34]. The current controllers are 

expected to force the currents to the reference values with good dynamics and 

no steady state error, irrespectively of how the reference currents were 

generated [35]. The basic requirements of a d-q current controller can be 

expressed as [36]. 

 

1. No phase and amplitude errors over a wide frequency output range 

2. Providing high dynamic response of the system 

3. Limited or constant switching frequency to guarantee safe operation of 

the converter semiconductor devices 

4. Low harmonic content 

5. Good DC-link voltage utilization 
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Current control with Proportional Integral (PI) controller was chosen in this work 

on the basis of easier implementation and controllability of the phase currents 

to react to change of speed and torque requirements. The rotor position, angle 

and speed are identified from the PMSM model. In a linear control, the motor 

currents are sensed and compared to the references. The error is then 

processed and reduced to zero by regulating the d and q axis motor voltages 𝑉𝑑 

and 𝑉𝑞 to obtain the desired d and q axis currents 𝐼𝑑 and 𝐼𝑞 [34][36]. The voltages 

are then converted into AC voltages and then into switching signals (duty 

cycles), which are applied to the switches. Since the controller works with a 

coupled system (𝑉𝑑 = 𝑓(𝐼𝑑 , 𝐼𝑞) and 𝑉𝑞 = 𝑓(𝐼𝑑 , 𝐼𝑞)), a coupling effect exists in the 

system. It can be compensated with the help of a simple voltage feedback and 

feed-forward control [40]. 

 𝑉𝑑 = 𝑉𝑑
0 + 𝛥𝑉𝑑 (2.14) 

 𝑉𝑞 = 𝑉𝑞
0 + 𝛥𝑉𝑞 (2.15) 

Where, 𝑉𝑑
0 = −𝜔𝑒𝑙𝐿𝑞𝐼𝑞 ; 𝑉𝑞

0 =  𝜔𝑒𝑙(𝐿𝑑𝐼𝑑 + 𝜓𝑝𝑚) ; 𝛥𝑉𝑑  and 𝛥𝑉𝑞  are the error 

signals from the two PI controllers. The proportional and integral gains as well 

as the time constants for the d-q axis should be set according to the working 

point. Therefore, the values of the inductances 𝐿𝑑, 𝐿𝑞 and the phase resistance 

𝑅𝑝 are required. The PWM period 𝑇𝑠 from the switching frequency is calculated 

as, 

 
𝑇𝑠 =

1

𝑓𝑠 
 

(2.16) 

The proportional constants of the d and q axis controllers are, 

 
𝐾𝑝𝑑 =

𝐿𝑑

𝑇𝑠 
 

(2.17) 

 
𝐾𝑝𝑞 =

𝐿𝑞

𝑇𝑠 
 

(2.18) 
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The integral constants of the d and q axis controllers are, 

 
𝐾𝑖𝑑 =

1

𝜏𝑑 
 

(2.19) 

 
𝐾𝑖𝑞 =

1

𝜏𝑞 
 

(2.20) 

 

Where, 𝜏𝑑 amd 𝜏𝑞 are the time constants, 

 
𝜏𝑑 = 

𝐿𝑑

𝑅𝑝 
 

(2.21) 

 
𝜏𝑞 = 

𝐿𝑞

𝑅𝑝 
 

(2.22) 

Because of the smaller 𝐿𝑑  in an interior PMSM, the time constant 𝜏𝑑  is 

comparatively smaller. Therefore, the d axis controller reacts faster in reducing 

the error between the reference and measured values. In this work, the sampling 

of the measured signals with a low repetition rate 𝑇𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑇𝑠  is used in a time 

discrete manner. The continuous sampling and time discrete sampling of 

measured currents of phase a are shown in Fig.2.5. In continuous sampling, the 

measured and the reference values are compared at high repetition rates. In 

time discrete sampling the measured values are sampled and compared with 

the reference values for every 𝑇𝑠𝑎𝑚𝑝𝑙𝑒  time. For a system with switching 

frequency 𝑓𝑠 = 8𝑘𝐻𝑧  the sample time is 𝑇𝑠𝑎𝑚𝑝𝑙𝑒 = 125µs .Nowadays, drive 

controls are no longer realized with analog circuit designs, which work in a 

continuous-time manner but with the help of microcontrollers or Digital Signal 

Processing (DSP) technologies. Therefore, with regular sampling of the 

reference signals, the current ripple caused by the inverter pulsation is masked 

by the sampling process [40]. 
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(a) 

 

 
 (b) 

Fig.2.5: Sampling methods- (a) Continuous sampling; (b)Time discrete sampling 

This phenomenon can be seen in Fig.2.6, where the PI controller outputs or the 

error signals from both d and q-axis are compared for continuous sampling (red) 

and time discrete sampling (green). With regular sampling of the reference 

phase currents, the pulsations can be reduced.  

 

 

Fig.2.6: PI controller outputs with continuous sampling (red) and time discrete 
sampling (green) 

 

𝑇𝑠𝑎𝑚𝑝𝑙𝑒 =  125µ𝑠 

𝑇𝑠𝑎𝑚𝑝𝑙𝑒 = 5µ𝑠 

𝜟𝑽𝒅- Continuous sampling 

𝜟𝑽𝒒- Continuous sampling 

𝜟𝑽𝒅- Time discrete sampling 

𝜟𝑽𝒒- Time discrete sampling 
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2.3 Third harmonic voltage supply (THPWM and SVPWM) 

 

 

 

 

 

 

Fig.2.7: Third harmonic voltage injection method [40] 

 

A higher modulation index can be achieved by injecting a third order harmonic 

voltage (𝑉3) to the reference phase voltages (𝑉𝑎,𝑏,𝑐) in a Third order harmonic 

injected PWM (THPWM), as shown in Fig.2.7. The third order harmonic voltage 

has an amplitude one sixth the fundamental amplitude and a frequency three 

times the fundamental frequency.  

 
𝑉3 =

1

6
𝑉𝑎,𝑏,𝑐 (2.23) 

Therefore, the modulated reference voltages will be, 

 
𝑉𝑎3 = 𝑉𝑎 ∗ sin(2𝜋𝑓1𝑡) + 𝑉3 ∗ sin(3 ∗ 2𝜋𝑓1𝑡) (2.24) 

 
𝑉𝑏3 = 𝑉𝑏 ∗ sin (2𝜋𝑓1𝑡 +

2𝜋

3
) + 𝑉3 ∗ sin (3 ∗ 2𝜋𝑓1𝑡 + 3 ∗

2𝜋

3
) 

(2.25) 

 
𝑉𝑐3 = 𝑉𝑐 ∗ sin (2𝜋𝑓1𝑡 +

4𝜋

3
) + 𝑉3 ∗ sin (3 ∗ 2𝜋𝑓1𝑡 + 3 ∗

4𝜋

3
) 

(2.26) 

Investigations are done for a working point at 𝑁𝑚𝑒𝑐ℎ = 8000rpm, 𝑓𝑠 = 8kHz and 

𝑉𝐷𝐶  = 370V to compare different PWM strategies. For the SPWM, a normal 

triangular carrier signal is compared with three-phase sinusoidal reference 
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voltages with a modulation index of 1 for the generation of switching signals. For 

the THPWM, a sinusoidal third order harmonic voltage is injected into the 

reference voltages and compared with the carrier signal. The three-phase 

voltages and the high frequent triangular carrier waves representing the SPWM 

are shown in Fig.2.8(a). The reference three-phase voltages (𝑉𝑎𝑏𝑐) have the 

same amplitude as the carrier signal (𝑓𝑠). The modulation index, which is the 

ratio of the fundamental voltage amplitude and the half of the DC voltage 

amplitude, in this case is 1.  

 
Modulation index = 

𝑉𝑎,𝑏,𝑐
𝑉𝐷𝐶

2

 = 
182

182
= 1 (2.27) 

  
         (a)                                                                      (b)                                        

            
              (c) 

Fig.2.8: PWM methods- (a) SPWM; (b) THPWM; (c) SVPWM 

With the injection of a third order voltage harmonic, the shape of the three-phase 

reference voltages are rectangular and amplitudes do not exceed the amplitude  

of the high frequency triangular carrier signal as seen in Fig.2.8(b). However, 

the fundamental voltage waves 𝑉𝑎𝑏𝑐 , shown as dotted curves, remains 

sinusoidal and their amplitudes are increased by 15% without entering into over 

modulation. Therefore, voltage utilization is increased by a factor 
2

√3
 or 1.15.  
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Modulation index = 

𝑉𝑎,𝑏,𝑐
𝑉𝐷𝐶

2

 = 
209

182
= 1.15 (2.28) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.9: Voltage vector plane of THPWM and SVPWM 

 

The main benefit of a Space vector PWM (SVPWM) is the explicit identification 

of pulse placement as an additional degree of freedom to reduce the harmonics 

[48]. This degree of freedom cannot be exploited in both SPWM and THPWM 

methods, where the pulse placement is explicitly defined by the modulation 

strategy. In [48], it is reported that, a triangular shaped zero sequence third order 

harmonic voltage can be added to the sinusoidal reference voltages to achieve 

SVPWM and is shown in Fig.2.8(c). From the voltage vector plane of THPWM 

and SVPWM in Fig.2.9, after the third order harmonic voltage injection, the 

voltage vector can be extended outside the inner hexagon to the outer circle 

which increases the modulation index by a factor of 
2

√3
 (1.15) as well, without 

going into over modulation. It is also reported that, the third order harmonic 

voltage with an amplitude of one fourth the fundamental amplitude will reduce 

the harmonics but also restrict the maximum obtainable modulation index value 

to 1.12 [48].  
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  (a)      (b) 

  (c) 

Fig.2.10: FFT of line to ground voltage 𝑽𝒑𝟎- (a) SPWM; (b) THPWM; (c) SVPWM 

The line to ground and line to line voltages as well as their Fast Fourier 

Transformations (FFT) are shown for the different modulation strategies in 

Fig.2.10 and Fig.2.11 respectively. Even though the reference phase voltages 

lose their sinusoidal shape with injected third order harmonic, the fundamental 

line to line voltages remain sinusoidal for all PWM methods. It can be seen that 

the third order harmonic appears in the line to ground voltage and disappears in 

the line to line or phase voltage for both THPWM and SVPWM methods. This is 

because of the fact that the third order harmonic currents are in phase in all 

three phases and form a zero-sequence current which cannot flow in the line to 

line voltage. 

3𝑓1 

3𝑓1 
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     (a)                                                           (b) 

 
          (c) 

Fig.2.11: FFT of line to line voltage 𝑽𝒑𝒒- (a) SPWM; (b) THPWM; (c) SVPWM 

 

A 15% increase in the fundamental amplitude of both the line to ground and line 

to line voltages can be noticed in THPWM and SVPWM compared to SPWM. It 

is also very clear that, the injected third order voltage harmonic decreases the 

amplitude of the inner side band harmonics, introduces some outer sideband 

harmonics and eliminates some high frequency harmonics. This phenomenon 

is due to the efficient and better usage of the available DC voltage, which 

reduces the total harmonic distortion (THD) in the phase voltages and currents.  

 

Simulation studies on system level with d and q-axis current controllers were 

performed for working points in the continuous operation. The effects of THPWM 
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and SVPWM on the EM performance and losses are examined and compared 

with SPWM. The working points used for the simulations are shown in Table.2.2 

for a switching frequency 𝑓𝑠= 8kHz and a battery voltage 𝑉𝐷𝐶= 370V. 

𝑁𝑚𝑒𝑐ℎ (rpm) 𝐼𝑑(A) 𝐼𝑞(A) 𝑇𝑚𝑒𝑐ℎ (Nm) 

4000 -329 328 169.6 

6000 -201 255 110,5 

8000 -210 178 83.6 

10000 -235 133 66.5 

12000 -259 106 55.5 

14000 -282 88 47.9 

16000 -304 74 41.5 

 

Table.2.2: Working points- Continuous operation 

 

The phase current THD in percentage is shown for all the different modulation 

strategies in Fig.2.12(a). Significant impact on the reduction of the phase current 

distortion in THPWM and SVPWM modulated PMSM is observed because of 

the reduction in harmonics in the line to ground and line to line voltages. 

 

    
          (a)                                                                       (b) 

Fig.2.12: Influence of PWM methods- (a) THD of phase currents; (b) Sum of iron and 
magnet losses 

The sum of iron and magnet losses are shown in Fig.2.12(b). Because of a 

higher phase current THD, losses employing SPWM method can be observed 

to be higher for all the working points. The difference in the losses arises mostly 

from the difference in magnet losses. The increase in phase current distortions 
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induces more eddy currents in the magnet blocks and increases the magnet 

losses. However, because of very fine segmented iron laminations in stator and 

rotor, the difference in the induced eddy currents and the hysteresis minor loops 

between the different modulation strategies is extremely marginal. 

 

Therefore, the decrease in iron losses from a better THD in THPWM and 

SVPWM is very small. In this dissertation, all simulation studies are performed 

with a SVPWM modulation strategy, which enables a higher modulation index 

and also the lowest magnet losses. 

2.4 Dual three-phase and six-phase inverter 

 

For the system level simulations of the multiphase PMSM winding concepts 

investigated in this work, the inverter model was extended from a three-phase 

to a six-phase inverter as shown in Fig.2.13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.13: Block diagram and FOC of a Dual three-phase or a six-phase VSI supplied 
PMSM 

 

Three additional phases x, y and z are included and two sets of three-phase 

VSIs feed the multiphase electrical machines. The SVPWM and FOC are 

performed individually for both three-phase inverter sets. Based on the coupled 

𝑉𝑎0 

𝑉𝑧0 
𝑉𝑦0 

𝑉𝑥0 
𝑉𝑐0 

𝑉𝑏0 

Carrier 
signal 1 

+ 

- In
v
e
rt

e
r 

M
o

d
u
le

 1
 

𝐼𝑎,𝑏,𝑐 

𝑑𝑞 

𝑉𝑎,𝑏,𝑐 
 

In
v
e
rt

e
r 

M
o

d
u
le

 2
 

0 

Carrier 
signal 2 

Dual three- 
phase (or) 
six-phase 

PMSM 

𝐿𝐸𝑊 𝑅𝑝 

𝐼𝑖𝑛𝑣,2 

𝐼𝑖𝑛𝑣,1 

𝐿𝑖𝑛𝑣 𝑅𝑏 𝐿𝑏 𝐼𝐷𝐶 

𝑉𝐷𝐶 

𝐿𝑐𝑎𝑝 

𝑅𝑐𝑎𝑝 
𝐼𝑐𝑎𝑝 

𝐼𝑖𝑛𝑣 

𝐶𝐷𝐶−𝐿𝑖𝑛𝑘 

𝑆𝑎, 𝑆𝑏, 𝑆𝑐 
 

𝑆𝑥, 𝑆𝑦, 𝑆𝑧 

 

𝐼𝑥,𝑦,𝑧 

𝑑𝑞 

𝑉𝑥,𝑦,𝑧 

 

 

 

SVPWM 

and 

switching 

signals 

SVPWM 

and 

switching 

signals 

 

𝑛 

𝑛 



 

32 
 

PMSM and its winding configuration, the transformations apply the desired 

electrical phase shift between the phase winding sets 𝑎𝑏𝑐 and 𝑥𝑦𝑧 (ϒ= 0° or 

30°).  The transformation and the control of each three-phase winding set is 

done independently. It is identical to the three-phase inverter and therefore is 

not repeated here. 

 

The PWM Interleaving method, which phase shifts the carrier signals and the 

switching signals of the second inverter module by a particular interleaving 

angle, reduces the RMS value of DC link capacitor ripple current 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 and the 

DC link capacitor voltage ripple 𝑉𝑐𝑎𝑝,𝑟𝑖𝑝𝑝𝑙𝑒. Detailed discussions on the method 

and its effects will be presented in chapter 7. 
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3 System level investigated electrical machines 

 

In addition to the standard three-phase PMSM, as a part of this work, different 

winding concepts of multiphase PMSMs are developed and investigated on a 

system level. The EM, power electronic inverter and the control system 

comprises to form a system. A six-phase EM can be regarded as combination 

of multiple sets of three-phase windings [62][64]. Each three-phase winding set 

is connected independently and therefore can also be controlled individually by 

a three-phase VSI. Doing so ensures redundancy and makes it attractive for 

applications with prerequisite of high fault-tolerance, requiring no additional 

hardware in any event of faults. If necessary, a complete three-phase inverter 

and the winding set can be disconnected and a smooth post fault operation can 

be regulated. Each multiphase EM investigated in this work has the second 

three-phase winding set wound electrically and mechanically different from each 

other. The phase shifts are considered as degrees of freedom and investigations 

are done to understand and validate their advantages and disadvantages. 

Factors like power density, EM losses, efficiency, PWM Interleaving, and 

performances under three-phase OCF have been considered and compared. 

The goal is to provide a comprehensive overview of the investigated machines, 

which enables to choose the best alternative for a standard three-phase EM 

based on the requirements.  

 

Identical rotors with identical number of magnetic pole pairs 𝑝 = 4 are used for 

all machines. The effective length and the diameter of the machines are also 

kept constant for a meaningful comparison. Number of stator slots 𝑁𝑠 = 48 and 

number of hairpin windings in the slot 𝑤𝑠𝑙𝑜𝑡 = 6 are the same. However, the 

stator winding configuration varies for each EM. The number of parallel braches 

𝑎𝑝 for the three-phase PMSM and six-phase PMSMs are 4 and 2 respectively. 

The effective number of turns 𝑤𝑒𝑓𝑓  in all the machines is maintained the same, 

leading to same flux per ampere. It can be calculated as, 

 𝑤𝑒𝑓𝑓 = 
𝑞𝑛 ∗ 𝑤𝑠𝑙𝑜𝑡 ∗ 𝑝

𝑎𝑝

 (3.1) 

 

For both the three-phase and six-phase PMSMs, 𝑤𝑒𝑓𝑓 = 12. 
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3.1 Three-phase PMSM 

 

Three phases are distributed around the circumference of the stator with 120° 

phase shift between each phase. One eighth symmetric model of the three-

phase PMSM and the schematic representation of the single star connected 

windings with the parallel paths are shown in Fig.3.1(a) and (b) respectively. 

The space harmonics that can exist in the spatial distribution of flux were 

discussed in detail in chapter 1.1. The maximum possible fundamental order 

winding factor 𝜉𝑝  for this machine is 0.9659 and cannot be enlarged. PWM 

Interleaving is not realistic for a three-phase electric drive. Therefore, the size 

of the bulky DC link capacitor cannot be reduced.  

                   
                                                  (a)                                                      (b) 

Fig.3.1: (a) Three-phase PMSM- one eighth model; (b) Schematic representation of a 
three-phase star connected winding 

 

3.2 Dual three-phase PMSMs 

 

The dual three-phase PMSM visualized electrically is identical to the standard 

three-phase PMSM. Therefore, there is no electrical phase shift (ϒ=0°) between 

both three-phase winding sets, irrespectively of their mechanical position in the 

slots. The fundamental order winding factor 𝜉𝑝 for both machines remains the 

same at 0.9659. The number of parallel braches per phase 𝑎𝑝  for these 

machines are 2. The schematic representation of the two three-phase windings 

with two separate star points is shown in Fig.3.2(c). The dual three-phase 

PMSM has windings of both three-phase winding sets in the same slot, as seen 

in Fig.3.2(a). The coils of phases a-x, b-y and c-z are inserted in the same slots 

alternatively. Very high symmetry and mutual inductance between the phases 
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can be achieved. Therefore, it has the best redundancy capabilities, producing 

least EM losses when one of the three-phase winding set is open circuited. This 

will be discussed in detail in chapter 9. 

      
                         (a)                                                       (b) 

 

 

 

 

 

 

 

 

       (c) 

Fig.3.2: (a) Dual three-phase PMSM- one fourth model; (b) Dual three-phase PMSM 
with 180° mechanical phase shift- full model; (c)Schematic representation of a dual 

three-phase star connected winding 

 

However, because of the high mutual inductance and coupling between the 

three-phase winding sets, PWM Interleaving produces high frequency 

differential voltages with extremely high amplitudes. Due to this, phase current 

distortions arise, which leads to very high harmonic losses in the EM. A 

simulative example of these effects is shown and discussed in chapter 7.3. Due 

to these undesirable effects, PWM Interleaving is not further investigated for this 

winding type. 

 

The dual three-phase PMSM with 180° phase shift as seen in Fig.3.2(b) has 

windings of both three-phase winding sets mechanically phase shifted by 180° 

around the circumference of the stator. In this configuration, phases a-x, b-y and 

c-z are inserted in slots which are 180° apart mechanically. The primary three-
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phase windings are wound in the top half and the secondary three-phase 

windings are wound in the bottom half of the stator circumference. However, the 

electrical phase shift between the primary and the secondary three-phase 

windings remains the same (ϒ=0°). Because this winding configuration provides 

the minimum possible mutual inductance between windings, the amplitude of 

the harmonic differential voltages introduced in the system due to PWM 

Interleaving is relatively low. Therefore, PWM Interleaving can be utilized to 

perform selective harmonic elimination and to reduce the DC link capacitor 

current and voltage ripple as well as the time harmonics in the machine. These 

effects will be derived and discussed in detail in chapters 7.2 and 7.3. However, 

due to the weak coupling, the redundancy capabilities of the machine are the 

weakest. This is due to the fact that, in case of a complete three-phase OCF, 

currents are supplied to the phase windings either in the top or the bottom half 

of the stator circumference, leading to extremely high asymmetrical flux 

generation and coupling between the stator and rotor. Due to the asymmetry, 

lower order harmonics, especially the third order harmonic (3𝑓1), are induced, 

increasing distortions in the induced voltages and phase currents in post-fault 

operation. Consequently, the EM losses are the highest for the machine in the 

post-fault operation. Detailed investigations on these effects will be conducted 

in chapter 9. Under normal operation conditions with SVPWM and without PWM 

Interleaved inverter modules, both dual three-phase PMSMs are identical to the 

standard three-phase PMSM. 

3.3 Six-phase PMSM 

 

Both three-phase windings sets are ϒ=30° electrically phase shifted with each 

other for the six-phase PMSM. The phases a-x, b-y and c-z are inserted in 

neighboring slots to each other as shown in Fig 3.3(a). The winding factor can 

be increased to 1 because of the effective distribution of the windings in the 

stator. 
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                 (a)                                                                (b) 

Fig.3.3: (a) Six-phase PMSM- one eighth model; (b) Schematic representation of a six-
phase star connected winding 

 

PWM Interleaving is possible for a six-phase inverter but produces additional 

harmonic losses in the machine due to higher differential voltage amplitudes 

between phases compared to the dual three-phase PMSM with 180° 

mechanical phase shift. This is due to relatively higher mutual coupling of the 

two-three-phase winding sets. Another major issues with the six-phase PMSM 

is the generation of fifth and seventh order voltage harmonics (𝑣 = 5𝑝, 7𝑝) and 

their associated losses from different sources like PWM switching, iron 

saturation and permanent magnets. As already discussed in chapter 1.1, the 

space harmonics with orders 𝑣 = (6𝑛 ± 1)𝑝 cancels each other out in the air 

gap of a six-phase PMSM. No main air gap field is generated for these 

harmonics, which in fact means that no corresponding air gap inductance exists. 

Therefore, these voltage harmonics induces current harmonics with the same 

frequency, which can only be limited by stator resistance and leakage 

inductance of the machine. Consequently, even a small excitation of these 

components can lead to significant corresponding current harmonics and losses 

[65]. This phenomenon will be discussed in detail in chapters 5.1 and 5.2.  
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4 d-q equivalent circuits of a three-phase and six-phase 

PMSM 

 

Clear understanding of the generated torque, flux linkages and magnetic 

coupling of the windings sets in the dual three-phase and six-phase PMSMs are 

required to address the redundancy capabilities and influence of PWM 

Interleaving generated differential harmonic voltage and current frequencies. 

They will be investigated in chapters 7, 8 and 9. Therefore, the d-q rotational 

voltages and equivalent circuits of three-phase, dual three-phase and six-phase 

PMSMs from the stationary reference frame equations are derived in this 

chapter. 

 

The electrical equivalent circuit of the three-phase PMSM for phases a, b and c 

with single neutral point is shown in Fig.4.1.   

 

  

 

 

 

 

 

 

 

 

Fig.4.1: Electrical equivalent circuit of a three-phase PMSM [78][88]     

 

Applying Kirchhoff’s law and Faraday’s law, the phase voltage equation for a 

phase p can be written as [78], 

 𝑉𝑝 = (𝑅𝑝 ∗ 𝐼𝑝) + (
𝑑

𝑑𝑡
(𝜓𝑝) +

𝑑

𝑑𝑡
(𝜓𝑝𝑚,𝑝)) (4.1) 

 

The first part of the equation is the voltage drop due to the ohmic resistance and 

the second part is the sum of the induced voltages caused by the change in flux 

linkages of the phase windings and the permanent magnets. In equation 4.1, 𝑅𝑝 
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is the phase resistance, 𝐼𝑝 is the phase current. 𝜓𝑝 is the flux linkage and can 

be written for phases a, b and c and in the matrix form as, 

 

 

[

𝜓𝑎

𝜓𝑏

𝜓𝑐

] = [
𝐿𝑎 𝐿𝑎𝑏 𝐿𝑎𝑐

𝐿𝑏𝑎 𝐿𝑏 𝐿𝑏𝑐

𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐

] ∗ [
𝐼𝑎
𝐼𝑏
𝐼𝑐

] + [

𝜓𝑝𝑚,𝑎

𝜓𝑝𝑚,𝑏

𝜓𝑝𝑚,𝑐

] 
(4.2) 

The mutual inductances are symmetrical, i.e. (𝐿𝑎𝑏 = 𝐿𝑏𝑎). The inductance matrix 

in equation 4.2 which is comprised of the self and mutual inductances is time-

dependent. It can be represented by �̿�(𝐼, 𝑡) with double overbars on top.  

 

Similarly, the equivalent circuit of a six-phase or a dual three-phase PMSM with 

additional phases x, y and z and two star points is shown in Fig.4.2. The mutual 

inductances between the three-phase winding sets (abc and xyz) are 

represented as 𝐿12 and 𝐿21. 

 

 

 

 

 

 

 

 

 

 

Fig.4.2: Electrical equivalent circuit of a six-phase or dual three-phase PMSMs [41] 

 

The extended flux linkage matrix for a six-phase or dual three-phase PMSM is 

given in equation 4.3. The inductance matrix �̿�(𝐼, 𝑡) for a six-phase or dual three-

phase PMSM consists of the self and mutual inductances of both three-phase 

winding sets. 
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[
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𝜓𝑏

𝜓𝑐

𝜓𝑥

𝜓𝑦

𝜓𝑧]
 
 
 
 
 

=

[
 
 
 
 
 
 
𝐿𝑎𝑎 𝐿𝑎𝑏 𝐿𝑐𝑎 𝐿𝑎𝑥 𝐿𝑎𝑦 𝐿𝑎𝑧

𝐿𝑏𝑎 𝐿𝑏𝑏 𝐿𝑏𝑐 𝐿𝑏𝑥 𝐿𝑏𝑦 𝐿𝑏𝑧

𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐𝑐 𝐿𝑐𝑥 𝐿𝑐𝑦 𝐿𝑐𝑧

𝐿𝑥𝑎 𝐿𝑥𝑏 𝐿𝑥𝑐 𝐿𝑥𝑥 𝐿𝑥𝑦 𝐿𝑥𝑧

𝐿𝑦𝑎 𝐿𝑦𝑏 𝐿𝑦𝑐 𝐿𝑦𝑥 𝐿𝑦𝑦 𝐿𝑦𝑧
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∗
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𝐼𝑧]

 
 
 
 
 

+

[
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(4.3) 

It is advisable to describe the machine voltages in transformed rotational d-q 

coordinates. This is due to two reasons. Firstly, the transformation offers the 

advantage of understanding the essential machine processes with only two 

equations per d-q system and secondly, the magnetic anisotropy of the rotor is 

easily understandable mathematically [78]. The differential equation, which is 

time dependent and the voltage equation for d and q axes for the three-phase 

and six-phase PMSMs can be derived from the respective equivalent circuits as 

[41],  

 

 
�⃗� (𝑡)  = �̿�𝑝 ∗ 𝐼 (𝑡) +

𝑑

𝑑𝑡
(�̿�(𝐼, 𝑡) ∗ 𝐼 (𝑡) + �⃗⃗⃗� 

𝑝𝑚
(𝐼, 𝑡)) (4.4) 

Flux linkage is directly proportional to winding current and therefore the relation 

between flux linkage and inductance can be expressed as [42], 

 

 
�̿�(𝐼, 𝑡) =   

�⃗� 𝑝(𝐼, 𝑡)

𝐼 (𝑡)
 

(4.5) 

 
𝐼 (𝑡) =    

�⃗� 𝑝(𝐼, 𝑡)

�̿�(𝐼, 𝑡) 
 (4.6) 

Substituting equation 4.6 in equation 4.4 results in, 

 
�⃗� (𝑡)  = �̿�𝑝 ∗

𝜓
𝑝

�̿�
+

𝑑

𝑑𝑡
(�⃗⃗⃗� 

𝑝
+ �⃗⃗⃗� 

𝑝𝑚
) (4.7) 

The transformation matrix of three-phase, dual three-phase and  six-phase 

PMSM by the conversion from stator to rotor coordinate system and also 

considering if the second three-phase winding set is 0° or 30° electrically phase 

shifted from the first (ϒ= 0 or 
π

6
) can be represented as [41], 
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�̿�𝑑𝑞

= 
2

3

(

 
 
 
 
 

𝒄𝒐𝒔(𝜽) 𝒄𝒐𝒔(𝜽 +
𝟐𝝅

𝟑
) 𝒄𝒐𝒔(𝜽 +

𝟒𝝅

𝟑
) 0 0 0

−𝒔𝒊𝒏(𝜽) −𝒔𝒊𝒏(𝜽 +
𝟐𝝅

𝟑
) −𝒔𝒊𝒏(𝜽 +

𝟒𝝅

𝟑
) 0 0 0

0 0 0 𝑐𝑜𝑠(𝜃 + ϒ) 𝑐𝑜𝑠(𝜃 +
2𝜋

3
+ ϒ) 𝑐𝑜𝑠(𝜃 +

4𝜋

3
+ ϒ)

0 0 0 −𝑠𝑖𝑛(𝜃 + ϒ) −𝑠𝑖𝑛(𝜃 +
2𝜋

3
+ ϒ) −𝑠𝑖𝑛(𝜃 +

4𝜋

3
+ ϒ))

 
 
 
 
 

 (4.8) 

The matrix elements in bold represents the transformation of the three-phase 

PMSM. The zero-sequence component is ignored in equation 4.8 because it 

does not appear in the torque equation. The transformation of the stator to the 

rotor rotating coordinate system is done by multiplying equation 4.7 and 

equation 4.8, 

 
�̿�𝑑𝑞 ∗ �⃗⃗� (𝑡) = �̿�𝑑𝑞 ∗ (�̿�𝑝 ∗

�⃗� 𝑝

�̿�
+

𝑑

𝑑𝑡
(�⃗� 𝑝 + �⃗� 𝑝𝑚)) (4.9) 

The multiplication with the transformation matrix and the derivation of d-q 

rotational voltages are already done in [78][88] for a three-phase PMSM and in 

[41] for a six-phase PMSM. Therefore, it is not repeated here.  

 

The d and q axis equations for a three-phase PMSM are [78][88], 

 
𝑉𝑑 = (𝑅𝑝 ∗ 𝐼𝑑) − 𝜔𝑒𝑙(𝜓𝑞) +

𝑑

𝑑𝑡
(𝜓𝑑) (4.10) 

 
𝑉𝑞 = (𝑅𝑝 ∗ 𝐼𝑞) + 𝜔𝑒𝑙(𝜓𝑑) +

𝑑

𝑑𝑡
(𝜓𝑞) (4.11) 

In a three-phase PMSM there is only one d-coil and q-coil and therefore, the flux 

linkages are given by [30], 

 𝜓𝑑 =  𝐿𝑑𝐼𝑑 + 𝜓𝑝𝑚 (4.12) 

 𝜓𝑞 =  𝐿𝑞𝐼𝑞 (4.13) 

From the equations 4.10 and 4.11, the d and q axis equivalent circuit diagram 

of the three-phase permanent magnet synchronous machine is graphically 

represented in the Fig.4.3. 
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Fig.4.3: d and q axis equivalent circuit of a three-phase PMSM [78][88] 

 

The d and q rotational voltages for the dual three-phase and six-phase PMSMs 

are [30][41][65], 

 

𝑉𝑑1 = (𝑅𝑝 ∗ 𝐼𝑑1) − 𝜔𝑒𝑙𝜓𝑞1 + 
𝑑

𝑑𝑡
(𝜓𝑝𝑚,𝑑1) +

𝑑

𝑑𝑡
((𝐿𝑑1 − 𝐿𝑑12) ∗ 𝐼𝑑1)

+
𝑑

𝑑𝑡
(𝐿𝑑12 ∗ (𝐼𝑑1+𝐼𝑑2)) 

(4.14) 

 

𝑉𝑑2 = (𝑅𝑝 ∗ 𝐼𝑑2) − 𝜔𝑒𝑙𝜓𝑞2 + 
𝑑

𝑑𝑡
(𝜓𝑝𝑚,𝑑2) +

𝑑

𝑑𝑡
((𝐿𝑑2 − 𝐿𝑑12) ∗ 𝐼𝑑2)

+
𝑑

𝑑𝑡
(𝐿𝑑12 ∗ (𝐼𝑑1+𝐼𝑑2)) 

(4.15) 

 

𝑉𝑞1 = (𝑅𝑝 ∗ 𝐼𝑞1) + 𝜔𝑒𝑙𝜓𝑑1 + 
𝑑

𝑑𝑡
(𝜓𝑝𝑚,𝑞1) +

𝑑

𝑑𝑡
((𝐿𝑞1 − 𝐿𝑞12) ∗ 𝐼𝑞1)

+
𝑑

𝑑𝑡
(𝐿𝑞12 ∗ (𝐼𝑞1+𝐼𝑞2)) 

(4.16) 

 

𝑉𝑞2 = (𝑅𝑝 ∗ 𝐼𝑞2) + 𝜔𝑒𝑙𝜓𝑑2 + 
𝑑

𝑑𝑡
(𝜓𝑝𝑚,𝑞2) +

𝑑

𝑑𝑡
((𝐿𝑞2 − 𝐿𝑞12) ∗ 𝐼𝑞2)

+
𝑑

𝑑𝑡
(𝐿𝑞12 ∗ (𝐼𝑞1+𝐼𝑞2)) 

(4.17) 

The d and q axis equivalent circuits of six-phase and dual three-phase 

permanent magnet synchronous machines are graphically derived from these 

equations and represented in the Fig.4.4 

 

 

 

 

 

𝑑

𝑑𝑡
(𝜓𝑑) 𝑅𝑝 

𝜔𝑒𝑙 ∗ 𝜓𝑞 𝑉𝑑 

𝐼𝑑 

𝑑

𝑑𝑡
(𝜓𝑞) 𝑅𝑝 

𝜔𝑒𝑙 ∗ 𝜓𝑑 𝑉𝑞 

𝐼𝑞 
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Fig.4.4: d and q axis equivalent circuit of a six-phase or dual three-phase PMSMs 
[41][66] 

 

For the dual three-phase and six-phase PMSMs, the second pair of windings x, 

y and z are also transformed onto the same direct and quadrature axis 𝑑2−𝑞2. 

Because of the mutual inductances between the two three-phase windings, they 

are coupled to the 𝑑1 − 𝑞1 axis and therefore the flux linkages for the dual three-

phase and six-phase PMSMs can be written as [30], 

 

 𝜓𝑑1 =  𝐿𝑑1𝐼𝑑1 + 𝜓𝑝𝑚,𝑑1 +  𝐿𝑑12𝐼𝑑2 (4.18) 

 𝜓𝑞1 =  𝐿𝑞1𝐼𝑞1 +  𝐿𝑞12𝐼𝑞2 (4.19) 

 𝜓𝑑2 =  𝐿𝑑2𝐼𝑑2 + 𝜓𝑝𝑚,𝑑2 +  𝐿𝑑12𝐼𝑑1 (4.20) 

 𝜓𝑞2 =  𝐿𝑞2𝐼𝑞2 +  𝐿𝑞12𝐼𝑞1 (4.21) 

 

The electromagnetic torque for a three-phase PMSM is the result of interaction 

between the currents and rotational voltages [30], 

 

 𝑇𝑚𝑒𝑐ℎ = 
𝑚

2
𝑝[(𝜓𝑝𝑚𝐼𝑞) + (𝐿𝑑 − 𝐿𝑞) ∗ (𝐼𝑑𝐼𝑞)] (4.22) 

 

where, 𝑚 = 3, 𝑝 =  number of pole pairs. First term of the equation is the 

permanent magnet alignment torque and the second term is the reluctance 

torque. For the dual three-phase and six-phase PMSM, the torques 𝑇𝑚𝑒𝑐ℎ,1 and 

𝑇𝑚𝑒𝑐ℎ,2  representing each three-phase winding set respectively can be 

calculated as [30] 

𝐿𝑑1 − 𝐿𝑑12 𝑅𝑝 

𝐿𝑑12 

𝜔𝑒𝑙 ∗ 𝜓𝑞1 −
𝑑

𝑑𝑡
(𝜓𝑝𝑚,𝑑1) 

𝑉𝑑2 

𝐼𝑑1 

𝐼𝑑2 
𝑉𝑑1 

𝑅𝑝 𝐿𝑑2 − 𝐿𝑑12 

𝜔𝑒𝑙 ∗ 𝜓
𝑞2

−
𝑑

𝑑𝑡
(𝜓

𝑝𝑚,𝑑2
) 

 

𝐿𝑞1 − 𝐿𝑞12 𝑅𝑝 

𝐿𝑞12 

𝜔𝑒𝑙 ∗ 𝜓
𝑑1

+
𝑑

𝑑𝑡
(𝜓

𝑝𝑚,𝑞1
) 

𝑉𝑞2 

𝐼𝑞1 

𝐼𝑞2 
𝑉𝑞1 

𝑅𝑝 𝐿𝑞2 − 𝐿𝑞12 

𝜔𝑒𝑙 ∗ 𝜓
𝑑2

+
𝑑

𝑑𝑡
(𝜓

𝑝𝑚,𝑞2
) 
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 𝑇𝑚𝑒𝑐ℎ,1 = 
𝑚

2
𝑝[(𝜓𝑑1𝐼𝑞1) − (𝜓𝑞1𝐼𝑑1)] (4.23) 

and, 

 𝑇𝑚𝑒𝑐ℎ,2 = 
𝑚

2
𝑝 [(𝜓

𝑑2
𝐼𝑞2) − (𝜓

𝑞2
𝐼𝑑2)] (4.24) 

 

Substituting equations 4.18 and 4.19 in equation 4.23 results in, 

 

 
𝑇𝑚𝑒𝑐ℎ,1 =

𝑚

2
𝑝[(𝜓𝑝𝑚,𝑑1𝐼𝑞1) + (𝐿𝑑1 − 𝐿𝑞1)(𝐼𝑑1𝐼𝑞1) + 𝐿𝑑12𝐼𝑑2𝐼𝑞1

− 𝐿𝑞12𝐼𝑑1𝐼𝑞2] 
(4.25) 

Similarly, substituting equations 4.20 and 4.21 in equation 4.24 results in, 

 

 
𝑇𝑚𝑒𝑐ℎ,2 = 

𝑚

2
𝑝[(𝜓𝑝𝑚,𝑑2𝐼𝑞2) + (𝐿𝑑2 − 𝐿𝑞2)(𝐼𝑑2𝐼𝑞2) + 𝐿𝑑12𝐼𝑑1𝐼𝑞2

− 𝐿𝑞12𝐼𝑑2𝐼𝑞1] 
(4.26) 

where, 𝑚 = 3 in both equations 4.25 and 4.26. Along with the permanent 

magnet alignment torque and reluctance torque, the third and the fourth term in 

equation 4.25 and 4.26 arise from the interaction between the two sets of three-

phase windings and have very little influence in the total torque produced. 
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5 Voltage and current harmonics in a PMSM 

 

As discussed in chapter 3, the windings of the machines investigated in this 

work are electrically and spatially distributed into different winding configurations 

forming the six-phase PMSM and dual three-phase PMSMs. Each phase 

carrying an alternating field generates a pulsating magnetic field. As a final 

result, the electrical machine current system creates a rotating magnetic field in 

the air gap [46]. The rotating air gap flux density does not only have the 

fundamental component, but also odd and even time and space harmonics 

depending on the type of voltage or current supply. Additional torque ripple and 

EM losses are produced by these harmonics, leading to vibrations and 

temperature increase in the machine. Therefore, it is crucial to understand the 

sources and effects of the different space and time harmonics. These harmonics 

arise from different sources like voltage- and current-harmonics from PWM 

switching, stator winding distribution, slotting harmonics, harmonic flux from the 

permanent magnets and iron saturation. The winding distribution- and slotting-

induced harmonics for the investigated machines were discussed in chapter 1. 

In this chapter, the other sources of space and time harmonics are discussed in 

detail.  

5.1 Magnetic saturation induced harmonics 

 

Electrical machines with high power density requirement in compact spaces are 

expected to have magnetic saturation. Salient-pole machines like the interior 

PMSM have a narrow effective air gap, which increases the likelihood of 

saturation and causes the inductance to vary with current and rotor position 

[30][80]. The predominant areas of saturation in a PMSM other than the air gap 

are stator teeth, stator yoke, bridges between poles and rotor yoke. Iron 

saturation in electrical machines causes a reduction of the effective motor 

inductances due to a smaller permeability of the saturated areas [23]. The 

effective air-gap length in the q-axis is smaller than in the d-axis in an interior 

PMSM because the permeability of magnets is very close to unity and therefore 

acts like air. The magnetic saturation in q-axis is therefore dominant, making the 

thin bridges between the magnet poles always saturated. Because of the 

smaller permeability of the saturated q-axis, the inductance 𝐿𝑞  decreases 
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dynamically in the state of saturation. Therefore, control performance is affected 

[80][81]. This influences the q axis time constant and affects the effectiveness 

of torque and current control (equation 2.22). In [24] and [82], it is shown that 

the saturation in stator teeth results in flattened sinusoidal air-gap flux and 

saturation in stator and rotor yoke peaks the air-gap flux. The flattened air gap 

becomes more rectangular than sinusoidal and this phenomenon increases the 

distortions in the phase induced voltages with odd order harmonics 𝑣 =

3𝑝, 5𝑝, 7𝑝, 11𝑝, 13𝑝…. In a single star connected three-phase PMSM and in 

double separate star connected dual three-phase and six-phase PMSMs, the 

third order harmonic 𝑣 = 3𝑝 appears in the phase voltages but does not induce 

any harmonic current in the phase currents with frequency three times the 

fundamental frequency because they are in phase. However, the other odd 

order harmonics 𝑣 =  5𝑝, 7𝑝, 11𝑝, 13𝑝 in the phase voltages induce harmonic 

currents with five, seven, eleven and thirteen times the fundamental frequency 

respectively.  

5.2 Permanent magnet induced harmonics 

 

The permanent magnet flux also induces harmonics in the machine. In an effort 

to examine the magnet flux, no load simulations are done for the different 

machines. No load induced voltages are alternating voltages induced in the 

three-phase windings because of the alternating flux linkages from the 

permanent magnets rotation. The induced voltages for the maximum rotational 

speed 𝑁𝑚𝑒𝑐ℎ,𝑚𝑎𝑥 =  16000𝑟𝑝𝑚  when currents are zero are shown for three-

phase and six-phase PMSMs in Fig.5.1(a) and (b) respectively. The dual three-

phase PMSMs and three-phase PMSM are electromagnetically similar and 

therefore, the comparison at no load is done only between the three-phase and 

six-phase PMSMs. Due to the higher fundamental winding factor, it can be noted 

that the fundamental amplitude of the terminal voltage 𝑉𝑖𝑛𝑑,𝑡,1  for six-phase 

PMSM is around 3.8% higher compared to the three-phase PMSM.  The lower 

order harmonics can be seen appearing in the induced voltages with harmonic 

orders multiples of the fundamental frequency 𝑓1. These harmonic amplitudes 

can be reduced by axially skewing the magnets. It is also evident that the 

amplitude of 𝑣 = 5𝑝 and 7𝑝 order harmonics due to the permanent magnets in 

the induced voltage are much higher in the six-phase PMSM. This is because 

the fifth and seventh order harmonics in induced voltages of a six-phase PMSM 
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do not produce a main air-gap field. These harmonic voltages with low effective 

impedances induce high amplitude harmonic currents with the same frequency.  

 

    
                                        (a)                                                                 (b) 

Fig.5.1: No load induced voltage and its FFT at 𝑵𝒎𝒆𝒄𝒉,𝒎𝒂𝒙 =  𝟏𝟔𝟎𝟎𝟎𝒓𝒑𝒎- (a) three-phase 

and dual three-phase PMSMs; (b) six-phase PMSM 

 

The no load d and q axis flux linkages are shown in Fig.5.2(a). These are the 

transformation results of phase flux linkages from the stator fixed coordinate 

system to the rotor rotating coordinate system. For the six-phase PMSM, 𝜓𝑑 has 

an amplitude around 3.5% higher than for the three-phase PMSM. FFT of the 

flux 𝜓𝑑 , as seen in Fig.5.2(b), reveals that the dominant frequency in the three-

phase and dual three-phase PMSMs is 6𝑓1 and for the six-phase PMSM is 12𝑓1, 

as seen in Fig.5.2(c). The fifth and seventh order harmonics producing no main 

air-gap field does not induce the harmonic six times the fundamental frequency 

in the rotor of the six-phase PMSM (Table.1.4). In the following section of the 

chapter, this effect is derived in detail. 

 

5𝑓1 = 1.8𝑉 
7𝑓1 = 9.6𝑉 5𝑓1 = 8.2𝑉 

7𝑓1 = 36𝑉 
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(a) 

         
     (b)                                                                 (c) 

Fig.5.2: No load flux- (a) 𝝍𝒅, 𝝍𝒒 of three-phase and six-phase PMSM- (a); (b) FFT of 𝝍𝒅: 

three-phase and dual three-phase PMSMs; (c) FFT of 𝝍𝒅: six-phase PMSM 

 

Influence of fifth and seventh order harmonics 

 

The harmonic phase currents for any harmonic 𝛾′ and for a three-phase PMSM 

can be written as,  

 𝐼𝑎𝛾′ = 𝐼𝛾′ ∗ sin(𝛾′ ∗ 2𝜋𝑓1𝑡) (5.1) 

 𝐼𝑏𝛾′ = 𝐼𝛾′ ∗ sin (𝛾′ ∗ 2𝜋𝑓1𝑡 + 𝛾′ ∗
2𝜋

3
) (5.2) 

 𝐼𝑐𝛾′ = 𝐼𝛾′ ∗ sin (𝛾′ ∗ 2𝜋𝑓1𝑡 + 𝛾′ ∗
4𝜋

3
) (5.3) 

 

A fifth order harmonic current (𝛾′=5) is supplied to the three-phase and different 

six-phase PMSMs to study the generated magnetic field. The phase currents 

have one fifth the amplitude and five times the frequency as the fundamental 

6𝑓1 
12𝑓1 
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order. The remanence flux density 𝐵𝑟𝑚 of the permanent magnets is set to zero 

and therefore the magnets are neutralized with no magnetizing effect. The 

harmonic phase current equation for the second set of phases x, y and z will be, 

 𝐼𝑥𝛾′ = 𝐼𝛾′ ∗ sin(𝛾′ ∗ 2𝜋𝑓1𝑡 + 𝛾′ ∗ ϒ) (5.4) 

 𝐼𝑦𝛾′ = 𝐼𝛾′ ∗ sin (𝛾′ ∗ 2𝜋𝑓1𝑡 + 𝛾′ ∗
2𝜋

3
+ 𝛾′ ∗ ϒ) (5.5) 

 𝐼𝑧𝛾′ = 𝐼𝛾′ ∗ sin (𝛾′ ∗ 2𝜋𝑓1𝑡 + 𝛾′ ∗
4𝜋

3
+ 𝛾′ ∗ ϒ) (5.6) 

 

For both dual three-phase winding concepts, the second three-phase winding 

set is electrically 0° phase shifted from the first (ϒ = 0). Therefore, the fifth order 

harmonic phase currents for the second three-phase winding will remain the 

same (𝐼𝑥5 = 𝐼𝑎5, 𝐼𝑦5 = 𝐼𝑏5 𝑎𝑛𝑑 𝐼𝑧5 = 𝐼𝑐5). In Fig.5.3(a), the currents 𝐼𝑎5 and 𝐼𝑥5 

are shown for the dual three-phase PMSM for a fundamental electrical period 

and are identical (Ɵa−x = 0°). The same can be said for other phase sets 

(Ɵb−y = Ɵc−z = 0°). 

 

     
       (a)                                                                   (b) 

Fig.5.3: Harmonic phase currents for phase a and x- (a) Dual three-phase PMSMs; (b) 
Six-phase PMSM 

 

However, for the six-phase PMSM, due to the 30° (ϒ= 
π

6
) fundamental electrical 

phase shift, the harmonic currents in the second three-phase winding are also 

phase shifted and are almost opposite in phase (Ɵa−x = Ɵb−y = Ɵc−z = 150°). 

This can be seen in the Fig.5.3(b), where the currents 𝐼𝑎5 and 𝐼𝑥5 for a six-phase 

PMSM are shown.  
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The d and q axis flux (𝜓𝑑1, 𝜓𝑞1 𝑎𝑛𝑑 𝜓𝑑2,𝜓𝑞2) which is the transformation result of 

stator fixed coordinate system flux linkages to the rotor rotating coordinate 

system, is shown in Fig.5.4 for both dual three-phase PMSMs and the six-phase 

PMSM. The flux transformations based on the electrical phase shift between the 

windings, for the dual three-phase PMSMs (ϒ= 0) or six-phase PMSM (ϒ= 
π

6
) 

and for any harmonic 𝛾′can be written as, 

    
     (a)                                                                      (b) 

Fig.5.4: 𝝍𝒅𝟏, 𝝍𝒅𝟐, 𝝍𝒒𝟏 and 𝝍𝒒𝟐- (a) Dual three-phase PMSMs; (b) Six-phase PMSM 

 

For both dual three-phase PMSMs and the six-phase PMSM, the 𝛾′ = 5 order 

harmonics induces rotor flux 𝜓𝑑1, 𝜓𝑞1 𝑎𝑛𝑑 𝜓𝑑2,𝜓𝑞2with the dominant frequency 

𝑓µ = 6𝑓1. However, at any point of time the phase shift between the flux is zero 

 

𝜓𝑑1 =
2

3
[𝜓𝑎𝛾′  𝑐𝑜𝑠 (2𝜋𝑓1𝑡) + 𝜓𝑏𝛾′ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 +

2𝜋

3
)

+ 𝜓𝑐𝛾′ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 +
4𝜋

3
)] 

(5.7) 

 

𝜓𝑑2 =
2

3
[𝜓𝑥𝛾′  𝑐𝑜𝑠 (2𝜋𝑓1𝑡 + ϒ) + 𝜓𝑦𝛾′ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 +

2𝜋

3
+ ϒ)

+ 𝜓𝑧𝛾′ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 +
4𝜋

3
+ ϒ)] 

(5.8) 

 

𝜓𝑞1 =
2

3
[𝜓𝑎𝛾′  𝑠𝑖𝑛 (2𝜋𝑓1𝑡) + 𝜓𝑏𝛾′ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 +

2𝜋

3
)

+ 𝜓𝑐𝛾′ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 +
4𝜋

3
)] 

(5.9) 

 

𝜓𝑞2 =
2

3
[𝜓𝑥𝛾′  𝑠𝑖𝑛 (2𝜋𝑓1𝑡 + ϒ) + 𝜓𝑦𝛾′ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 +

2𝜋

3
+ ϒ)

+ 𝜓𝑧𝛾′ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 +
4𝜋

3
+ ϒ)] 

(5.10) 

𝑓µ = 6𝑓1 

Ɵ𝑑1−𝑑2 = 180° Ɵ𝑞1−𝑞2 = 180° Ɵ𝑑1−𝑑2 = 0° Ɵ𝑞1−𝑞2 = 0° 

𝑓µ = 6𝑓1 
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(Ɵ𝑑1−𝑑2 = 0°  & Ɵ𝑞1−𝑞2 = 0° ) for both dual three-phase PMSMs (Fig.5.4(a)). 

Contrarily, for the six-phase PMSM in Fig.5.4(b), flux in the first and the second 

three-phase d-q systems are exactly 180° phase shifted with each other 

( Ɵ𝑑1−𝑑2 = 180°  & Ɵ𝑞1−𝑞2 = 180° ), cancelling each other out in the air-gap 

producing only harmonic air gap field.  

 

       

(a)                                                                          (b) 

              
                                   (c)                                                                          (d) 

Fig.5.5: Magnetic lines field plot from fifth order harmonic current supply- (a) Three-
phase PMSM; (b) Dual three-phase PMSM; (c) Dual three-phase PMSM with 180° phase 

shifted windings; (d) Six-phase PMSM 

 

Magnetic fields developed by these harmonic currents for the three-phase and 

both dual three-phase PMSMs are shown in Fig.5.5(a), (b) and (c) respectively. 

A main field (𝑣 = −𝑝) is built and can be seen linking the stator and the rotor. 

For the six-phase PMSM only a harmonic field 𝑣 = 5𝑝 is built with substantially 

less field strength, as seen in the Fig.5.5(d). The same can be derived for the 

harmonic 𝛾′ = 7.  

 

The fifth and seventh order harmonic-induced voltages from sources like 

saturation and permanent magnet flux will induce harmonic currents with the 



5 Voltage and current harmonics in a PMSM 

52 
 

same frequency in all the machines. These harmonic currents in a six-phase 

PMSM are not suppressed and increase the EM losses, especially the stator 

iron losses and the AC current displacement losses in the hair-pin windings. In 

chapter 6.5, the influence of the 𝑣 = 5𝑝 and 𝑣 = 7𝑝 order harmonics along with 

the other high frequency time harmonics on the increase in losses of a six-phase 

PMSM will be discussed in detail. 

5.3 PWM generated harmonics 

 

The conversion from the constant DC current and voltage from the battery to 

three-phase AC current and voltage is performed where the IGBT switches are 

turned on and off at an extremely fast rate. The electric machine requires three-

phase currents which are balanced and are 120° phase shifted with each other. 

Therefore, the three-phase reference voltages 𝑉𝑎,𝑏,𝑐 are also 120° phase shifted 

for this purpose. As shown in Fig.2.3, reference voltages are compared with the 

high frequency triangular carrier signal 𝑓𝑠 common to all three phases, which 

generates the switching signals to produce the rectangular three-phase line to 

ground voltages with an pulse amplitude of ±
𝑉𝐷𝐶 

2
 (Fig.2.4). The phase voltages 

and currents are therefore not smooth sinus signals containing just the 

fundamental frequency, but also harmonic frequencies. These harmonic 

voltages and currents with very high frequencies produce harmonic magnetic 

fields and in turn produce higher iron losses in stator and rotor, higher current 

displacement losses in stator windings due to increased skin effect and very 

high losses in the magnet due to high frequency induced eddy currents. The 

voltage harmonics are based on different factors like DC voltage, switching 

frequency, modulation index etc. The frequency spectrum of the PWM 

generated voltages has harmonic frequencies which are multiples of the 

switching frequency and their side bands. Side bands are frequencies which are 

higher or lower than the carrier frequency resulting from the pulse width 

modulation process and can be expressed as, 

   𝑓µ,𝑠′ = 𝑐′𝑓𝑠 ± 𝑠′𝑓1               (5.11) 
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where, 𝑐′ = 1,2,… and 𝑠′ = 1,2,3… are the carrier band and side band indices 

respectively. The harmonic carrier and sideband frequency spectra of the line 

to ground voltages can be estimated from [44][45], 

   𝑓µ = (𝑐′𝑚𝑓 ± 𝑠′)𝑓1               (5.12) 

   𝑐′ = 1,2,… . . 𝑎𝑛𝑑 𝑠′ = 0,1,2,….                   

 

where the frequency modulation factor 𝑚𝑓 =
𝑓𝑠

𝑓1
 and the µ𝑡ℎ  harmonic can be 

written as, 

   µ = 𝑐′𝑚𝑓 ± 𝑠′ (5.13) 

𝑐′ = 1,2,… . . 𝑎𝑛𝑑 𝑠′ = 0,1,2,…. 

 

If 𝑐′ is an even number, only the odd harmonics of 𝑠′ exist and if 𝑐′ is an odd 

number, only the even harmonics of 𝑠′ exist. Now substituting the value of 𝑚𝑓 in 

equation 5.12, we get, 

   𝑓µ = 𝑐′𝑓𝑠 ± 𝑠′𝑓1                   (5.14) 

                                      𝑐′ = 1,2,… . . 𝑎𝑛𝑑 𝑠′ = 0,1,2, ….                           

 

𝑓µ1 = 8 𝑘𝐻𝑧 𝑎𝑛𝑑 8 𝑘𝐻𝑧 ± 2𝑓1 … ., when 𝑐′ = 1 and 𝑠′ = 0,2… 

𝑓µ2 =  16 𝑘𝐻𝑧 ± 𝑓1 𝑎𝑛𝑑 16 𝑘𝐻𝑧 ± 3𝑓1 … ., when 𝑐′ = 2 and 𝑠′ = 1,3… 

𝑓µ3 =  24 𝑘𝐻𝑧;  24 𝑘𝐻𝑧 ± 2𝑓1 𝑎𝑛𝑑 24 𝑘𝐻𝑧 ± 4𝑓1 … ., when 𝑐′ = 3 and 𝑠′ = 0,2,4… 

 

In Fig.5.6 the line to ground voltage at 4000 rpm with  𝑓1 = 266.66𝐻𝑧, 𝑉𝐷𝐶 =

370𝑉 , 𝑚𝑖 = 0.69  and a switching frequency of 𝑓𝑠 = 8𝑘𝐻𝑧  is shown. The 

harmonics frequencies derived for this working point are highlighted in the 

figure. Additionally, the third order harmonic frequency 3𝑓1 is seen because of 

the zero sequence voltage injection in a SVPWM VSI.  
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Fig.5.6: Line to ground voltage frequency spectrum 

 

The current harmonics not just depend on the performance of the pulse width 

modulation but also the EM impedance, space harmonics and their impedances. 

The carrier and sideband frequency spectra of the phase current can be 

estimated from [45], 

   𝑓µ = 𝑐′𝑓𝑠 ± 𝑠′𝑓1 (5.15) 

𝑐′ = 1,2,3, . . . 𝑎𝑛𝑑 𝑠′ = 1,2,4,…. 

 

𝑓µ1 = 8 𝐾ℎ𝑧 ± 2𝑓1 ;  8 𝐾ℎ𝑧 ± 4𝑓1 … ., when 𝑐′ = 1 and 𝑠′ = 2,4,… 

𝑓µ2 = 16 𝐾ℎ𝑧 ± 𝑓1 ;  16 𝐾ℎ𝑧 ± 5𝑓1 … ., when 𝑐′ = 2 and 𝑠′ = 1,5… 

𝑓µ3 = 24 𝐾ℎ𝑧 ± 2𝑓1 ; 24 𝐾ℎ𝑧 ± 4𝑓1 … ., when 𝑐′ = 3 and 𝑠′ = 2,4… 

 

In Fig.5.7, the phase current frequency spectrum for the same working point is 

shown. Along with the high frequency carrier harmonics, some of the low 

frequency space harmonics can also be seen. The zero-sequence injected third 

harmonic voltage and all the multiples of third order harmonic voltages, which 

also includes the side band harmonics (∑   𝑠′𝑓1
∞
𝑠′=3,6,9… ) do not produce any 

currents with the same frequency in the system because they are in phase. 

Therefore, they do not appear in the phase voltages and phase currents [43][48]. 

3𝑓1 
Side bands of 3𝑓𝑠 

3𝑓𝑠 ± 2𝑓1, 4𝑓1 … 

 

Side bands of 2𝑓𝑠 

2𝑓𝑠 ± 𝑓1, 3𝑓1 … 

 

𝑓𝑠 Side bands of 𝑓𝑠 

𝑓𝑠 ± 2𝑓1, 4𝑓1 … 
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Fig.5.7: PWM generated phase current frequency spectrum 

 

The THD represents the proportion of harmonics present in the phase current 

and can be defined as the ratio of sum of the harmonic components to the 

fundamental component, 

  𝑇𝐻𝐷 =  
√∑ 𝐼µ

∞
µ=2

𝐼1
 

(5.16) 

 

 

 

 

 

 

 

 

5𝑓1 

13𝑓1 

11𝑓1 

7𝑓1 
Side bands of 3𝑓𝑠 

3𝑓𝑠 ± 2𝑓1, 4𝑓1 … 

 

Side bands of 2𝑓𝑠 

2𝑓𝑠 ± 𝑓1, 5𝑓1 … 

 

Side bands of 𝑓𝑠 

𝑓𝑠 ± 2𝑓1, 4𝑓1 … 
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6 PWM induced effects and harmonic losses in the electrical 

machine 

 

When electrical machines are fed by an inverter, they produce higher iron losses, 

magnet losses and copper losses when compared to the losses from sinusoidal 

currents. This is due to phase currents and voltages not only containing the 

fundamental frequency order, but also multiples of the switching frequency and 

their side bands. These high frequency components do not produce any 

additional torque as they do not contribute to any increase in the fundamental 

air gap flux. Even though only fundamental order voltage is desired, due to high 

frequency switching of PWM techniques, the EM is subjected to voltage 

harmonics. These harmonic voltages produce harmonic currents and fluxes with 

same frequencies in the machine, which in turns produce more eddy current 

losses and hysteresis losses in the stator and rotor iron. With hair pin windings 

in stator, the harmonic frequency components increase current displacement 

losses because of the increase in skin effect and additional winding temperature. 

In a PMSM, the magnet eddy current losses increase the most due to PWM 

switching as very high frequency time harmonic eddy currents are induced into 

the magnets which otherwise has only the influence of lower order space 

harmonics. Depending on the modulation factor, switching frequency, type of 

control and machine inductance, these harmonics and losses can be highly 

influenced.  

 

In this work, the effects and influences of inverter switching on PMSMs are 

investigated and presented. In this section, a working point in the continuous 

operation is simulated and the losses are investigated, in order to provide an 

example. For easier understanding, a three-phase PMSM is used for the 

analysis at the outset and a comparative analysis with other multiphase PMSMs 

is performed at the end of the section. The simulation for the performance 

comparison is done for a rotational speed of 4000rpm (𝑓1 = 266.67Hz ) with both 

the sinusoidal currents and a VSI with a DC voltage 𝑉𝐷𝐶= 370V, 𝐼𝑑 = -306.5A, 

𝐼𝑞  = 372.7A, switching frequency 𝑓𝑠 = 8kHz and a modulation index 𝑚𝑖 = 0.69. 
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Fig.6.1: Three-phase sinusoidal and PWM supply currents 

 

The three-phase sinusoidal currents and the switched currents from the PWM 

inverter are shown in Fig.6.1. The high frequency distortion of the phase 

currents 𝐼𝑎,𝑏,𝑐  due to the pulsed PWM voltages can be seen. FFT analysis of 

the phase current 𝐼𝑎 in Fig.5.7 shows dominant harmonics occurring at the side 

bands of the switching frequency 𝑓𝑠= 8kHz and 2𝑓𝑠= 16kHz. Simulative analysis 

and influence of both the sinusoidal currents and inverter switched currents on 

the torque, performance and losses of the EM are studied in detail. 

6.1 Torque 

 

In Fig.6.2, the torque from both, the sinusoidal and PWM currents, are shown. 

The pulsating torque arises from the space harmonics and PWM VSI induced 

time harmonics [37]. Each time harmonic produces a stator fundamental 

harmonic field, which interacts and overlaps with each space harmonic in stator 

and rotor, distorting the currents. Another factor responsible for the torque ripple 

is the cogging torque. It is the torque ripple at no load (stator currents are zero) 

occurring due to the tangential magnetic pull when the rotor magnets exert force 

on the stator teeth. 
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Fig.6.2: Torque with sinusoidal and PWM supply 

 

As seen in the frequency spectra of the phase current in the previous chapter, 

along with nonlinear inverter-induced high frequency harmonics, there are also 

lower order harmonics from the winding distribution and slotting effects (𝑣 =

 −5𝑝, 7𝑝, −11𝑝, 13𝑝,… ). These harmonics, when transferred into the rotating 

rotor coordinate system by equation 1.8 for a three-phase PMSM, results in 

components with frequencies multiples of six times the stator fundamental 

frequency 𝑓1 . The three-phase currents with harmonics 𝐼𝑎𝑏𝑐,µ  in the dq 

coordinate system results in 𝐼𝑑µ and 𝐼𝑞µ (µ = 6, 12, 18… . ). By rewriting equation 

1.10, the torque pulsating frequency can be calculated from the fundamental 

and harmonic frequency order as [68], 

   𝑓µ  =  |1 −
𝑣

𝑝
| 𝑓1 (6.1) 

 

For example, both 𝑣 = −5𝑝 and 𝑣 = 7𝑝 result in 𝑓µ  = 6𝑓1. With their pulsating 

torques, both space harmonics contribute to one resulting pulsating torque, 

which is basically the sum of both torque amplitudes [68].  

 

The pulsating torque frequencies for a 𝑚 phase voltage system can therefore 

be simplified as [68], 

   𝑓µ  =  2 ∗ 𝑚 ∗ (𝑔)𝑓1 (6.2) 

where, 𝑔 = 1,2,3… 

For a three-phase PMSM (𝑚 = 3), 𝑓µ  =  6(𝑔)𝑓1. 
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In order to assess the torques from sinus and PWM generated currents and to 

understand their frequency distribution, FFT is performed and is shown in 

Fig.6.3. 

 

   
  (a)                                                                      (b) 

Fig.6.3: Frequency spectra of torque- (a) Sinusoidal supply; (b) PWM supply 

 

The dominant frequency in both the plots is of 12th order (µ = 12) with frequency 

3.2kHz resulting from the stator slotting harmonics 
𝑣

𝑝
= −11 𝑎𝑛𝑑 13 . These 

slotting harmonics are very dominant, as they have the same winding factor as 

the fundamental order. The other harmonic frequencies which are multiples of 

six times the fundamental frequency can also be seen in both plots. In Fig.6.3(b) 

the harmonic frequency 16kHz (2𝑓𝑠) can be seen in addition. This is the result 

of the inverter-induced dominant harmonic frequencies 2𝑓𝑠 − 𝑓1  and 2𝑓𝑠 + 𝑓1 

seen in the frequency spectra of phase currents being transformed into the rotor 

coordinate system with equation 6.1.  

 

The d and q axis fluxes with and without the influence of an inverter are shown 

in Fig.6.4(a). The induced voltages which are linked by the flux from the rotor 

permanent magnets and the stator currents are shown in Fig.6.4(b). With 

sinusoidal current supply, the induced voltages are almost sinusoidal with only 

lower order harmonics. It is apparent from these figures that the influence of the 

inverter switching is very high in the machine and hence has to be considered 

for a meaningful interpolation of EM performance. 

6𝑓1 

12𝑓1 

24𝑓1 

2𝑓𝑠 𝑓𝑠 ± 3𝑓1 

6𝑓1 

12𝑓1 

24𝑓1 
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   (a)                                                                         (b) 

Fig.6.4: (a) d and q axis flux from sinusoidal and PWM supply; (b) Induced voltages 
from sinusoidal and PWM supply 

6.2 Iron losses 

 

Due to the rotation of the rotor that is magnetized, a sinusoidal change in the 

magnetic field in the stator teeth and yoke occurs. Changes in the magnetic flux 

density in the ferromagnetic core of the stator and rotor cause iron losses in 

them and can be divided into hysteresis losses and eddy current losses. Iron 

loss is a very important component of power loss in a permanent magnet 

synchronous machine and has a very high significance at higher rotational 

speeds due to higher fundamental electrical frequencies. The resistance offered 

by the steel for the change of its magnetic state results in hysteresis losses [30]. 

Hysteresis losses are caused by the rate of change of flux density when the 

magnetizing force changes, which is caused by the magnetization and 

demagnetization of the core as the alternating current flows. Simultaneously, a 

change in magnetic flux density induces eddy currents into the steel, which 

opposes the change in flux and results in eddy current losses. The effect of eddy 

currents is limited by using steel laminations instead of solid ferromagnetic metal 

cores [69]. 

 

When iron losses are simulated from a sinusoidal supply, the losses are only 

caused by the changing magnetic flux of the fundamental frequency, winding 

harmonics and slotting harmonics. In reality, due to the inverter and pulse width 

modulated voltages and currents, the magnetic flux will contain frequencies of 

order multiples of the fundamental frequency. These harmonic high frequency 

flux densities increase the eddy current losses, as they are directly proportional 

to the frequency. The hysteresis losses also increase as minor loops are 

induced, influencing the B-H characteristics of the material and thereby 
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increasing the iron losses in the machine in total. A B-H characteristic curve also 

including the minor loops is shown in Fig. 6.5(b) 

           
                        (a)                                                               (b) 

Fig.6.5: (a) Magnetic field B for one electrical period; (b) Hysteresis curve with major 
and minor loops [38][39] 

 

Since the magnetic field B is alternating for the fundamental frequency 𝑓1 for an 

electrical period 𝑇𝑒𝑙 as shown in Fig.6.5(a), the working point takes the trajectory 

called the hysteresis major loop as shown with arrow marks in Fig 6.5(b) [38]. 

For the high frequency harmonics with smaller amplitudes of B, there are minor 

loops present in the hysteresis curve. The hysteresis losses are proportional to 

the total area enclosed by the major and minor loops, which are based on the 

fundamental frequency 𝑓1 and harmonic frequencies ∑ 𝑓µ
∞
µ=2  respectively. The 

total iron losses (Fig.6.6(a)) and stator and rotor separate iron losses (Fig.6.6(b)) 

are shown with inverter (continuous curve) and without inverter (dotted curve) 

with their average values. The iron loss increase factor 𝐾𝑓𝑒  (
𝑃𝑓𝑒,𝑃𝑊𝑀

𝑃𝑓𝑒,𝑆𝑖𝑛𝑢𝑠
) due to 

inverter supply in stator is 1.43, in rotor is 2.05 and in total is 1.49 due to the 

smaller absolute rotor iron losses. For this working point, the simulation results 

show that the iron losses are increased by almost 50% because of the influence 

of inverter compared to sinusoidal current supply. 
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  (a)                                                                       (b) 

Fig.6.6: (a) Total iron losses with sinusoidal and PWM supply; (b) Stator and rotor iron 
losses with sinusoidal and PWM supply 

 

The Steinmetz equation for calculating the iron losses, also including the 

harmonic flux densities and high frequency density components for every 

harmonic µ which arises from the time and space harmonics in the EM, can be 

expressed in W/kg as [49][50], 

   𝑊𝑓𝑒  = ∫ [∑ [𝐶𝑒(𝑓µ)
2
(𝐵𝑟µ

2

+ 𝐵𝜃µ
2)𝑑𝑡 + 𝐶ℎ(𝑓µ)(𝐵𝑟µ

2
+ 𝐵𝜃µ

2)𝑑𝑡]∞
µ=1 ] (6.3) 

 

where, 𝐶ℎ  and 𝐶𝑒  are the hysteresis and eddy current constants, 𝑓  is the 

frequency, 𝐵𝑟µ  and 𝐵𝜃µ  are the µ𝑡ℎ  harmonic components of the radial and 

tangential flux densities. The magnetic flux density in the stator and rotor iron is 

analyzed to validate the increase in the iron losses due to PWM switching. Fig. 

6.7(a) and (c) shows the sinusoidal current generated magnetic flux densities in 

the stator tooth and rotor iron for one electrical period. The x-axis is the rotational 

angle of rotor expressed in degrees. The stator has all the odd space harmonics 

𝑣 = 3𝑝, 5𝑝, 7𝑝, 9𝑝 where the third order harmonic seen in the stator teeth may 

have originated from saturation and the rotating permanent magnet field. In 

rotor, the harmonics multiples of six times the fundamental frequency 

(6𝑛𝑓1,   𝑛 = 1,2, . . ) can be seen. On the other hand, flux densities from PWM 

currents in Fig.6.7(b) and (d) representing the stator tooth and rotor iron show a 

clear high frequency distortion with frequencies around the switching frequency 

𝑓𝑠 and multiples of switching frequency (𝑛𝑓𝑠,   𝑛 = 1,2, . . ).  
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             (a)        (b)   

 

 

 

                                 
   (c)                                                                                        (e)                                

                                 
          (d)                                                                              (f) 

Fig.6.7: Frequency spectra of magnetic flux densities- (a) Stator tooth-Sinusoidal; 
(b)Stator tooth-PWM; (c) Rotor iron-Sinusoidal; (d) Rotor iron-PWM; (e) Magnet-

Sinusoidal; (f) Magnet-PWM 

 

 

2𝑓𝑠 ± 𝑓1 𝑓𝑠 ± 2𝑓1 

2𝑓𝑠 
𝑓𝑠 ± 3𝑓1 

Lower odd order 

space harmonics 

sixth order 

harmonics 

2𝑓𝑠 𝑓𝑠 ± 3𝑓1 

sixth order 

harmonics 



6 PWM induced effects and harmonic losses in the electrical machine 

64 
 

Even though the amplitudes of the high frequency PWM-induced flux density 

harmonics are low, both their amplitudes and frequencies are quadratic 

functions as seen in equation 6.3, thereby having very high influence in the iron 

losses. 

 

From an idealized theory, the eddy current constant 𝐶𝑒 in equation 6.3 is directly 

proportional to the thickness of the lamination, conductivity of the iron and 

inversely proportional to the mass density [30]. 

 

 𝐶𝑒  =
𝜋2𝑡𝑖

2𝜎𝑖

6𝜌𝑖

 
(6.4) 

where, 𝑡𝑖 is the iron lamination thickness, 𝜎𝑖 is the conductivity of iron and 𝜌𝑖 is 

the mass density of iron. The smaller the lamination thickness, the smaller the 

amplitude of eddy current constant as well as the eddy current losses. 

Lamination lengthens the eddy current path which increases the eddy current 

resistance and decreases the eddy current losses (equation 6.7). 

6.3 Magnet losses 

 

Eddy current losses in magnets are smaller in amplitude compared to copper 

and iron losses in a permanent magnet synchronous machine. Yet, they have 

the highest increase of losses due to the influence of PWM switching. The 

fundamental component of the three-phase currents induces no eddy currents 

in the rotor and magnets. This is because the rotor rotates with the same 

fundamental frequency and its speed is aligned with the stator frequency. When 

the PMSM is supplied by a sinusoidal source, only the winding space harmonics, 

resulting from winding distribution and slotting, induce eddy currents in rotor and 

magnets, which contribute to a very low sum. In Fig.6.7(e), the flux densities in 

magnets when supplied by sinusoidal currents are shown. It can clearly be seen 

that the flux density from sinusoidal currents has a dominant frequency of 

1.6kHz which is of the 6th harmonic order. The other dominant harmonics are 

multiples of 6th order harmonics, just as observed in the rotor iron. The magnet 

eddy current loss is produced by the stator-slot harmonics and mainly by the 

inverter-induced carrier harmonics [52][53]. With the inverter supply, there are 

time harmonics in the stator phase currents and voltages interacting and 

overlapping with the space harmonics, leading to multiples of fundamental 
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frequencies which are in the range of tens of kHz. This effect can be seen in 

Fig. 6.7(f), where along with the space harmonics induced harmonic 

frequencies, the other dominant frequencies are 16kHz (2𝑓𝑠) and side bands of 

8kHz (𝑓𝑠 ± 3𝑓1). Each of these lower and higher order harmonic frequencies 

produce harmonic fields which rotate forwards or backwards relative to the rotor 

and induce harmonics eddy currents in the rotor and – especially - in the 

magnets. Distortion in the phase currents due to PWM switching leads to 

variation in magnetic flux Ф (
𝑑Ф

𝑑𝑡
), resulting in induction of electric field [38]. 

 
𝑉𝑖𝑛𝑑  = ∮ �⃗⃗� . 𝑑�⃗� = −

𝑑Ф

𝑑𝑡
= −

𝑑

𝑑𝑡
(−𝐴𝑚𝑎𝑔 ∗ 𝐵 ∗ 𝑐𝑜𝑠𝜔𝑡)

=  𝜔 ∗ 𝐴𝑚𝑎𝑔 ∗ 𝐵 ∗ 𝑐𝑜𝑠𝜔𝑡 

(6.5) 

   

𝐴𝑚𝑎𝑔 is the surface area of the magnet and B is the amplitude of flux density. It 

can be deducted from the equation 6.5 that the amplitude of the electric field is 

directly proportional to the frequency and magnetic flux density, E ~ 𝜔𝐵 ~ 2𝜋𝑓𝐵. 

Electric eddy currents 𝐼𝑒𝑑𝑑𝑦 are then induced in the magnets shown in red in 

Fig.6.8, opposing the exciting field. It is directly proportional to the electromotive 

force (EMF) E and inversely proportional to the resistance 𝑅𝑒, 

 
𝐼𝑒𝑑𝑑𝑦 ~ 

𝐸

𝑅𝑒
 ~ 

2𝜋𝑓𝐵

𝑅𝑒
 (6.6) 

                   

Fig.6.8: Eddy current and its path in magnets 
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The resistance 𝑅𝑒 is dependent on the resistivity 𝜌, length and area of the eddy 

current path.  

 
𝑅𝑒 =  

𝜌 ∗ 𝑙𝑒𝑑𝑑𝑦

𝐴𝑒𝑑𝑑𝑦
 (6.7) 

𝑙𝑒𝑑𝑑𝑦 and 𝐴𝑒𝑑𝑑𝑦 are the length and area of the eddy current path. The direction 

of the eddy current, shown with arrows in the figure, depends on the direction of 

the magnetic field 𝐵(𝑡) flowing in it.  

 

As we have already seen, when the PMSM is supplied by a PWM VSI, the 

induced currents in the magnets have very high frequencies. Because the 

reaction field from the induced eddy current itself is large in an interior PMSM 

and it mainly flows in the center of the magnet, it forces the eddy currents to 

concentrate on sides of the magnets, reducing the skin-depth and increasing 

the skin effect [54]. The reduction of skin-depth decreases the area of the eddy 

current path 𝐴𝑒𝑑𝑑𝑦 and thereafter increases the resistance 𝑅𝑒. The resistance of 

the eddy current path is normally decreased by segmentation of the magnets 

where the area of the eddy current path is reduced into smaller loops, thereby 

increasing the resistance and decreasing the eddy current amplitude. The skin-

depth in a magnetic material can be calculated as [30], 

 
Skin depth δ = √

2

𝜔µ𝑟𝑒𝑐µ0𝜎𝑚𝑎𝑔
 

(6.8) 

where, µ𝑟𝑒𝑐 is the relative recoil permeability, µ0 is the permeability of air and 

𝜎𝑚𝑎𝑔 is the conductivity of the magnet. Fig.6.9 shows the eddy current density 

from PWM supply concentrated on the sides of the magnets with fewer 

variations towards radial flux magnetization direction. The skin-depth in 

magnets acts along the width of the magnet and not along the length in the 

magnetization direction. It is also apparent that the zero net current condition 

(sum of the currents in magnets = 0) is satisfied in all three magnets, 

 ∫𝐽 𝑑𝑠 = 0 
(6.9) 
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Fig.6.9: Current density at magnets with PWM supply 

 

The losses in the magnets due to the induced eddy currents can be termed as 

eddy current losses or magnet losses. The magnet losses for a magnet shown 

in Fig.6.9 with conductivity 𝜎𝑚𝑎𝑔, volume 𝑣𝑚𝑎𝑔, frequency 𝑓 and an eddy current 

density 𝐽 can be calculated as [47]. 

 

 

𝑃𝑒𝑑𝑑𝑦 = 𝑣𝑚𝑎𝑔

1

𝜎𝑚𝑎𝑔𝑏𝑚𝑎𝑔

∫ 𝐽2𝑑𝑦 
+

𝑏𝑚𝑎𝑔

2

−
𝑏𝑚𝑎𝑔

2

= 𝑣𝑚𝑎𝑔 ∗
1

6
𝜎𝑚𝑎𝑔𝜋2𝑓2𝑏𝑚𝑎𝑔

2𝐵µ
2
3

𝑥

sinh(𝑥) − sin (𝑥)

cosh(𝑥) − cos (𝑥)
  

 

(6.10) 

where, 

 
𝑣𝑚𝑎𝑔 = 𝑏𝑚𝑎𝑔 ∗ ℎ𝑚𝑎𝑔 ∗ 𝑙𝑚𝑎𝑔 (6.11) 

 
𝑥 = 𝑐 ∗ 𝑏𝑚𝑎𝑔 (6.12) 

 
𝑐 = √𝜋𝑓𝜎𝑚𝑎𝑔µ 

(6.13) 

 
µ = µ0 ∗ µ𝑟𝑒𝑐 = 1.257 ∗ 10−6 ∗ µ𝑟

𝑉 ∗ 𝑠

𝐴 ∗ 𝑚
= 1.324 ∗ 10−6

𝑘𝑔 ∗ 𝑚

𝑠2 ∗ 𝐴2
 (6.14) 

and 𝐵µ= Peak flux density for the harmonic order µ. The magnet losses from 

sinusoidal current supply and PWM VSI are shown in Fig.6.10.  
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Fig.6.10: Magnet losses with Sinusoidal and PWM supply 

The most striking aspect in the simulation result is the magnet loss increase 

factor 𝐾𝑚𝑎𝑔   (
𝑃𝑚𝑎𝑔,𝑃𝑊𝑀

𝑃𝑚𝑎𝑔,𝑆𝑖𝑛𝑢𝑠
)  is 19. Because of these high losses, the magnet 

temperature rises and may result in irreversible demagnetization of the 

magnets. A stress field plot in the permanent magnets is shown with and without 

the influence of inverter in Fig 6.11. Simulative evidence shows a significant 

stress in the permanent magnets due to the increase of eddy current losses. 

These results provide important insights into the system level losses and 

indicate that the investigation on a system level with inverter is very important in 

determining the magnet losses and also the efficiency of the EM. 

     (a)      (b)

Fig.6.11: Magnet losses field plot- (a) Sinusoidal supply; (b) PWM supply 

Axial skewing of the magnets has been proven to reduce the eddy currents and 

thereby the magnet losses. Because the simulations in this work are performed 

with a coupled two-dimensional (2-D) PMSM model, magnet skewing was not 



6 PWM induced effects and harmonic losses in the electrical machine 

69 
 

considered. A multiple slice 2-D model or a three-dimensional (3-D) model 

simulation is required to consider axial skewing, which is extremely time 

consuming. A comparison of the simulations results between non-skewed and 

skewed rotor models with respect to the electromagnetic torque, EM losses and 

simulation duration is shown in chapter 10.2.1. 

6.4 Copper losses and current displacement losses in stator 

windings 

 

Copper losses are the largest component of power loss at low speeds, due to 

high phase currents. At high speeds, due to the increase of the fundamental 

frequency 𝑓1, the current displacement losses increase and play an important 

role. The AC resistance of the windings in a PMSM which increases with 

frequency and the increase can be denoted by a factor 𝐾𝑐𝑢, 

 
𝐾𝑐𝑢 =

𝑅𝑎𝑐

𝑅𝑑𝑐

 
(6.15) 

where, 𝑅𝑎𝑐 is the AC resistance and 𝑅𝑑𝑐 is the DC resistance of the winding. 

 

The reasons for the increase in the factor are skin effect, proximity effect and 

circulating currents in the winding. Skin effect is the tendency of AC current to 

crowd into a skin just beneath the surface of the conductor. The redistribution of 

current due to skin effect is caused by the H-field of the current in the conductor 

itself [30]. Proximity effect is the effect of the current density concentration in the 

windings due to the H-field in the neighboring windings. Circulating currents 

occur due to unbalanced and uneven currents flowing in the parallel paths of a 

phase winding. Different phase resistances and inductances between phases 

or non-identical flux linkages in each parallel path results in circulating currents 

[30]. In this work, symmetric windings are considered and therefore the effect of 

circulating currents is not investigated.  

 

Both skin and proximity effect are responsible for current displacement effects 

and AC losses in the windings. Because of these effects, the currents flowing in 

the coils produce leakage flux, which surrounds greatly the bottom part of the 

conductor than the upper part closer to the air gap. The impedance of the 
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conductor decrease from bottom up which results in the current density 

increasing and is at its maximum close to the stop opening and the air gap [69] 

(Fig.6.12). This means the hairpin windings closer to the air gap contribute the 

most for the increase in resistance and the resistive loss. The equation 6.8, 

which is influenced greatly by the frequency can be applied to the calculation of 

skin depth also in the conductors. With PWM VSI, high frequency harmonics, 

which are multiples of switching frequency exists and amplifies the current 

displacement effects in the stator conductors and must be taken into account.  

 

 

Fig.6.12: Slot leakage flux and current displacement effect in the windings [69] 

 

The skin effect can be reduced by using individual strands of wire where the 

skin-depth is higher than the diameter of the strands. On the other hand, in 

hairpin windings, rectangular wires are used in an effort to increase the slot fill 

factor and to reduce the DC resistance. The investigated machine has a fill 

factor of about 0.65, or 65%. Because of the higher cross-sectional area of the 

individual hairpin windings, the current displacement effect increases, AC 

resistance increases and more electric currents flow in the hairpins near the slot 

opening than at the top. Temperature rise is therefore expected in the windings 

accompanied by the increase in resistivity because of their linear dependency. 

The resistivity of copper at any temperature 𝑇𝑐𝑢 can be calculated as, 

 
𝜌𝑇 = 𝜌20[1 + 𝛼𝑇[𝑇𝑐𝑢 − 20)]   Ω𝑚 (6.16) 

where, 𝜌20 is the resistivity of copper at 20°C and 𝛼𝑇 is the linear temperature 

coefficient. With increase in temperature and in the AC resistance, the AC 
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copper losses increase. Unlike the active length of the machine, where the slots 

with windings are surrounded by high relative permeability iron (µ𝑖 = 1), the 

current displacement effects in the end windings are insignificant because the 

windings are surrounded by air. Additionally, to investigate these effects in the 

end windings, a 3-D EM model has to be developed and simulated, which is a 

very time consuming process and therefore is not done in this dissertation. 

Simulation of copper losses and the current displacement losses for a 2-D EM 

model requires a combination of numerical simulations and analytical 

calculations. Initially, the 2-D model is simulated for the working points with sinus 

currents and PWM switched current supply. The copper losses in the active 

length of the machine (𝑃𝑐𝑢,𝐴𝐿), which also includes the current displacement 

effects, are simulated first and shown in Fig.6.13.  

 
 

Fig.6.13: Active length copper losses with Sinusoidal and PWM supply  

 

The next steps involve a series of analytical calculations including the copper 

losses in the end windings of the EM. Considering no current displacement 

losses in the end windings, only DC copper losses exists. It can be calculated 

by the RMS value of the phase current and the end winding resistance as,  

 𝑃𝑐𝑢,𝐸𝑊 = 3 ∗ 𝐼𝑝,𝑅𝑀𝑆
2 ∗ 𝑅𝐸𝑊 (6.17) 

 

= 3 ∗ 3412 ∗ 1.848𝑚Ω = 644.6𝑤 

 

The total copper losses in the stator windings are therefore, 
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𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙 =𝑃𝑐𝑢,𝐴𝐿 + 𝑃𝑐𝑢,𝐸𝑊 (6.18) 

= 940.68 + 644.6𝑤 = 1585.34𝑤 

 

The total DC copper losses without current displacement effect are, 

 
𝑃𝑐𝑢,𝐷𝐶 = 3 ∗ 𝐼𝑝,𝑅𝑀𝑆

2 ∗ 𝑅𝑝 (6.19) 

= 3 ∗ 3412 ∗ 4.323𝑚Ω = 1508.04𝑤 

 

AC copper losses or current displacement losses will therefore be, 

 
𝑃𝑐𝑢,𝐴𝐶  =𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙 − 𝑃𝑐𝑢,𝐷𝐶  (6.20) 

= 1585.34w − 1508.04𝑤 = 77.29𝑤 

To understand the influence of high frequency PWM harmonics on the current 

displacement effects, a simulation study is performed. In this study, the current 

displacement losses are calculated at 4000rpm and at 16000rpm for the same 

RMS phase current value (𝐼𝑝,𝑅𝑀𝑆 = 221 𝐴). In Fig.6.14, the copper losses in the 

active length of the machine (𝑃𝑐𝑢,𝐴𝐿) for both speeds with sinus current excitation 

and with PWM VSI switching are shown.  

 

      
(a)                                                                       (b) 

Fig.6.14: Active length copper losses at 𝑰𝒑,𝑹𝑴𝑺 = 𝟐𝟐𝟏𝑨– (a) 4000rpm; (b) 16000rpm  
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Further analytical calculations are performed with equations 6.17-6.20 to 

estimate the total copper losses and the AC current displacement losses and 

are shown in the Table.6.1.  

 
4000rpm 16000rpm 

𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙 (Sinus currents) [W] 657.55 855,42 

𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙 (PWM currents) [W] 713.63 901,17 

𝑃𝑐𝑢,𝐴𝐶  (Sinus currents)  [W] 24.15 220,69 

𝑃𝑐𝑢,𝐴𝐶  (PWM currents) [W] 80.23 266,44 

 
 

Table.6.1: Total and AC copper losses comparison at 𝑰𝒑,𝑹𝑴𝑺 = 𝟐𝟐𝟏𝑨 

 

For the same phase current RMS amplitude, the total copper losses and, in 

particular, the current displacement losses have increased for 16000rpm. This 

is due to the decrease of skin depth at higher fundamental frequency 𝑓1. The 

fact that the frequency spectrum of the phase currents at 4000rpm with PWM 

VSI has very high dominant frequencies multiples of the switching frequency 

(𝑓𝑠, 2𝑓𝑠, 3𝑓𝑠 …), results in a very large increase of the current displacement losses 

compared to sinusoidal current supply.  

 

The dominant frequencies in the phase currents of 16000rpm with PWM are 

around the switching frequency (𝑓𝑠 ± 2𝑓1) due to reduced switching operations. 

Therefore, the increase in current displacement loss from sinus to PWM is 

comparatively lower. Fig 6.15 shows the current density plot for the simulated 

working point at 4000rpm and 16000rpm with PWM switched currents. The 

current density amplitudes in the windings at 16000rpm are higher due to the 

increased frequency and concentrates closer to the slot opening and the air gap. 

The ohmic losses in 𝑊/𝑚3  generated due to these currents with current 

displacement effects in the windings are shown in Fig.6.16. It can be seen that 

the losses at 16000rpm are higher even though the phase current amplitude is 

the same.  
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(a)        (b)

Fig.6.15: Current density field plot with PWM supply- (a) 4000rpm; (b) 16000rpm 

(a)        (b)

Fig.6.16: Copper losses field plot with PWM supply- (a) 4000rpm; (b) 16000rpm 

Increased current 

concentration 

Increased losses 

concentration 
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6.5 Comparison of the three-phase PMSM with the other multiphase 

PMSM concepts 

 

Dual three-phase PMSMs- system level simulation 

 

In the previous section the influence of the inverter on the three-phase 

permanent magnet synchronous machine performance, losses and flux 

densities were discussed. As mentioned in chapter 3, in this work different 

multiphase winding PMSM concepts are investigated on system level. 

Compared to the three-phase PMSM, both the dual three-phase PMSMs when 

operated with space vector modulation and no PWM Interleaving have the 

identical winding factor, rotor and the number of pole pairs, space and time 

harmonics, the performance and the EM losses. Therefore, the understanding 

profited from the system level investigation on the three-phase PMSM can be 

applied also to the dual three-phase PMSM and the dual three-phase PMSM 

with 180° phase shifted winding sets. PWM Interleaving, which executes 

selective harmonic cancellation of dominant inverter harmonics, leads to less 

phase current distortions, differential voltages and losses in the system. 

Therefore, there are changes in system performance and EM losses which will 

be investigated in detail in chapter 7. 

 

Six-phase PMSM- system level simulation 

 

The six-phase PMSM with a different winding configuration, different winding-

induced space harmonics and their different effects on the PWM-induced time 

harmonics has a different system performance and will be discussed in detail in 

this section. The working point used in chapters 6.1-6.4 is employed for 

simulating the six-phase PMSM with an inverter. The phase currents and their 

FFT are shown in Fig.6.17. The RMS amplitude of the phase currents in the six-

phase PMSM is around 4% smaller than the amplitude of three-phase PMSM. 

This is due to the fact that the six-phase PMSM has a lower current per torque 

requirement due to its better fundamental winding factor 𝜉𝑝 , as seen in 

Table.1.3. It becomes clear that the phase currents are heavily distorted 

compared to the three-phase currents in the previous section. The FFT also 

shows that the THD is almost doubled compared to the three-phase currents.  
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                       (a)                                                                       (b) 

 

Fig.6.17: Six-phase PMSM at 𝑵𝒎𝒆𝒄𝒉= 4000rpm, 𝒇𝟏= 266.66Hz,  𝑽𝑫𝑪= 370V, 𝑰𝒅 = -160A, 

𝑰𝒒 = 160A, 𝒇𝒔 = 8kHz, 𝒎𝒊 = 0.69- (a) Phase currents; (b) FFT of phase current 

 

Dual three-phase PMSMs without PWM Interleaving have harmonics which are 

in phase in both three phase systems. These voltage harmonics are 0° phase 

shifted between 𝑑1  and 𝑑2  systems. The same can be said for 𝑞1  and 𝑞2 

systems. Therefore, a main air gap field is generated for all harmonics from the 

stator-fixed co-ordinate system and are induced in rotor with respective 

frequencies. On the other hand, it is different for the six-phase PMSM with 30° 

electrical phase shifted windings. Some of the voltage harmonics induced 

current harmonics in the stator fixed co-ordinate system, when transformed into 

the rotating rotor d-q co-ordinate system with equation 1.9, generate harmonic 

frequencies phase shifted by 180° between both systems (Table.6.2). 

Therefore, they do not produce any main field in the machine. For example, 

2𝑓𝑠 ± 5𝑓1  and 2𝑓𝑠 ± 7𝑓1  induce in 𝑑1  the harmonic 2𝑓𝑠 ± 6𝑓1  and in 𝑑2  the 

harmonic 2𝑓𝑠 ± 6(𝑓1 − 30°)  which are ±180° phase shifted with each other. 

Examples of such voltage harmonics are the fifth and seventh order harmonics 

in a six-phase PMSM. Their sources and effects in different machines were 

investigated in detail in chapter 5.2. Consequently, the current-suppressing 

impedances of these harmonic fields is much smaller for the six-phase PMSM. 

These harmonics can be seen having very high amplitudes in Fig.6.17(b) 

compared to the phase currents of the three-phase PMSM in Fig.5.7. The 

associated derivations for these harmonics are described in detail in the 

appendix. 

7𝑓1 

5𝑓1 
𝑓𝑠 ± 2𝑓1 

2𝑓𝑠 ± 5𝑓1 𝑎𝑛𝑑 2𝑓𝑠 ± 7𝑓1  

2𝑓𝑠 ± 𝑓1 
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Frequencies producing 

main air gap field  

(Ɵ𝒅𝟏−𝒅𝟐 = Ɵ𝒒𝟏−𝒒𝟐 = 𝟎°) 

Frequencies producing 

harmonic air gap field 

(Ɵ𝒅𝟏−𝒅𝟐 = Ɵ𝒒𝟏−𝒒𝟐 =

±𝟏𝟖𝟎°) 

Frequencies producing 

both main and harmonic 

air gap field 

(Ɵ𝒅𝟏−𝒅𝟐 & Ɵ𝒒𝟏−𝒒𝟐 ≠

𝟎° 𝒐𝒓 ± 𝟏𝟖𝟎°) 

EM type 

Stator 

fixed co-

ordinate 

system 

Rotor 

rotating  d-q 

co-ordinate 

system 

Stator 

fixed co-

ordinate 

system 

Rotor 

rotating d-q 

co-ordinate 

system 

Stator 

fixed co-

ordinate 

system 

Rotor 

rotating d-q 

co-ordinate 

system 

Three-phase 

and Dual 

three-phase 

PMSMs 

without 

Interleaving 
 

𝑓𝑠 ± 2𝑓1 
𝑓𝑠 ± 4𝑓1 

𝑓𝑠 ± 3𝑓1 

- - - 
 
- 
 

2𝑓𝑠 ± 𝑓1 2𝑓𝑠 

2𝑓𝑠 ± 5𝑓1 
2𝑓𝑠 ± 7𝑓1 

2𝑓𝑠 ± 6𝑓1 

3𝑓𝑠 ± 2𝑓1 3𝑓𝑠 ± 3𝑓1 

Six-phase 

PMSM 

without 

Interleaving 

2𝑓𝑠 ± 𝑓1 2𝑓𝑠 
2𝑓𝑠 ± 5𝑓1 
2𝑓𝑠 ± 7𝑓1 

2𝑓𝑠 ± 6𝑓1 

𝑓𝑠 ± 2𝑓1 
𝑓𝑠 ± 4𝑓1 

𝑓𝑠 ± 3𝑓1  

3𝑓𝑠 ± 2𝑓1 3𝑓𝑠 ± 3𝑓1  

 
Table.6.2: Time harmonic frequencies in stator and rotor without PWM Interleaving 

 

The harmonics with phase shift other than 0° and 180° between systems 1 and 

2 in Table.6.2 generate both main and harmonic air gap fields [41]. For example, 

the time harmonics around the switching frequency and its side bands (𝑓𝑠 ± 2𝑓1) 

transformed into 𝑑1 - 𝑑2  and 𝑞1 - 𝑞2  systems for a six-phase PMSM without 

interleaving, produce harmonics with frequencies 𝑓𝑠 ± 3𝑓1 and 𝑓𝑠 ± 3(𝑓1 − 30°) 

which are ±90° phase shifted with each other. These harmonics producing both 

main and harmonic air gap field have reduced field strength and therefore also 

smaller impedances. Combined, these factors generate a phase current THD 

almost double that of the three-phase and dual three-phase PMSM. The 

different EM losses for the working point with both sinusoidal and PWM-

switched current supply are shown in Fig.6.18. 
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(a)                                                            (b) 

              
                                     (c)                                         (d) 

Fig.6.18: Six-phase PMSM losses- (a) Total iron losses; (b) Stator and rotor iron 
losses; (c) Magnet losses; (d) Copper losses in the active length 

 

Compared to the three-phase and dual three-phase PMSMs, the six-phase 

PMSM has lower losses from sinusoidal current supply because of a better 

winding factor, but higher PWM-induced losses. This can be seen in the 

Table.6.3. The total iron loss of a six-phase PMSM is increased by 19%. The 

PWM-induced stator iron loss increase contributes the most to this figure 

because of the influence of all time and space harmonics which do not produce 

main air gap fields and increase iron losses in the stator. On the other hand, 

they induce no harmonics in the rotor, because of the 180° phase shift between 

both three-phase systems. The harmonics producing both main and harmonic 

fields also increase the iron losses in the stator and induce harmonic 

frequencies in rotor with higher amplitudes than in the three-phase and dual 

three-phase PMSMs. These harmonics produce additional losses in the stator 

and rotor iron as well as in the magnets. Therefore, the rotor iron losses and 

magnet losses in a six-phase PMSM increase marginally for this working point. 

Only a 2% decrease is noticed in copper losses in the active length of the 

machine for a six-phase PMSM. This is partly due to the decrease in 

fundamental losses and partly due to the increase in AC current displacement 

harmonic losses in the windings of the six-phase PMSM. Overall, the total losses 
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of the six-phase PMSM without harmonic compensation are increased by 8.7% 

compared to the other machines. 

 

Table.6.3: Sinusoidal currents and PWM-induced losses 

 

In Fig.6.19, the magnetic flux densities in the stator iron and rotor magnet are 

shown along with their FFTs. The flux density in the stator is clearly more 

distorted from low impedance harmonics compared to the three-phase PMSM 

in Fig.6.7(b). The dominant frequency component in the magnet is 3.2KHz, 

which is twelve times the fundamental frequency (12𝑓1). It can also be noticed 

that the time harmonics and their side bands induced from the inverter (𝑓𝑠 ± 3𝑓1 

and 2𝑓𝑠)  have higher amplitudes compared to the three-phase PMSM 

(Fig.6.7(f)). As seen in Table.6.2, the total losses from sinusoidal currents in the 

six-phase PMSM are reduced by around 4.4% whereas the total PWM-induced 

harmonic losses are increased by 37.3%. This drastic increase in harmonic 

losses, occurring mainly in the stator iron, increasing the saturation of the 

material and in turn increasing its temperature, paving way to thermal 

degradation of the material. By increasing the switching frequency 𝑓𝑠 , the 

dominant time harmonic amplitudes can be reduced and the PWM-induced 

losses in the EM can be lowered. 

 

𝑵𝒎𝒆𝒄𝒉= 4000rpm, 

 𝒇𝟏= 266.66Hz 

𝒇𝒔 = 8kHz, 𝒎𝒊 = 0.69, 

𝑻𝒎𝒆𝒄𝒉= 170Nm 

Three-phase and dual three-phase 
PMSMs 

Six-phase PMSM 

 Sinusoidal 
currents 

PWM-
induced 

Total 
losses 

Sinusoidal 
currents 

PWM-
induced 

Total 
losses 

𝑷𝒇𝒆[𝑾] 451.97 222.37 674.34 406.41 395.57 801.98 

𝑷𝒇𝒆,𝒔𝒕𝒂𝒕𝒐𝒓[𝑾] 406.99 174.78 581.77 362.25 340 702.25 

𝑷𝒇𝒆,𝒓𝒐𝒕𝒐𝒓[𝑾] 44.98 47.59 92.57 44.15 55.52 99.67 

𝑷𝒎𝒂𝒈[𝑾] 16.04 291.25 307.29 9.13 337.87 347 

𝑷𝒄𝒖[𝑾] 853.75 86.93 940.68 828.35 91.34 919.69 

𝑷𝒗,𝑬𝑴[𝑾] 1301.76 600.55 1902.31 1243.89 824.78 2068.67 
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(a)                                                                       (b) 

Fig.6.19: Frequency spectra of the magnetic flux densities in the six-phase PMSM-          
(a) Stator iron; (b) Magnet 

As mentioned in chapter 1.1, a pre-control of 𝑣 = 5𝑝  and 𝑣 = 7𝑝  order 

harmonics is required for a six-phase PMSM to transfer these odd order 

harmonics into d-q co-ordinate system as DC quantities and to be regulated to 

zero. No extra hardware is required and can be done through changes in the 

control structure. Without pre-control and selective harmonic cancellation, the 

harmonic losses of a six-phase PMSM with always be higher than the three-

phase and dual three-phase PMSMs. As the pre-control for these harmonics 

has already been developed in [41] and [65] for a six-phase PMSM, it has not 

been further developed or analyzed in this work. Focus is given to both the dual 

three-phase PMSMs and their performance evaluation on the system level. 

 

6.6 Influence of switching frequency on harmonic losses 

 

In this section, the influence of the switching frequency of the inverter on the 

harmonic losses is investigated. Iron loss, copper loss and magnet loss are 

some of the key parameters influencing efficiency and optimization potential of 

electric machines. One of the most critical factors for an optimal system, along 

with the right choice of materials, DC voltage, modulation strategy and 

modulation index, is the switching frequency. The switching frequency has a 

very high influence on the space and time harmonics of the phase currents and 

voltages of an EM. A lower switching frequency leads to infrequent switching of 

the IGBT switches and longer falling and rising times between switching. In 

Fig.6.20, simulative studies with switching frequencies of 5kHz to 10kHz and 

their influence on the EM phase currents distortions, torque and losses are 

𝑓𝑠 + 2𝑓1 𝑓𝑠 − 2𝑓1 12𝑓1 𝑓𝑠 + 3𝑓1 𝑓𝑠 − 3𝑓1 
2𝑓𝑠 
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compared for the working points 4000rpm-170Nm and 8000rpm-83Nm in the 

continuous operation. It can be seen that with a decrease in switching 

frequency, the torque ripple increases.  

 

   

(a)                                                                      (b)                                 

Fig.6.20: Influence of switching frequency on EM losses- (a) 4000rpm; (b) 8000rpm 

 

A copper loss reduction of slightly more than 4% can be noticed at 4000 rpm 

and of around 5% at 8000rpm for the increase in switching frequency from 5kHz 

to 10kHz. Increasing the switching frequency results in an insignificant reduction 

of iron losses. The total iron losses are the sum of eddy current losses and 

hysteresis losses in the stator and rotor iron. The stator and rotor iron, which 

consist of soft iron laminations of very small thicknesses (0.27mm), limits the 

flow of eddy current to a greater extent. Therefore, by increasing the switching 

frequency, the reduction of eddy currents and thereby the eddy current losses 

proportion of iron losses is smaller. In Fig.6.5(b), the B-H characteristics curve 

with minor loops was shown. Increasing the switching frequency increases the 

main inductive reactance of the machine and influences the hysteresis curve by 

reducing the size of the minor loops [59]. On the other hand, number of minor 

loops increases with increasing switching frequency [39]. Therefore, the 

decrease in hysteresis losses proportion of the iron losses with increase in 

switching frequency is also smaller. In Fig.6.20, it is evident that by far the most 

significant reduction in losses with increase in switching frequency can be seen 

in the magnets. PWM-switched voltages, currents and the eddy currents 

induced in the magnets contain harmonics multiples of the switching frequency 

and their side bands. The amplitude of these carrier harmonics is inversely 
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proportional to the switching frequency, inversely proportional to the machine 

inductance and proportional to the DC-link voltage [56]. The impact of inverter-

induced carrier harmonics on the eddy current losses in the magnets was 

discussed in chapter 6.3. Unlike the fine laminated iron in the stator and in the 

rotor, the magnets are placed axially as blocks, which are skewed. In this 

dissertation, 2-D EM simulation model is used and the skewing of magnets are 

not considered because of extremely high simulation time requirements of a 

multi-slice 2-D or a 3-D simulation model. Combined, these effects increase the 

influence of the switching frequency on the increase or decrease of eddy current 

losses in the magnets. Even though higher switching frequency has a positive 

influence on EM losses, inverter switching losses are directly proportional to the 

switching frequency and therefore increase linearly with increase in switching 

frequency. This has to be kept in mind when the goal is to develop an efficient 

electric drive with high system efficiency. 

 

For a deeper understanding and reasoning of the results, further analyses and 

detailed investigations are done for two switching frequencies 5kHz and 10kHz 

for the working point at 4000rpm-170Nm. In Fig.6.21, the phase currents for 

both the switching frequencies are shown. It can be seen that the phase current 

distortions are reduced extremely with 10kHz switching frequency. 

 

      
   (a)                                                                      (b)                                 

Fig.6.21: Phase currents at 𝑵𝒎𝒆𝒄𝒉: 𝟒𝟎𝟎𝟎𝒓𝒑𝒎, 𝒇𝟏: 𝟐𝟔𝟔. 𝟔𝟔𝑯𝒛, 𝑽𝑫𝑪: 𝟑𝟕𝟎𝑽,
𝑰𝒒: 𝟑𝟕𝟐. 𝟕𝑨𝑨, 𝑰𝒅: −𝟑𝟎𝟔. 𝟓𝑨- (a) 5kHz; (b) 10kHz 

 

FFTs of the phase currents are shown in Fig.6.22 and the typical harmonic 

frequency spectrum can be recognized, where the harmonics are occurring at 

the switching frequency, multiples of switching frequency and their side bands. 
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With the fundamental current amplitude 𝐼𝑝.1  being almost the same in the 

comparison, the dominant high frequency side band harmonics of 2𝑓𝑠 for the 

phase current with 10kHz has a reduction in amplitude of almost 33% and other 

harmonic (side band harmonics of 𝑓𝑠) amplitudes are reduced by more than 

50%. Together, it leads to a decrease of 46% in the phase current THD. 

 

      
      (a)                                                         (b)                                 

 

Fig.6.22: FFT of phase current at 𝑵𝒎𝒆𝒄𝒉: 𝟒𝟎𝟎𝟎𝒓𝒑𝒎, 𝒇𝟏: 𝟐𝟔𝟔. 𝟔𝟔𝑯𝒛, 𝑽𝑫𝑪: 𝟑𝟕𝟎𝑽,

𝑰𝒒: 𝟑𝟕𝟐. 𝟕𝑨𝑨, 𝑰𝒅: −𝟑𝟎𝟔. 𝟓𝑨 - (a) 5kHz; (b) 10kHz 

It can therefore be concluded that increasing the switching frequency increases 

the frequencies of dominant carrier harmonics in the phase currents while, at 

the same time, drastically decreasing their amplitudes. Additionally, some of the 

lower order harmonic amplitudes of the phase currents are also reduced by 

increasing the switching frequency. As the PMSM has a frequency-dependent 

impedance, high frequency harmonic losses in the EM can be calculated for 

every harmonic order µ for the d and q axis voltages [41][63].  

 

 
𝑃𝐸𝑀,µ =

m

2
∗ ∑

𝑉𝑑µ
2

𝑍1𝑑µ

∗

∞

µ=2

cos(Ф1𝑑µ) +
𝑉𝑞µ

2

𝑍1𝑞µ

∗ cos(Ф1𝑞µ) 
(6.21) 

The d and q axis harmonic impedance 𝑍1𝑑µ and 𝑍1𝑞µ increases with increase in 

harmonic frequency and therefore suppresses the high frequency current 

harmonic amplitudes. The harmonic losses in equation.6.21 for the harmonic 

2𝑓𝑠  𝑓𝑠  2𝑓𝑠  

𝑓𝑠  
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order µ in a PMSM are inversely proportional to the d and q axis harmonic 

impedance. These higher harmonic impedances suppress the harmonics and 

thereby the losses. With reduced amplitudes in the phase currents 𝐼𝑎𝑏𝑐 carrier 

harmonics by increasing the switching frequency, the amplitudes of the d and q 

axis harmonics 𝐼𝑑µ and 𝐼𝑞µ respectively are also reduced.  

 

      
     (a)                                                             (b)                                 

Fig.6.23: Frequency spectra of torque at 𝑵𝒎𝒆𝒄𝒉: 𝟒𝟎𝟎𝟎𝒓𝒑𝒎, 𝒇𝟏: 𝟐𝟔𝟔. 𝟔𝟔𝑯𝒛, 𝑽𝑫𝑪: 𝟑𝟕𝟎𝑽,
𝑰𝒒: 𝟑𝟕𝟐. 𝟕𝑨𝑨, 𝑰𝒅: −𝟑𝟎𝟔. 𝟓𝑨- (a) 5kHz; (b) 10kHz  

 

In Fig.6.23 a torque ripple reduction of almost 26% is shown by doubling the 

switching frequency. From the frequency spectra, it can be seen that the 

dominant carrier harmonics and their amplitudes at 𝑓𝑠 and 2𝑓𝑠 are reduced for 

10kHz. Some of the lower order harmonics which are the multiples of 6th 

harmonic order also have reduced harmonic amplitudes. 

 

The magnet losses and their frequency spectra are compared in Fig.6.24. The 

magnet loss at 10kHz is almost 55% lower than the magnet loss at 5kHz. The 

dominant harmonic frequency here is 40kHz (4𝑓𝑠)  and has a much lower 

amplitude than the dominant frequency 20kHz (4𝑓𝑠) for the switching frequency 

5kHz. 

 

12𝑓1 12𝑓1 

2𝑓𝑠  

𝑓𝑠  

2𝑓𝑠  

𝑓𝑠  
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  (a)                                                                  (b)                                 

 

Fig.6.24: Frequency spectra of magnet losses at 

𝑵𝒎𝒆𝒄𝒉: 𝟒𝟎𝟎𝟎𝒓𝒑𝒎, 𝒇𝟏: 𝟐𝟔𝟔. 𝟔𝟔𝑯𝒛, 𝑽𝑫𝑪: 𝟑𝟕𝟎𝑽, 𝑰𝒒: 𝟑𝟕𝟐. 𝟕𝑨𝑨, 𝑰𝒅: −𝟑𝟎𝟔. 𝟓𝑨- (a) 5kHz; (b) 10kHz 

 

Fig.6.25 shows the eddy current distribution of the magnets at 5kHz and 10kHz 

respectively. At 10kHz switching frequency, the reaction field is higher, which 

increases the skin effect and the resistance for the circulating eddy currents as 

well as provides shielding leading to a situation where the current density and 

losses are concentrated near the edges of the magnets [56][57]. The eddy 

current loss field plot in Fig.6.26 in 𝑊 𝑚3⁄  shows that the losses occur over the 

entire surface of the magnets for 5kHz and concentrates at the edges for 10kHz.  

 

      
               (a)                                                         (b)                                 

Fig.6.25: Eddy current distribution in magnets- (a) 5kHz; (b) 10kHz 

 

4𝑓𝑠 

4𝑓𝑠 
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             (a)                                                         (b)                                 

 

Fig.6.26: Eddy current losses in magnets- (a) 5kHz; (b) 10kHz 

 

Another way of explaining the influence of switching frequency on the EM losses 

is by investigating the magnetic flux densities in different parts of the EM. In 

Fig.6.27, the flux densities in the stator iron and magnets for both 5kHz and 

10kHz are shown. It can be seen in the stator and in the rotor iron that the flux 

density for a switching frequency of 5kHz is more distorted and has carrier 

harmonic frequencies which are slightly higher than the amplitudes for the flux 

densities at 10kHz. The lower order harmonic amplitudes remain the same, 

overall explaining the reason for the insignificant reduction of iron loss when the 

switching frequency is increased from 5kHz to 10kHz. But on the other hand, 

the flux densities at the magnet for a 10kHz switching frequency show a very 

significant amplitude reduction for lower multiples of sixth order harmonics as 

well as the higher frequency carrier harmonics.  
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Fig.6.27: Frequency spectra of magnetic flux densities- (a) Stator iron at 5kHz; (b) 
Stator iron at 10kHz; (c) Magnet at 5kHz; (d) Magnet at 10kHz 

 

The flux densities in the magnets contain higher carrier harmonic frequency 

amplitudes than the stator flux densities. This is due to the fact that the 

simulation model considers the high conductivity of the magnets and not of the 

iron. According to Lenz’s law, the magnets produce reaction fields by the 

induced eddy currents which act against the main field that is causing them. The 

(b) (a) 

(d) (c) 

2𝑓𝑠  𝑓𝑠  
2𝑓𝑠  𝑓𝑠  
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simulation model does not consider the iron material conductivity and therefore 

does not produce any reaction field from the eddy currents induced in the 

material. This phenomenon makes the carrier frequency harmonics particularly 

visible in the magnetic flux densities of the magnets. It can therefore be said that 

the resulting flux density in a magnet will be the sum of the flux density induced 

from the stator and the reaction field density that acts against it, 

 
𝐵𝑝 = 𝐵𝑠𝑡𝑎𝑡𝑜𝑟 + 𝐵𝑒𝑐 

(6.22) 

When the conductivity of the magnets is set to zero (𝜎𝑚𝑎𝑔= 0 S/m) there is no 

reaction field generated by the eddy currents which makes the term 𝐵𝑒𝑐= 0. If 

the conductivity is neglected, the B fields in the magnets will contain additional 

harmonics, which lead to wrong results [67].  

 

To summarize, it can be said that the critical factors influencing EM losses are 

not just the frequencies, but also the amplitudes of the dominant time and space 

harmonics in the phase voltages, phase currents and flux densities. Based on 

how the material is laminated and skewed and based on the EM inductances, 

the influence of switching frequencies as well as time and space harmonics on 

the performance and losses of the EM varies. 
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7 PWM Interleaving 

 

The spectral current of the DC link capacitor ripple current has an impact on the 

capacitor lifetime, stability of the converter control and the electromagnetic 

interference (EMI) performance of the system [72]. Therefore, accurate 

identification of the capacitor ripple current is important. Different PWM methods 

generate high frequency harmonics along with the targeted fundamental 

component voltages and currents. The DC link capacitor in an electric drive is 

used to absorb the ripple current; therefore, it is bulky and expensive. Reducing 

the size and the volume of the DC link capacitor can provide enormous potential 

in achieving high power density electric drives. The frequency spectrum of the 

DC link capacitor current ripple (𝐼𝑐𝑎𝑝) typically contains harmonic frequencies 

which are multiples of the switching frequency and their side bands.  

 

The size and the rating of the DC link capacitor 𝐶𝐷𝐶−𝐿𝑖𝑛𝑘 is mainly determined 

by its tolerable maximum voltage ripple 𝑉𝑐𝑎𝑝,𝑟𝑖𝑝𝑝𝑙𝑒,𝑚𝑎𝑥 which occurs at maximum 

phase RMS current 𝐼𝑝,𝑅𝑀𝑆,𝑚𝑎𝑥 [10][79], 

 
𝐶𝐷𝐶−𝐿𝑖𝑛𝑘 =

𝐼𝑝,𝑅𝑀𝑆,𝑚𝑎𝑥

𝑉𝑐𝑎𝑝,𝑟𝑖𝑝𝑝𝑙𝑒,𝑚𝑎𝑥 ∗ 𝑓𝑠
 

(7.1) 

In general, it can be deduced from the equation 7.1 that the smaller the 

capacitance, higher the maximum DC link capacitor voltage ripple. 

 

The equivalent circuit diagram of a three-phase VSI is shown in Fig.7.1(a), which 

is a simplified representation of Fig.2.1, where the three-phase inverter switches 

are replaced by a current source [21]. The simulated battery current 𝐼𝐷𝐶, inverter 

input current 𝐼𝑖𝑛𝑣 and the capacitor current as well as the voltage ripple 𝐼𝑐𝑎𝑝, 𝑉𝑐𝑎𝑝 

for a three-phase inverter are shown in Fig.7.1(b). 
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(a)                                                              (b) 

Fig.7.1: (a) Equivalent circuit diagram of a three-phase VSI replacing the power 
switches with current source [21]; (b) Simulated battery current, inverter current, 

capacitor current ripple and capacitor voltage ripple of three-phase PMSM 

 

The working point is 𝑉𝐷𝐶 = 370𝑉,  𝐼𝑝,𝑟𝑚𝑠 = 545𝐴,  𝑓𝑠 = 8𝑘𝐻𝑧,  𝑐𝑜𝑠𝜙 = 0.8  and 

𝑚𝑖 = 0.74. The relation of the currents can be expressed as 

 
𝐼𝑐𝑎𝑝 = 𝐼𝐷𝐶 − 𝐼𝑖𝑛𝑣 

(7.2) 

The RMS value of the capacitor current ripple 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 as seen in Fig.7.1(b) is 

simulated to be at 298.26A and the voltage ripple 𝑉𝑐𝑎𝑝,𝑟𝑖𝑝𝑝𝑙𝑒  for the working point 

is 16.09V, which is around 4.35% of the battery voltage. The capacitor current 

ripple is heavily dependent on the load power factor 𝑐𝑜𝑠𝜙 and modulation index 

𝑚𝑖 , which determines the amount of current flowing into the IGBT switches or 

the freewheeling diodes of the inverter [10]. For a three-phase VSI, different 

studies have derived the RMS value of the capacitor current ripple analytically, 

depending on the RMS phase current 𝐼𝑝,𝑅𝑀𝑆 in the EM, modulation index 𝑚𝑖 and 

power factor cosФ [18][19]. It can be written as, 

 
𝐼𝑐𝑎𝑝,𝑅𝑀𝑆 = 𝐼𝑝,𝑅𝑀𝑆√ 2𝑚𝑖 [

√3

4𝜋
+ cos2 Ф(

√3

𝜋
−

9

16
𝑚𝑖)]  (7.3) 

Equation 7.3 can further be expressed as, 

𝐼𝑐𝑎𝑝 

𝑅𝑏 𝐿𝑏 𝐿𝑖𝑛𝑣 𝐼𝑖𝑛𝑣 
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𝑅𝑐𝑎𝑝 
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𝑰𝒄𝒂𝒑,𝒓𝒎𝒔 = 𝟐𝟗𝟖. 𝟐𝟔𝑨 
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𝐼𝑐𝑎𝑝,𝑅𝑀𝑆 = 𝐼𝑝,𝑅𝑀𝑆√ 

𝑚𝑖

4𝜋
[2√3 + (8√3 − 4.5𝜋𝑚𝑖) cos2 Ф] (7.4) 

In Fig.7.2, the capacitor ripple current is calculated analytically using the 

equation 7.4 for the same working point for different power factor and 

modulation index values. It can be observed that at lower modulation indexes, 

higher power factors reduce the capacitor current ripple for the same amplitude 

of the RMS phase current 𝐼𝑝,𝑟𝑚𝑠.  The simulated working point above is 

highlighted in red in the graph. The analytically calculated 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 amplitude of 

298.32A matches very well with the simulation result shown in Fig.7.1(b). 

 

 
 

Fig.7.2: Capacitor current ripple at 𝑰𝒑,𝒓𝒎𝒔 = 𝟓𝟒𝟓𝑨 for different values of cosϕ and 𝒎𝒊 

 

Even though the size of the DC link capacitor can be estimated from the 

equation 7.1, it is equally important to consider the power loss and temperature 

of the DC link capacitor, which are influenced heavily by the capacitor current 

ripple 𝐼𝑐𝑎𝑝. The power loss 𝑃𝑐𝑎𝑝 can be expressed as [10][18], 

 
𝑃𝑐𝑎𝑝 = ∑ ∑(𝐼𝑐𝑎𝑝,𝑐′𝑓𝑠±𝑠′𝑓1

)2 ∗ 𝑅𝑐𝑎𝑝,𝑐′𝑓𝑠±𝑠′𝑓1

∞

𝑠′=0

∞

𝑐′=1

 
(7.5) 

where, 𝐼𝑐𝑎𝑝,𝑐′𝑓𝑠±𝑠′𝑓1
 and 𝑅𝑐𝑎𝑝,𝑐′𝑓𝑠±𝑠′𝑓1

 represent the capacitor ripple current and 

equivalent series resistance of the capacitor for the harmonic switching 
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frequencies and their side bands (𝑐′𝑓𝑠 ± 𝑠′𝑓1). Because the 𝑅𝑐𝑎𝑝  values are 

frequency dependent, a ripple current multiplier is defined to develop a 

relationship between the capacitor and the ripple current that it can absorb at a 

given frequency. It can be defined as [10], 

 
𝐶𝑀𝑟𝑖𝑝𝑝𝑝𝑙𝑒 = ∑ ∑ √

𝑅𝑐𝑎𝑝,100

𝑅𝑐𝑎𝑝,𝑐′𝑓𝑠±𝑠′𝑓1  

∞

𝑠′=0

∞

𝑐′=1

 
(7.6) 

where, 𝑅𝑐𝑎𝑝,100  is the equivalent series resistance of a DC link capacitor at 

100Hz, which is provided by the manufacturer. By substituting the value of 

𝑅𝑐𝑎𝑝,𝑐′𝑓𝑠±𝑠′𝑓1
 =

𝑅𝑐𝑎𝑝,100

(𝐶𝑀𝑟𝑖𝑝𝑝𝑝𝑙𝑒)2
  from equation 7.6 in equation 7.5, the power loss 

equation which is directly proportional to the capacitor ripple current can be 

written as [18], 

 
𝑃𝑐𝑎𝑝 = 𝑅𝑐𝑎𝑝,100 ∑ ∑ (

𝐼𝑐𝑎𝑝,𝑐′𝑓𝑠±𝑠′𝑓1

𝐶𝑀𝑟𝑖𝑝𝑝𝑝𝑙𝑒

)

2∞

𝑠′=0

∞

𝑐′=1

 
(7.7) 

These power losses turn to heat, which reduces the capability of the DC link 

capacitor to absorb the ripple current. The temperature is very important to 

estimate the working life and for accurate thermal design of the capacitor and 

can be estimated from [18], 

 𝑇𝑐𝑎𝑝 = 𝑇𝑎 + (𝑃𝑐𝑎𝑝 ∗ 𝑅𝑡ℎ,𝑐𝑎𝑝−𝑎) (7.8) 

where, 𝑇𝑎  is the ambient temperature and 𝑅𝑡ℎ,𝑐𝑎𝑝−𝑎  is the thermal resistance 

between the capacitor and the ambience. The equivalent circuit diagram of a 

dual three-phase or six-phase VSI is shown in Fig.7.3, which is a simplified 

representation of Fig.2.13, where both three-phase inverter modules with 

switches are replaced by current sources. The dual three-phase inverter for any 

given working point, when operated normally without PWM Interleaving, 

functions like a three-phase inverter, which has identical high frequency 

harmonics in the inverter input currents, line-neutral voltages, phase currents 

and, inevitably, the same capacitor current ripple. 

 



7 PWM Interleaving 

93 
 

                         

                                                           
     (a)                                                                     (b) 

Fig.7.3: (a) Equivalent circuit diagram of VSI replacing the power switches with current 
source of dual three-phase and six-phase inverters [21]; (b) Simulated battery current, 

inverter current, capacitor current ripple and capacitor voltage ripple without PWM 
Interleaving 

 

In Fig.7.3(b), the simulated battery current, inverter input current, capacitor 

current and voltage ripple for a dual three-phase inverter without PWM 

Interleaving is shown. The current and voltage curves are identical to the curves 

from the three-phase inverter in Fig.7.1(b). 

 

In Fig.7.4, the RMS capacitor ripple currents of a three-phase VSI is calculated 

analytically (green curve) using equation 7.4 and are shown for working points 

in peak and continuous operation. System level simulations were performed for 

a three-phase VSI (red curve) and dual three-phase VSI without PWM 

Interleaving (yellow curve) and are also displayed. The black curve represents 

the RMS value of the phase current. The RMS amplitude of the phase current 

in a dual three-phase PMSM amounts to half the one of the three-phase PMSM. 

 𝐼𝑝,𝑅𝑀𝑆(𝐷𝑢𝑎𝑙 3 𝑝ℎ𝑎𝑠𝑒 𝑃𝑀𝑆𝑀) = 0.5 ∗ 𝐼𝑝,𝑅𝑀𝑆(3 𝑝ℎ𝑎𝑠𝑒 𝑃𝑀𝑆𝑀) (7.9) 

Having said that, in dual three-phase PMSMs, the number of phases is doubled 

and the number of parallel branches is halved. Therefore, a standard SVPWM 

with identical switching frequency, DC voltage, modulation index and power 

factor generates the same amount of DC link capacitor current and voltage 

ripple in both, three-phase and dual three-phase inverters.  
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(a)                                                                      (b) 

Fig.7.4: Capacitor current ripple- (a) Peak operation; (b) Continuous operation 

 

As clearly evident, the RMS amplitude of the capacitor ripple current is directly 

proportional to the RMS amplitude of the phase current. Even without any 

information on the high frequency harmonics existing in the DC link capacitor, 

the analytical results match very well with the numerically simulated results with 

a maximum percentage difference of 7%. Therefore, for a three-phase VSI and 

dual three-phase VSI without PWM Interleaving, analytical methods can be used 

in the initial phases for dimensioning the DC link capacitor. 

 

7.1 Influence of PWM Interleaving on the DC link capacitor 

 

PWM Interleaving in a dual three-phase or a six-phase inverter introduces a 

phase shift to the high frequency triangular carrier signal 𝑓𝑠2 of the second three-

phase inverter module and therefore also the switching signals of the IGBTs as 

displayed in Fig.7.5. The Interleaving angle 𝜃𝐼𝑁𝑇 between both high frequency 

triangular carrier signals can be 0 < 𝜃𝐼𝑁𝑇  < 2π. 𝑆𝑎  and 𝑆𝑥 , representing the 

switching signals for the upper switches of phase a and phase x respectively 

are shown as an example. 

 

 

 

 

 

 

 

0

200

400

600

800

4000 9000 14000

C
u

rr
e
n

t 
(A

)

Rotational speed (rpm)

Icap,rms- Analytical
Icap,rms- Simulation (3 phase VSI)
RMS phase current Ip_rms (A)
Icap,rms- Simulation (dual 3 phase VSI)

0

200

400

600

800

4000 6000 8000 10000 12000 14000 16000

C
u

rr
e
n

t 
(A

)

Rotational speed (rpm)

Icap,rms- Analytical

Icap,rms- Simulation (3 phase VSI)

RMS phase current Ip_rms (A)

Icap,rms- Simulation (dual 3 phase VSI)



7 PWM Interleaving 

95 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7.5: 90° PWM Interleaving- Phase shifting of carrier and switching signals 

 

PWM Interleaving reduces the capacitor voltage and current ripple caused by 

high frequency PWM switching by means of selective harmonic cancellation or 

reduction of dominant harmonic frequencies. The phase shifted carrier and 

switching signals, based on the PWM Interleaving angle 𝜃𝐼𝑁𝑇, phase shifts some 

dominant inverter input harmonic frequencies between the two three-phase 

inverters with the same amplitude and cancel each other out. The capacitor 

current and voltage ripple for a dual three-phase inverter with 180° phase shifted 

windings and 90° PWM Interleaving is shown in Fig.7.6. When compared with 

Fig.7.1(b) and Fig.7.3(b), it can be seen that the amplitude of the voltage ripple 

𝑉𝑐𝑎𝑝,𝑟𝑖𝑝𝑝𝑙𝑒 is reduced to 10.36V, which provides the opportunity to reduce the 

size of the DC link capacitor. The RMS capacitor current ripple 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠, which is 

a quadratic function of power losses in the capacitor, is also reduced to 153.43A. 

The power losses can be reduced drastically, leading to a reduction in heat 

emission and temperature as seen in the equations 7.7 and 7.8. Therefore, 

better thermal management of the DC link capacitor can be profited.  
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Fig.7.6: Battery current, inverter current, capacitor current ripple and capacitor voltage 
ripple of Dual three-phase PMSM with 180° phase shifted windings and 90° PWM 

Interleaving 

 

It has been shown that, the capacitor current and voltage ripple can be reduced 

by PWM Interleaving in a six-phase inverter. More in depth analysis of the PWM 

Interleaving influenced dominant frequency elimination on the DC link capacitor, 

AC side harmonics and their effects in different electrical machines will be done 

in this chapter. 

 

A multiphase system consists of two parallel VSIs with three phases each, 

connected to a common DC link capacitor as seen in Fig.2.13. By phase shifting 

the carrier signal of an inverter by a specific angle, the total harmonic voltage 

ripple due to PWM switching at the AC terminal can also be reduced along with 

the DC link capacitor current ripple [9][13]. Therefore, in this chapter, to 

understand the influence of PWM Interleaving on the selective harmonic 

cancellation in both, the DC and AC side in multiphase electric drives, the 

selective harmonic component of inverter input currents 𝐼𝑖𝑛𝑣,1 and 𝐼𝑖𝑛𝑣,2 of the 

first and second inverter module respectively, is derived. As unfortunately, the 

analytical methods cannot serve the purpose of analyzing the dominant 

harmonics and their elimination by PWM Interleaving, simulative investigations 

are also performed for a better understanding.  

 

The line to neutral voltages 𝑉𝑝0 of all six phases contain a fundamental 

component with frequency 𝑓1  as well as different high frequency carrier 

harmonic components with frequencies expressed as 𝑐′𝑓𝑠 + 𝑠′𝑓1 (Fig.5.6). With 

PWM Interleaving, the fundamental frequency component of phase a (𝑉𝑎0(01)) 

from the first three-phase inverter and phase x (𝑉𝑥0(01)) from the second three-

𝑰𝒄𝒂𝒑,𝒓𝒎𝒔 = 𝟏𝟓𝟑. 𝟒𝟑𝑨 

𝑽𝒄𝒂𝒑,𝒓𝒊𝒑𝒑𝒍𝒆 = 𝟏𝟎. 𝟑𝟔𝑽 
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phase inverter remains the same. However, because of phase shifted carrier 

signals, the carrier harmonic frequency components (𝑉𝑎0(𝑐
′𝑠′) 𝑎𝑛𝑑 𝑉𝑥0(𝑐

′𝑠′)) 

have the same amplitude but are phase shifted. The harmonic frequency 

components for phase a from the first three-phase VSI and phase x from the 

second three-phase VSI, corresponding to the frequency (𝑐′𝑓𝑠 + 𝑠′𝑓1) through 

integral Fourier analysis, which is also a function of time can be derived as [48], 

 
𝑉𝑎0(𝑐

′𝑠′)(𝑡) = 𝐶𝑐′𝑠′cos [(𝑐′𝑓𝑠 + 𝑠′𝑓1)𝑡 + 𝑐′Ɵ𝑠1 + 𝑠′Ɵ01 + Ɵ𝑐′𝑠′] (7.10) 

 
𝑉𝑥0(𝑐

′𝑠′)(𝑡) = 𝐶𝑐′𝑠′cos [(𝑐′𝑓𝑠 + 𝑠′𝑓1)𝑡 + 𝑐′Ɵ𝑠2 + 𝑠′Ɵ02 + Ɵ𝑐′𝑠′] (7.11) 

where, 𝐶𝑐′𝑠′ is the harmonic amplitude of the component, which is a function of 

PWM method and modulation index 𝑚𝑖 . Ɵ𝑠  and Ɵ𝑜  are the initial angles of 

carrier and fundamental waves and Ɵ𝑐′𝑠′ is a constant value depending on the 

PWM method and operating condition. Without PWM Interleaving, 

𝑉𝑎0(𝑐
′𝑠′)(𝑡) = 𝑉𝑥0(𝑐

′𝑠′)(𝑡). With PWM Interleaving, the carrier signal of the 

second inverter module is phase shifted by an angle Ɵ𝐼𝑁𝑇.  

 
Ɵ𝑠2 = Ɵ𝑠1 + Ɵ𝐼𝑁𝑇 

(7.12) 

The switching function of phase a can be derived from the line to neutral voltage 

harmonic component and the DC voltage as [7][61] 

 
𝑆𝑎(𝑐

′𝑠′)(𝑡) =
𝑉𝑎0(𝑐

′𝑠′)(𝑡)

𝑉𝐷𝐶

 
(7.13) 

In a symmetrical three-phase system, the switching functions for phase b 

(𝑆𝑏(𝑐
′𝑠′)(𝑡)) and c (𝑆𝑐(𝑐

′𝑠′)(𝑡)) are 120° and 240° phase shifted respectively 

from phase a. Therefore, 

 
𝑆𝑏(𝑐

′𝑠′)(𝑡) = 𝑆𝑎(𝑐
′𝑠′)(𝑡)𝑒𝑗

2
3𝜋𝑠′

 (7.14) 

and, 
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𝑆𝑐(𝑐

′𝑠′)(𝑡) = 𝑆𝑎(𝑐
′𝑠′)(𝑡)𝑒𝑗

4
3𝜋𝑠′

 (7.15) 

The inverter input harmonic current for the first inverter module can be 

calculated on a time domain by adding all individual phase leg currents as [7][61] 

 
𝐼𝑖𝑛𝑣,1(𝑐

′𝑠′)(𝑡) = 𝐼𝑎𝑆𝑎(𝑐
′𝑠′)(𝑡) + 𝐼𝑏𝑆𝑏(𝑐

′𝑠′)(𝑡) + 𝐼𝑐𝑆𝑐(𝑐
′𝑠′)(𝑡) 

(7.16) 

The spectrum of 𝐼𝑖𝑛𝑣,1 can be calculated as [48], 

 
𝐹(𝐼𝑖𝑛𝑣,1)(𝑐

′𝑠′)(𝑡) = 𝐹(𝐼𝑎) ⊗ 𝑆𝑎(𝑐
′𝑠′)(𝑡) + 𝐹(𝐼𝑏) ⊗ 𝑆𝑏(𝑐

′𝑠′)(𝑡) + 𝐹(𝐼𝑐) ⊗ 𝑆𝑐(𝑐
′𝑠′)(𝑡) 

(7.17) 

where, 𝐹() is a Fourier transfer function and ⊗ is the convolution operator 

 

Similar sets of equations 7.13 to 7.17 can be derived for the second three-phase 

inverter set x, y and z. With a phase shifted carrier signal for the second inverter 

module, the switching functions and the inverter input harmonic current 

spectrum are also phase shifted by the same angle Ɵ𝐼𝑁𝑇 . Considering even 

distribution of harmonic currents in VSI1 and VSI2, the input harmonic current 

spectrum of the second inverter for the harmonic frequency (𝑐′𝑓𝑠 +

𝑠′𝑓1) becomes, 

 
𝐹(𝐼𝑖𝑛𝑣,2)(𝑐

′𝑠′)(𝑡) = 𝐹(𝐼𝑖𝑛𝑣,1)(𝑐
′𝑠′)(𝑡)𝑒𝑗𝑐′Ɵ𝐼𝑁𝑇 

(7.18) 

The total inverter harmonic input current for the harmonic frequency 

(𝑐′𝑓𝑠 + 𝑠′𝑓1), which is the sum of both inverter currents will be, 

 
𝐹(𝐼𝑖𝑛𝑣)(𝑐

′𝑠′)(𝑡) = 𝐹(𝐼𝑖𝑛𝑣,1)(𝑐
′𝑠′)(𝑡) + 𝐹(𝐼𝑖𝑛𝑣,2)(𝑐

′𝑠′)(𝑡) (7.19) 

 
= 𝐹(𝐼𝑖𝑛𝑣,1)(𝑐

′𝑠′)(𝑡) + 𝐹(𝐼𝑖𝑛𝑣,1)(𝑐
′𝑠′)(𝑡)𝑒𝑗𝑐′Ɵ𝐼𝑁𝑇 (7.20) 

 
= 𝐹(𝐼𝑖𝑛𝑣,1)(𝑐

′𝑠′)(𝑡) ∗ (1 + 𝑒𝑗𝑐′Ɵ𝐼𝑁𝑇) (7.21) 

The amplitude of the harmonic current in the total inverter input current 𝐼𝑖𝑛𝑣 is 

[61], 
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|𝐹(𝐼𝑖𝑛𝑣)(𝑐

′𝑠′)(𝑡)| = 2|𝐹(𝐼𝑖𝑛𝑣,1)|(𝑐
′𝑠′)(𝑡) ∗ cos (

𝑐′Ɵ𝐼𝑁𝑇

2
) (7.22) 

Without PWM Interleaving, the value of Ɵ𝐼𝑁𝑇 is 0° in equation 7.22. Therefore, 

the total inverter harmonic current can be written as, 

 
|𝐹(𝐼𝑖𝑛𝑣)(𝑐

′𝑠′)(𝑡)| = 2|𝐹(𝐼𝑖𝑛𝑣,1)|(𝑐
′𝑠′)(𝑡) 

(7.23) 

As already mentioned, the goal of PWM Interleaving is to eliminate the dominant 

carrier frequency harmonics in the inverter input and in the capacitor current 

ripple. The interleaving angle is chosen accordingly for this purpose. For 

example, if the dominant harmonic frequency in the capacitor current ripple is 

observed to be at twice the switching frequency (𝑐′ = 2, 𝑐′𝑓𝑠 =  2𝑓𝑠), then an 

interleaving angle of 90° can be chosen to eliminate it. Substituting 𝑐′ = 2 and 

Ɵ𝐼𝑁𝑇 = 90° in equation 7.22 makes the whole term zero and eliminates the 

dominant harmonic frequency ( 𝑐′𝑓𝑠 )  from the inverter input current and 

eventually in the capacitor current ripple.  

 

In Fig 7.7(a), the capacitor current ripple and in Fig.7.8(a), the capacitor voltage 

ripple along with their respective FFTs for a simulated working point with a peak 

phase current (𝐼𝑝𝑒𝑎𝑘) of 746A for three-phase inverter are shown. The switching 

frequency of 8kHz is used for a working point with a fundamental stator 

frequency of 266,66Hz and with a torque of 288Nm. The frequency spectra 

show that both the capacitor current and voltage ripple in the three-phase 

inverter have a dominant harmonic frequency of 16kHz (𝑐′𝑓𝑠 = 2𝑓𝑠)  without 

PWM Interleaving. They also show that the other harmonic orders have 

frequencies which are multiples of the switching frequency or their side bands. 

The RMS value of the current ripple without PWM Interleaving is 298A, which is 

57% of the motor phase RMS current.  
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         (a)                                                          (b) 

 
  (c) 

Fig.7.7: Capacitor current ripple- (a) three-phase and dual three-phase PMSMs without 
Interleaving; (b) dual three-phase PMSM with 180° phase shifted windings and 90° 

Interleaving; (c) six-phase PMSM with 90° Interleaving 

By interleaving the carrier signal by an angle of 90° (Ɵ𝐼𝑁𝑇 = 90°), the capacitor 

current ripple for a dual three-phase inverter with a 180° phase shifted wound 

PMSM and for a six-phase inverter are shown in Fig.7.7(b) and Fig.7.7(c) 

respectively. The RMS value of the current has been reduced to 153A, which is 

almost 49% less than the current ripple without PWM Interleaving. The 

frequency spectra clearly show that the most dominant harmonic frequency 

2𝑓𝑠 is completely eliminated and that the amplitudes of other dominant harmonic 

frequencies are reduced. The harmonic frequency elimination can also be 

observed in the capacitor voltage ripple in Fig.7.8(b) and (c), drastically reducing 

the voltage ripple. 

 

𝑁𝑜 2𝑓𝑠 

𝑁𝑜 2𝑓𝑠 

2𝑓𝑠 

𝑓𝑠 
3𝑓𝑠 4𝑓𝑠 



7 PWM Interleaving 

101 
 

     
        (a)                                                      (b) 

  
  (c) 

Fig.7.8: Capacitor voltage ripple- (a) three-phase and dual three-phase PMSMs without 
Interleaving; (b) dual three-phase PMSM with 180° phase shifted windings and 90° 

Interleaving; (c) six-phase PMSM with 90° Interleaving 

 

To eliminate the harmonic frequencies in the capacitor whose frequencies are 

the side bands of 𝑓𝑠 and 3𝑓𝑠, Ɵ𝐼𝑁𝑇 = 180° can be used. The capacitor current and 

voltage ripples for a dual three-phase inverter with 180° phase shifted windings 

for an Interleaving angle of 180° is shown in Fig.7.9.  

 

𝑁𝑜 2𝑓𝑠 

𝑁𝑜 2𝑓𝑠 

2𝑓𝑠 

𝑓𝑠 3𝑓𝑠 4𝑓𝑠 
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  (a)                                                   (b) 

Fig.7.9: - Dual three-phase PMSM with 180° phase shifted windings and 180° 
Interleaving (Ɵ𝑰𝑵𝑻 = 𝟏𝟖𝟎°)- (a) Capacitor current ripple; (b) Capacitor voltage ripple 

 

It can be seen that the harmonic frequencies 𝑓𝑠 ± 3𝑓1 and 3𝑓𝑠 ± 3𝑓1 which are 

the sidebands of 8kHz and 24kHz respectively are eliminated compared to the 

three-phase inverter without Interleaving. The most dominant harmonic 

frequency 2𝑓𝑠  remains unchanged. Therefore 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠  can be seen to reduce 

only by 11.8%. Moreover, the capacitor voltage ripple is reduced only by 1.7V.  

 

From these analyses, it can be concluded that in order to accomplish the 

elimination of the most dominant harmonic capacitor current and voltage ripple 

frequency (𝑐′𝑓𝑠 = 2𝑓𝑠), using a 90° Interleaving angle is recommended. The DC 

link capacitor can therefore be dimensioned smaller, which offers huge potential 

in saving cost and installation space of the inverter in a dual three-phase or six-

phase electric drive. In the high speed regions, for the working points with 𝑚𝑖 >

0.8, Ɵ𝐼𝑁𝑇 = 180° is recommended as the dominant frequencies are the side 

bands of 𝑓𝑠. Comparative analysis of both, 90° and 180° Interleaving on the 

reduction of capacitor current ripple for the whole torque-speed characteristics 

will be discussed in detail in chapter 8.3. 

7.2 Differential harmonic voltages in d and q axis 

 

To understand the effect of PWM Interleaving and the generation of differential 

voltages, d and q axes equivalent circuits of dual three-phase and six-phase 

𝑁𝑜 3𝑓𝑠 𝑁𝑜 3𝑓𝑠 

2𝑓𝑠 2𝑓𝑠 

𝑁𝑜 𝑓𝑠 𝑁𝑜 𝑓𝑠 
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PMSMs as presented in Fig.4.4 can be examined. Without PWM Interleaving, 

the high frequency carrier and IGBT switching signals for phase groups in both 

three-phase inverter modules are the same at every point of time. Therefore, as 

seen in Fig.7.10(a), the voltages 𝑉𝑑1 and 𝑉𝑑2 in the d axis and 𝑉𝑞1 and 𝑉𝑞2 in the 

q axis are the same (𝑉𝑑1 − 𝑉𝑑2 = 0 𝑎𝑛𝑑 𝑉𝑞1 − 𝑉𝑞2 = 0). With PWM Interleaving, 

inverter input currents and inverter output AC voltages are phase shifted, which 

leads to voltage potential differences in the d axis and in the q axis (𝑉𝑑1 − 𝑉𝑑2 ≠

0 & 𝑉𝑞1 − 𝑉𝑞2 ≠ 0). 

          

      
(a)                                            (b)                                             (c) 

Fig.7.10: d and q axes differential voltages- (a) dual three-phase PMSMs Without 
Interleaving; (b) dual three-phase PMSM with 180° phase shifted windings and 90° 

Interleaving; (c) six-phase PMSM with 90° Interleaving 

 

The d and q axis differential voltages with 90° PWM Interleaving in dual three-

phase and six-phase inverters is shown in Fig.7.10(b) and (c) respectively. It 

can be seen that the differential voltage amplitudes of a six-phase inverter with 

PWM Interleaving are much higher comparatively. The dual three-phase 

inverter connected with the dual three-phase PMSM with 180° phase shifted 

windings for the simulated working point has a much reduced differential voltage 

amplitude in the d axis and slightly increased amplitude in the q axis. A six-

phase inverter even without PWM Interleaving, has a d and q axis differential 

voltage because of the 30° electrical phase shift between the voltages and 

currents of both three-phase systems, unlike the dual three-phase inverter. 

FFTs of these differential voltages shows that the frequencies appearing here 
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are the harmonic frequencies eliminated or reduced in the inverter input currents 

and the line to neutral voltages. 

 

  
    (a)                                                                    (b)                                              

 
     (c) 

Fig.7.11: Line to ground voltages 𝑽𝒂𝟎 and 𝑽𝒙𝟎- (a) dual three-phase PMSMs without 
Interleaving; (b) dual three-phase PMSM with 180° phase shifted windings and 90° 

Interleaving; (c) six-phase PMSM with 90° Interleaving 

 

The d and q axes voltages of both three-phase systems are transformed in to 

the stator fixed co-ordinate system reference voltages for phases a, b and c by 

inverse Park and inverse Clarke transformations. A triangular shaped zero 

sequence third order harmonic voltage is injected to these sinusoidal reference 

voltages and are compared with the high frequency triangular carrier signal to 

generate switching signals. The same can be said for phases x, y and z. The 

relation of the line to ground voltages of phase a from the first inverter module 

and phase x from the second inverter module without Interleaving can be 

expressed as, 

 𝑉𝑎0(𝑡) − 𝑉𝑥0(𝑡) = 0 (7.24) 
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In Fig.7.11(a) the line to ground voltages of phase a and phase x is shown for 

the dual three-phase PMSM without Interleaving. The same can be said for b-y 

and c-z phases. With PWM Interleaving, the difference is no longer zero and the 

relation can be expressed as, 

 𝑉𝑎0(𝑡) − 𝑉𝑥0(𝑡) ≠ 0 (7.25) 

  
   (a)                                                                     (b)                                      

 
     (c) 

Fig.7.12: Phase voltages 𝑽𝒂𝒃 and 𝑽𝒙𝒚- (a) dual three-phase PMSMs without 

Interleaving; (b) dual three-phase PMSM with 180° phase shifted windings and 90° 
Interleaving; (c) six-phase PMSM with 90° Interleaving 

 

The phase voltages which are the overlapping of line to ground voltages are 

shown in Fig.7.12. Without Interleaving, both line to ground and phase voltages 

between both the three-phase systems can be seen identical (Fig.7.11(a) and 

Fig.7.12(a)). Because of the phase shifted d and q axes voltages between both 

the three-phase systems with PWM Interleaving, phase shift also occurs in 

reference voltages, switching signals, line to ground voltages and phase 

voltages. This can be seen in Fig.7.11(b) and (c) as well as in Fig.7.12(b) and 

(c). PWM Interleaving phase shifts the voltages the most in the six-phase PMSM 
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because of the already existing 30° electrical phase shift between phases of 

both three-phase winding sets. 

7.3 Influence of PWM Interleaving on the multiphase PMSMs 

 

In this chapter, the influence of PWM Interleaving and of the harmonic 

frequencies on the different EM winding topologies investigated in this work are 

discussed. Similar to Table.6.2, the time harmonic frequencies in the stator- 

fixed co-ordinate system and in the rotor rotating co-ordinate systems for both 

the dual three-phase and six-phase PMSMs with Ɵ𝐼𝑁𝑇 = 90° and 180° PWM 

Interleaving are shown in Table.7.1. The dual three-phase PMSM with Ɵ𝐼𝑁𝑇 =

90° has dominant frequencies in the first and second system of the 𝑑 − 𝑞 axis, 

producing only harmonic fields and main as well as harmonic fields. For 

example, 2𝑓𝑠 ± 𝑓1 from the stator-fixed co-ordinate system induces 2𝑓𝑠 in 𝑑1 and 

2𝑓𝑠 + 2(Ɵ𝐼𝑁𝑇) in 𝑑2,  phase shifting each other by 180° and cancelling each other 

out in the air-gap. For the six-phase PMSM with 90° Interleaving, the 

frequencies producing only main fields and the frequencies producing only 

harmonic fields have increased compared to the six-phase PMSM without 

Interleaving.  

 

For example, 𝑓𝑠 + 2𝑓1  as well as 𝑓𝑠 + 4𝑓1  induce 𝑓𝑠 + 3𝑓1  in 𝑑1  and 𝑓𝑠 + 3(𝑓1 −

30°) + Ɵ𝐼𝑁𝑇 in 𝑑2 producing a main field and 𝑓𝑠 − 2𝑓1 as well as 𝑓𝑠 − 4𝑓1 induce 

𝑓𝑠 − 3𝑓1 in 𝑑1 and 𝑓𝑠 − 3(𝑓1 − 30°) + Ɵ𝐼𝑁𝑇  in 𝑑2 producing a harmonic field. On 

the other hand, the frequencies with phase shifts other than 0° and 180° do not 

exist. The associated derivations for these harmonics are described in detail in 

chapter 12.2 in the appendix. The effects of these harmonic frequencies on the 

EM losses are examined and compared in this chapter.  
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Frequencies producing 

main air gap field  

(Ɵ𝒅𝟏−𝒅𝟐 = Ɵ𝒒𝟏−𝒒𝟐 = 𝟎°) 

Frequencies producing 

harmonic air gap field 

(Ɵ𝒅𝟏−𝒅𝟐 = Ɵ𝒒𝟏−𝒒𝟐 =

±𝟏𝟖𝟎°) 

Frequencies producing 

both main and harmonic 

air gap field 

(Ɵ𝒅𝟏−𝒅𝟐 & Ɵ𝒒𝟏−𝒒𝟐 ≠

𝟎° 𝒐𝒓 ± 𝟏𝟖𝟎°) 

EM type 

Stator 

fixed co-

ordinate 

system 

Rotor 

rotating d-q 

co-ordinate 

system 

Stator 

fixed co-

ordinate 

system 

Rotor 

rotating d-q 

co-ordinate 

system 

Stator 

fixed co-

ordinate 

system 

Rotor 

rotating d-q 

co-ordinate 

system 

Dual three-

phase PMSM 

with 90° 

Interleaving 

4𝑓𝑠 ± 𝑓1 

 

4𝑓𝑠 

 

2𝑓𝑠 ± 𝑓1 2𝑓𝑠 
𝑓𝑠 ± 2𝑓1 
𝑓𝑠 ± 4𝑓1 

𝑓𝑠 ± 3𝑓1  

2𝑓𝑠 ± 5𝑓1 
2𝑓𝑠 ± 7𝑓1 

2𝑓𝑠 ± 6𝑓1 3𝑓𝑠 ± 2𝑓1 3𝑓𝑠 ± 3𝑓1  

Six-phase 

PMSM with 

90° 

Interleaving 

𝑓𝑠 + 2𝑓1 
𝑓𝑠 + 4𝑓1 

𝑓𝑠 + 3𝑓1 
𝑓𝑠 − 2𝑓1 
𝑓𝑠 − 4𝑓1 

𝑓𝑠 − 3𝑓1 
- 

 
2𝑓𝑠 ± 5𝑓1 
2𝑓𝑠 ± 7𝑓1 

2𝑓𝑠 ± 6𝑓1 2𝑓𝑠 ± 𝑓1 2𝑓𝑠 

3𝑓𝑠 − 2𝑓1 3𝑓𝑠 − 3𝑓1 3𝑓𝑠 + 2𝑓1 3𝑓𝑠 + 3𝑓1 
Dual three-

phase PMSM 

with 180° 

Interleaving 

2𝑓𝑠 ± 𝑓1 2𝑓𝑠 
𝑓𝑠 ± 2𝑓1 
𝑓𝑠 ± 4𝑓1 

𝑓𝑠 ± 3𝑓1  
- 

 2𝑓𝑠 ± 5𝑓1 
2𝑓𝑠 ± 7𝑓1 

2𝑓𝑠 ± 6𝑓1 3𝑓𝑠 ± 2𝑓1 3𝑓𝑠 ± 3𝑓1  

Six-phase 

PMSM with 

180° 

Interleaving 

2𝑓𝑠 ± 𝑓1 2𝑓𝑠 
2𝑓𝑠 ± 5𝑓1 
2𝑓𝑠 ± 7𝑓1 

2𝑓𝑠 ± 6𝑓1 

𝑓𝑠 + 2𝑓1 
𝑓𝑠 + 4𝑓1 

𝑓𝑠 + 3𝑓1 

𝑓𝑠 − 2𝑓1 
𝑓𝑠 − 4𝑓1 

𝑓𝑠 − 3𝑓1 

 
Table.7.1: Time harmonic frequencies in stator and rotor with 90° and 180° PWM 

Interleaving 

 

The phase currents of the different machines with and without Interleaving are 

shown in Fig.7.13. Without phase shifted carrier signals, the phase currents of 

both three-phase winding sets are identical at every point in time. This can be 

seen in Fig.7.13(a), where the phase currents of a dual three-phase PMSM 

without PWM Interleaving are shown. The phase currents of the six-phase 

PMSM with 90° Interleaving in Fig.7.13(c) show extremely high distortions, 

which will lead to very high EM losses. In Fig.7.13(b), the phase currents of the 

dual three-phase PMSM with 180° phase shifted windings and 90° Interleaving 
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are shown. The phase currents of both three-phase winding sets have reduced 

harmonics and are not identical at every point in time (phase shifted). 

 

  
    (a)                                                                     (b)                                              

 
     (c) 

Fig.7.13: Phase currents- (a) dual three-phase PMSMs without Interleaving; (b) dual 
three-phase PMSM with 180° phase shifted windings and 90° Interleaving; (c) six-

phase PMSM with 90° Interleaving 

 

From Table.7.1, it can be noticed that for the dual three-phase PMSM with 180° 

phase shifted windings, a 90° Interleaving has frequencies and side bands 

around twice the switching frequency producing only harmonic fields. Similarly, 

for the six-phase PMSM, some side band harmonics of the switching frequency 

and its multiples (𝑓𝑠 − 2𝑓1, 𝑓𝑠 − 4𝑓1, 2𝑓𝑠 ± 𝑓1) are 180° phase shifted between 𝑑1 

and 𝑑2 as well as between 𝑞1 and 𝑞2 systems. The fact that the amplitudes of 

these harmonics in the six-phase PMSM phase currents (Fig.7.14(c)), due to 

their low effective impedances, are extremely high compared to the dual three-

phase PMSM (Fig.7.14(b)) with 90° Interleaving and with the absence of pre-
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control or cancellation of the fifth and the seventh order harmonics 𝑣 = 5𝑝, 7𝑝, 

distorts the phase currents extremely. 

 

     
(a)                                             (b)                                             (c) 

Fig.7.14: FFT of phase currents- (a) dual three-phase PMSMs without Interleaving; (b) 
dual three-phase PMSM with 180° phase shifted windings and 90° Interleaving; (c) six-

phase PMSM with 90° Interleaving 

 

To explain this phenomenon, the d-q equivalent circuit of a multiphase PMSM 

from Fig.4.4 is used. For the purpose of simplicity, only the d-axis is considered. 

As seen in the previous section, PWM Interleaving produces differential voltages 

in d-q systems for both, the dual three-phase PMSM with 180° phase shifted 

windings, and the six-phase PMSM. In a distributed winding machine, the 

windings of both three-phase winding sets are wound close to each other over 

the stator circumference, also overlapping each other in the end windings. 

Because of this, the mutual inductance 𝐿𝑑12  between the winding sets is 

generally high but not high as the self-inductances 𝐿𝑑1 and 𝐿𝑑2. A six-phase 

PMSM, where the two three-phase winding sets are 30° electrically and 7.5° 

mechanically phase shifted, has slots with phases of the first three-phase 

winding set neighbored by slots with phases belonging to the second three-

phase winding set. Therefore, the mutual inductance 𝐿𝑑12  is very high. The 

Interleaving-induced high frequency differential voltages lead to differential 

currents with same frequencies. With higher mutual inductance 𝐿𝑑12 in a six-

phase PMSM, the effective impedance (𝐿𝑑1 + 𝐿𝑑2 − 2𝐿𝑑12) is very low and is 

unable to suppress the high frequency differential currents from PWM 

Interleaving, generating very high amplitudes of the frequency components [41]. 

2𝑓𝑠 ± 𝑓1 𝑓𝑠 ± 2𝑓1 

5𝑓1 
7𝑓1 2𝑓𝑠 ± 𝑓1 2𝑓𝑠 ± 𝑓1 𝑓𝑠 − 2𝑓1 

𝑓𝑠 − 4𝑓1 
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But in the dual three-phase PMSM, where the second three-phase winding set 

is 180° mechanically phase shifted, the mutual inductance 𝐿𝑑12 is comparatively 

much lower. The effective impedance (𝐿𝑑1 + 𝐿𝑑2 − 2𝐿𝑑12) is much higher and 

can suppress the harmonic differential currents. Therefore, even the frequency 

components producing only harmonic fields are suppressed compared to the 

six-phase PMSM, which reduces the phase current distortions (THD). 

 

Three-phase & 

dual three-phase 

PMSMs without 

Interleaving 

Dual three-phase 

PMSM with 180° 

phase shifted 

windings and 90° 

Interleaving 

Six-phase 

PMSM without 

Interleaving 

Six-phase 

PMSM with 90° 

Interleaving 

𝑷𝒇𝒆[𝑾] 751.8 845.07 900.71 1104.91 

𝑷𝒇𝒆,𝒔𝒕𝒂𝒕𝒐𝒓[𝑾] 630.54 671.63 783.22 986.86 

𝑷𝒇𝒆,𝒓𝒐𝒕𝒐𝒓[𝑾] 121.26 173.44 117.48 118.04 

𝑷𝒎𝒂𝒈[𝑾] 393.1 333.6 423.85 134.57 

𝑷𝒄𝒖,𝑻𝒐𝒕𝒂𝒍[𝑾] 4044,2 3866,43 3641.84 4174.66 

𝑷𝒗,𝑬𝑴[𝑾] 5181.9 5045.1 4966.4 5414.14 

 
Table.7.2: Loss comparison of the machines at 𝑵𝒎𝒆𝒄𝒉 = 𝟒𝟎𝟎𝟎𝒓𝒑𝒎, 𝑻𝒎𝒆𝒄𝒉 = 𝟐𝟖𝟖𝑵𝒎, 

𝑽𝑫𝑪 = 𝟑𝟕𝟎𝑽,  𝒇𝟏 = 𝟐𝟔𝟔. 𝟔𝟔𝑯𝒛, 𝒇𝒔 = 𝟖 𝒌𝑯𝒛, 𝒄𝒐𝒔𝝓 = 𝟎. 𝟖 and 𝒎𝒊 = 𝟎. 𝟕𝟒 

  

The EM losses of the machines with and without PWM Interleaving are shown 

in Table.7.2. PWM Interleaving increases the iron losses for both EMs, 

especially in the stator, due to the frequencies producing only harmonic fields. 

The rotor iron losses also increase in the dual three-phase PMSM with 

Interleaving because of the high frequency 3𝑓𝑠 ± 2𝑓1  harmonics inducing the 

harmonics 3𝑓𝑠 + 3𝑓1 and 3𝑓𝑠 − 3𝑓1 in the rotor which are 270° phase shifted in 

𝑑1 − 𝑑2 and 𝑞1 − 𝑞2 systems. These harmonics are not suppressed and appear 

in rotor with high amplitudes, increasing eddy current losses. The iron losses 

increase the most in the stator of the six-phase PMSM because of very high 

amplitudes of dominant frequencies producing only harmonics fields. These 

harmonics distort flux fields in the stator and increase the iron losses. To validate 

this phenomenon, the frequency spectra of the stator flux densities are 

investigated additionally and shown in Fig.7.15. 
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         (a)                                                        (b) 

  
                                                   (c) 

Fig.7.15: Magnetic flux densities in stator tooth- (a) dual three-phase PMSMs without 
Interleaving; (b) dual three-phase PMSM with 180° phase shifted windings and 90° 

Interleaving; (c) six-phase PMSM with 90° Interleaving 

 

In Fig.7.15(c), the iron flux density distortion for the six-phase PMSM can be 

noticed. The harmonic flux densities producing no main fields are highlighted 

and seen having higher amplitudes compared to the three-phase and dual three-

phase PMSM in Fig.7.15(a) and (b) respectively. On the other hand, these 

frequencies induce harmonics with zero or very low amplitudes in rotor and 

magnets. This applies also for the 2𝑓𝑠 ± 𝑓1  harmonics which are the most 

dominant for working points with 𝑚𝑖 < 0.8 . Therefore, the magnet losses 

decrease for both EMs with Interleaving. The flux density in the magnet of the 

dual three-phase PMSM with Interleaving can be seen to have reduced carrier 

harmonic frequency amplitude at 2𝑓𝑠 in Fig.7.16(b) compared to the three-phase 

PMSM magnet in Fig.7.16(a) and hence, reduces the magnet losses. In the six-

phase PMSM, the 𝑣 = 5𝑝, 7𝑝 harmonics do not induce the harmonic order µ =

 6 (𝑓µ = 6𝑓1) in the rotor of a six-phase PMSM (Fig.7.16(c)). Additionally, 2𝑓𝑠 is 

𝑓𝑠 − 2𝑓1 𝑓𝑠 − 4𝑓1 
2𝑓𝑠 ± 𝑓1 
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eliminated and 2𝑓𝑠 ± 6𝑓1 can be seen, which are induced from 2𝑓𝑠 ± 5𝑓1. Due to 

these reasons, the six-phase PMSM with Interleaving has the lowest magnet 

losses. 

     
(a)                                                        (b)                

 

(c) 

Fig.7.16: Magnetic flux densities in magnet- (a) dual three-phase PMSMs without 
Interleaving; (b) dual three-phase PMSM with 180° phase shifted windings and 90° 

Interleaving; (c) six-phase PMSM with 90° Interleaving 

 

Due to the reduced overall THD in phase currents (Fig.7.14(b)), the dual three-

phase PMSM with 180° phase shifted windings and 90° PWM Interleaving has 

reduced current displacement losses and therefore lower copper losses in the 

windings. As seen in Fig.7.14(c), the fundamental amplitude of the phase 

current I𝑝,1 for the six-phase PMSM is lower because of a better fundamental 

winding factor. Even with less fundamental copper losses, a very high increase 

of copper loss can be noticed for the six-phase PMSM with Interleaving in 

Table.7.2. This is due to extremely high AC current displacement losses in the 

windings, which originated from phase current harmonics.  

 

12𝑓1 

6𝑓1 

2𝑓𝑠 
12𝑓1 

6𝑓1 

No
6𝑓1 

2𝑓𝑠 

No 2𝑓𝑠 
2𝑓𝑠 − 6𝑓1 2𝑓𝑠 + 6𝑓1 

𝑓𝑠 ± 3𝑓1 

𝑓𝑠 + 3𝑓1 
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(a)                                                          (b)                                              

 

   (c) 

Fig.7.17: Torque- (a) dual three-phase PMSMs without Interleaving; (b) dual three-
phase PMSM with 180° phase shift and 90° Interleaving; (c) six-phase PMSM with 90° 

Interleaving 

The torque for the different machines with and without Interleaving are shown in 

Fig.7.17. The dominant harmonic frequencies in Fig.7.17(a) are the multiples of 

six times the fundamental frequency, predominantly 12 times the fundamental 

frequency (𝑓µ,𝑑𝑜𝑚𝑖𝑛𝑎𝑛𝑡 = 12𝑓1). Due to the 90° PWM Interleaving, the dominant 

carrier frequency at 2𝑓𝑠 is completely eliminated for both the dual three-phase 

with 180° phase shifted windings and the six-phase PMSMs. It can also be seen 

that the six-phase PMSM, despite having very high  𝑣 = 5𝑝, 7𝑝 harmonics in the 

phase current, does not induce the rotor harmonic frequency 𝑓µ = 6𝑓1 . This 

phenomenon was explained in detail in chapter 5.2. Therefore, considering all 

above-mentioned factors, the torque ripple is the lowest for the six-phase PMSM 

with 90° Interleaving.  

 

The dual three-phase PMSM, where the winding sets of two three-phase 

winding sets are wound in the same slot, has the highest mutual coupling and 

6𝑓1 

12𝑓1 

2𝑓𝑠 

12𝑓1 

𝑁𝑜 
 6𝑓1 

𝑁𝑜 
 2𝑓𝑠 

𝑁𝑜 
 2𝑓𝑠 6𝑓1 
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produces the highest amplitude of differential voltages due to PWM Interleaving 

operation. The mutual inductance 𝐿𝑑12 being extremely high in the dual three-

phase PMSM makes the effective impedance (𝐿𝑑1 + 𝐿𝑑2 − 2𝐿𝑑12) very low. 

Therefore, the  voltage harmonic frequencies shown in Table.7.1 for the dual 

three-phase PMSM does not get suppressed and appear in the phase currents 

with very high amplitudes. The phase currents of the machine are shown in 

Fig.7.18. Such an operation will lead to a drastic increase of EM losses. 

Therefore, PWM Interleaving is not recommend for this machine type and is not 

investigated further.  

 

   

Fig.7.18: Phase currents of the Dual three-phase PMSM with 90° PWM Interleaving 

 

Considering the circumstances, under which PWM Interleaving is possible, it 

can be concluded that the six-phase PMSM with very high mutual coupling and 

without the 5th and 7th order harmonic elimination has the most losses and 

reduces EM efficiency. The dual three-phase PMSM with 180° phase shifted 

windings is the best variant to utilize the advantages of PWM Interleaving due 

to the extremely small mutual coupling between the two three-phase winding 

sets. The capacitor voltage and current ripple can be reduced, and the DC link 

capacitor size can therefore be halved compared to the standard three-phase 

inverter. Even though the differential currents increase the iron losses, the 

selective harmonic elimination was shown to reduce magnet losses and AC 

copper losses. The influence of PWM Interleaving on the whole torque-speed 

range for the different machines investigated in this work will be discussed in 

detail in chapter 8.3. 
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8 Interpolation of the system-level investigation 

 

While it is important to estimate EM losses accurately through system-level 

investigations, it also needs to be understood that at present, the combined 

simulation of a VSI and a PMSM requires high computing time. One reason is 

the high inverter switching frequency which requires a very small simulation time 

step to generate accurate switching signals for the IGBTs on and off operations. 

Another reason is the prerequisite of very fine mesh in the coupled EM model. 

The decrease of skin depth due to the high frequency harmonics from PWM 

switching makes it necessary to use very fine mesh for accurate field generation 

and in particular to estimate the eddy current effects. Therefore, as a part of this 

dissertation, an effective and time-saving method is developed for the estimation 

of EM performance, which is shown in Fig.8.1. This method begins with a series 

of co-simulations of about 40 working points for all electrical machines 

investigated in this work. A Matlab script is then employed, which utilizes the 

results of the simulations and executes a very fine interpolation of the different 

maps for every 1Nm and for every 5rpm. The method generates different 

characteristic maps, such as capacitor current ripple, iron losses, magnet losses 

and copper losses in the EM for the entire torque-speed range. 

 

 

 

 

Fig.8.1: Simulation and interpolation method for system level investigations 

 

In Fig.8.2, the torque speed characteristics of the three-phase and the dual 

three-phase PMSMs are shown. The peak operation is shown in green and the 

continuous operation in blue. The working points simulated and used for the 

interpolation for the three-phase and both dual three-phase PMSMs are shown 

in black. Employing this method, studies are performed on the different EM 

losses from both sinusoidal and VSI switched current supply for the entire 

torque-speed range in this chapter. 

 

1. Three-phase PMSM; 

2. Dual three-phase PMSM; 

3. Dual three-phase PMSM with 

180° phase shifted windings 

 

i) Sinusoidal 

current supply 

 

 

Matlab script 

for 

Interpolation 

 

Characteristics maps: 

Iron losses, 𝑃𝑓𝑒 

Magnet losses, 𝑃𝑚𝑎𝑔 

Copper losses, 𝑃𝑐𝑢 

Capacitor current ripple, 𝐼𝑐𝑎𝑝  

𝐼𝑓𝑐𝑎𝑝 

ii) Co-Simulation 

(PWM supply) 
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Fig.8.2: Working points used for simulation and interpolation 

 

The dual three-phase PMSM with 180° phase shifted windings is analyzed with 

PWM Interleaving. The capacitor current ripple and the EM losses are compared 

to those of the three-phase PMSM. Moreover, interpolation results are validated 

for accuracy in this chapter. The six-phase PMSM is not investigated and focus 

is given to three-phase and dual three-phase PMSMs due to the reasons 

mentioned in chapter 5.2 and 6.5. 

8.1 Three-phase PMSM- Sinusoidal current supply 

 

The interpolated EM loss maps for a three-phase PMSM with sinusoidal current 

supply is shown in Fig.8.3. It can be seen that iron losses and magnet losses 

increase with rotational speed 𝑁𝑚𝑒𝑐ℎ. The hysteresis losses dominate the iron 

losses in the base speed region and the harmonics induced in rotor originate 

only from sources like winding displacement and stator slotting effects. Hence, 

without the effects of high frequency inverter switching, the eddy currents 

induced in the stator iron, rotor iron and especially magnets are very small. In 

high speed regions, the contribution of the eddy currents is significant because 

of the increase in the fundamental frequency 𝑓1 . This leads to a false 

interpretation and false calculation of losses especially in the base speed region. 

These effects were explained in detail in chapter 6. For simulation and 

calculation of the total copper losses and AC current displacement losses in the 

hairpin windings with sinusoidal currents, the analytical-numerical combined 
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method explained in chapter 6.4 is used. The total copper losses in Fig.8.3(c), 

which is the sum of DC and AC copper losses, are seen to be directly 

proportional to the RMS phase current amplitude 𝐼𝑝,𝑟𝑚𝑠 flowing in the windings. 

The AC current displacement losses in Fig.8.3(d) increase with increasing 

fundamental frequency 𝑓1 because of the increase in skin effect. 

 

        

   (a)                                             (b) 

 
    (c)                                              (d) 

Fig.8.3: Three-phase PMSM losses from sinusoidal currents- (a)𝑷𝒇𝒆 − 𝑺𝒊𝒏𝒖𝒔𝒐𝒊𝒅𝒂𝒍 ; (b) 

𝑷𝒎𝒂𝒈 − 𝑺𝒊𝒏𝒖𝒔𝒐𝒊𝒅𝒂𝒍; (c) 𝑷𝒄𝒖,𝑻𝒐𝒕𝒂𝒍 − 𝑺𝒊𝒏𝒖𝒔𝒐𝒊𝒅𝒂𝒍; (d) 𝑷𝒄𝒖,𝑨𝑪 − 𝑺𝒊𝒏𝒖𝒔𝒐𝒊𝒅𝒂𝒍 

 

8.2 Three-phase PMSM- VSI PWM switched current supply 

 

Concerning three-phase PMSM, when simulated with a coupled VSI, the iron 

losses shown in Fig.8.4(a) and the magnet losses in Fig.8.4(b) increase the 

most in the base speed region compared to the sinusoidal supply. This is due 

to the fact that, for modulation indices 𝑚𝑖 < 0.8, the phase voltages and currents 

[W] [W] 

[W] [W] 
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originating from high inverter switching operations have very high harmonic 

frequencies with high amplitudes, dominant frequencies being around 2𝑓𝑠±𝑓1. 

High frequency eddy currents with high amplitudes are induced in the stator iron 

and rotor iron, thereby increasing the eddy current loss proportion of the iron 

losses. The hysteresis losses also increase due to the increased minor loops in 

the B-H characteristic curve and contribute to the total increase in the iron losses. 

  

 
    (a)                                                                      (b) 

Fig.8.4: Three-phase PMSM losses from PWM and 𝒇𝒔 = 𝟖𝒌𝑯𝒛 - (a)𝑷𝒇𝒆 − 𝑷𝑾𝑴; (b) 

𝑷𝒎𝒂𝒈 − 𝑷𝑾𝑴 

With increase in rotational speed 𝑁𝑚𝑒𝑐ℎ and the fundamental frequency 𝑓1 as 

well as for modulation indices 𝑚𝑖 > 0.8, switching operations decreases and the 

machine inductance increases. Therefore, the phase currents with reduced 

fundamental amplitudes have dominant harmonic frequencies around 𝑓𝑠±2𝑓1 

and sometimes around the fundamental frequency 𝑓1. As a result, in the high 

speed region, the differences in iron losses between the sinusoidal currents and 

inverter switched currents are marginal. These combined effects can be seen in 

Fig.8.5(a), where the iron loss increase factor 𝐾𝑓𝑒  has been calculated and 

shown.  

 
𝐾𝑓𝑒 = 

𝑃𝑓𝑒−𝑃𝑊𝑀

𝑃𝑓𝑒−𝑆𝑖𝑛𝑢𝑠
 (8.1) 

[W] [W] 
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The fundamental stator field does not induce any harmonics in a PMSM rotor as 

the rotor rotates with the same speed. The proportion of eddy currents induced 

in the magnets because of the winding displacement and the stator slotting 

harmonics are very minimal. On the other hand, the inverter-induced harmonics 

induce eddy currents in the magnets with frequencies multiples of the switching 

frequency. The magnets are developed as individual blocks, where these eddy 

currents are not suppressed and flow easily, which increases magnet losses 

immensely as seen in Fig.8.4(b). The PWM-switched currents that are 

responsible for this enormous increase in magnet losses as well as the 

frequency spectra of the flux densities in magnets were discussed in detail in 

chapter 6.3. 

  

 
    (a)                                                                    (b) 

Fig.8.5: Loss increase factor - (a)𝑲𝒇𝒆 ; (b) 𝑲𝒎𝒂𝒈  

 

Further analysis on the magnet loss increase factor 𝐾𝑚𝑎𝑔 as shown in Fig.8.5(b) 

reveals that the factor increases to as high as 100 in the base speed region and 

in the high speed-low torque region. This demonstrates the importance of 

system simulations for an accurate estimation of magnet losses. 

 
𝐾𝑚𝑎𝑔 = 

𝑃𝑚𝑎𝑔−𝑃𝑊𝑀

𝑃𝑚𝑎𝑔−𝑆𝑖𝑛𝑢𝑠
 (8.2) 

[1] [1] 
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    (a)                                                                     (b) 

Fig.8.6: Three-phase PMSM copper losses from PWM with 𝒇𝒔 = 𝟖𝒌𝑯𝒛 - (a) 𝑷𝒄𝒖,𝑻𝒐𝒕𝒂𝒍 −

𝑷𝑾𝑴; (b) 𝑷𝒄𝒖,𝑨𝑪 − 𝑷𝑾𝑴 

 

The total copper losses and AC copper losses from PWM-switched currents are 

shown in Fig.8.6. The increase in copper losses arises from the increase in the 

AC current displacement losses as seen in Fig.8.6(b). The total copper loss and 

AC copper loss increase factors can be calculated by equations 8.3 and 8.4 and 

expressed in Fig.8.7. 

 
𝐾𝑐𝑢 = 

𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙−𝑃𝑊𝑀

𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙−𝑆𝑖𝑛𝑢𝑠
 (8.3) 

and 

 
𝐾𝑐𝑢,𝐴𝐶  =  

𝑃𝑐𝑢,𝐴𝐶−𝑃𝑊𝑀

𝑃𝑐𝑢,𝐴𝐶−𝑆𝑖𝑛𝑢𝑠

 
(8.4) 
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  (a)                                                        (b) 

Fig.8.7: Loss increase factor- (a)𝑲𝒄𝒖,𝑻𝒐𝒕𝒂𝒍 ; (b) 𝑲𝒄𝒖,𝑨𝑪 

 

Similar to the magnet losses, the AC copper losses or the current displacement 

losses increase the most for working points with lower modulation indices. This 

is predominantly due to the inverter generated high frequency 2𝑓𝑠 ± 𝑓1carrier 

harmonics with very high amplitudes especially in the low speed-high current 

region. The total copper losses increase factor ranges between 1.02 and 1.2 for 

most of the working points. The factor is as high as 2.9 in low speed-low torque 

regions where the AC copper loss increase factor can also be seen high.  

 

The RMS DC link capacitor current ripple for a three-phase inverter without 

PWM Interleaving is shown in Fig.8.8. It can be seen that the RMS value of the 

current ripple is directly proportional to the amplitude of the phase currents. The 

maximum current ripple for a three-phase inverter at the low speed-high torque 

region with a 𝑐𝑜𝑠𝜙 of 0.78 and 𝑚𝑖 of 0.45 has a RMS value 386A, which equals 

almost 70% of the RMS phase current amplitude. 

[1] [1] 
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Fig.8.8: Capacitor current ripple- 𝑰𝒄𝒂𝒑 three-phase drive without PWM Interleaving 

 

To validate the interpolation results, four new working points were additionally 

chosen and co-simulations were performed. These working points are shown in 

red in the Fig.8.2 and were not used for the interpolation. The simulated iron 

losses, magnet losses and capacitor current ripple for the first working point at 

4000rpm and 200Nm are shown below in Fig.8.9. 

 

 

Fig.8.9: Simulation results, 4000rpm and 200Nm without PWM Interleaving 

 

The interpolated and the simulated results for this working point as well as the 

other ones are compared in the Table.8.1, where the percentage differences 

between them are also displayed. Even though, the percentage difference is as 

high as 10%, the absolute difference in value is less. However, the differences 

can be decreased by increasing the number of samples (simulated working 

[A] 
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points) used for the interpolation, at the cost of more simulation time. 

 

Table.8.1: Comparison of interpolation and simulation results- Three-phase PMSM 

 

For a SVPWM VSI coupled simulation without PWM Interleaving, both dual 

three-phase PMSMs have identical performances and losses compared to the 

standard three-phase PMSM. Therefore, they are not investigated additionally. 

In chapter 7.3, PWM Interleaving in the dual three-phase PMSM where the 

windings of phases in both three-phase sets are in the same slot, was shown to 

increase the phase current distortions extremely. Therefore, the PWM method 

is not applied to the machine and is not further investigated. In chapters 7.2 and 

7.3, the dual three-phase PMSM with 180° phase shifted windings having 

reduced mutual inductances between the two three-phase winding sets was 

shown to reduce the amplitudes of the differential voltages and currents as well 

reduce the magnet losses and AC copper losses. For these reasons, only this 

machine was operated with PWM Interleaving.  

Working points  Interpolation Simulation Difference (%) 

1) 

4000rpm- 

200Nm 

𝑷𝒇𝒆(𝑾) 667.3 675 1.15 

𝑷𝒎𝒂𝒈(𝑾) 341.5 344.10 0.76 

𝑷𝒄𝒖(𝑾) 2092 2031.98 2.91 

𝑷𝒄𝒖,𝑨𝑪(𝑾) 165.3 162,75 1.55 

𝑰𝒄𝒂𝒑(𝑨) 219.1 218.30 0.37 

2) 

6000rpm- 

125Nm 

𝑷𝒇𝒆(𝑾) 867.8 887.44 2.23 

𝑷𝒎𝒂𝒈(𝑾) 208 208.52 0.24 

𝑷𝒄𝒖(𝑾) 988 943.36 4.62 

𝑷𝒄𝒖,𝑨𝑪(𝑾) 112.1 110.51 1.42 

𝑰𝒄𝒂𝒑(𝑨) 119.5 119.28 0.18 

3) 

7000rpm-

150Nm 

𝑷𝒇𝒆(𝑾) 1054 1047.51 0.62 

𝑷𝒎𝒂𝒈(𝑾) 239.7 215.84 10.42 

𝑷𝒄𝒖(𝑾) 1522 1442 5.38 

𝑷𝒄𝒖,𝑨𝑪(𝑾) 143.3 136.27 5.02 

𝑰𝒄𝒂𝒑(𝑨) 133.3 138.19 3.6 

4) 

9000rpm- 

50Nm 

𝑷𝒇𝒆(𝑾) 842.8 852.83 1.18 

𝑷𝒎𝒂𝒈(𝑾) 210.7 204.39 3.04 

𝑷𝒄𝒖(𝑾) 295.8 267.1 10.19 

𝑷𝒄𝒖,𝑨𝑪(𝑾) 49.88 52.93 5.93 

𝑰𝒄𝒂𝒑(𝑨) 57.49 55.96 2.70 
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8.3 Dual three-phase PMSM with 180° phase shifted winding sets- VSI 

with PWM Interleaving  

 

Interleaving angles 𝜃𝐼𝑁𝑇 = 90° and 180° are used for the system simulations for 

the dual three-phase PMSM with 180° phase shifted windings.  

 

 
    (a)                                                                     (b) 

Fig.8.10: Capacitor current ripple 𝑰𝒄𝒂𝒑 for a dual three-phase drive with 180° phase 

shifted windings and with PWM Interleaving- (a) Ɵ𝑰𝑵𝑻 = 𝟗𝟎°; (b) Ɵ𝑰𝑵𝑻 = 𝟏𝟖𝟎° 

 

Due to the successive dominant harmonic frequency cancellation at 2𝑓𝑠 and its 

side bands in the inverter input currents with 90° PWM Interleaving, a 40-50% 

reduction in the capacitor current ripple is realized for almost the entire torque-

speed range. This is evident from Fig.8.10 and by comparing it with Fig.8.8 of a 

standard three-phase inverter. On the other hand, 180° PWM Interleaving 

benefits the dual three-phase PMSM more than the six-phase PMSM (Table 

7.1) by eliminating the harmonic frequencies 𝑓𝑠, 3𝑓𝑠  and their side bands, 

especially for high speed working points with 𝑚𝑖 > 0.8 . In Table.8.2, the 

capacitor current ripple is compared for different EMs and for both interleaving 

angles at 16000rpm, 𝑚𝑖 = 0.96. It is apparent from the table that 180° PWM 

Interleaving profits the most in the high speed region and is better suited for the 

dual three-phase PMSM with 180° phase shifted windings than for the six-phase 

PMSM.  

[A] [A] 

Ɵ𝐼𝑁𝑇 = 90° 

recommended 
Ɵ𝐼𝑁𝑇 = 180° 

recommended 
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Three-phase & 

dual three-phase 

PMSMs without 

Interleaving 

Dual three-phase 

PMSM with 180° 

phase shifted 

windings and 90° 

Interleaving 

Dual three-phase 

PMSM with 180° 

phase shifted 

windings and 

180° Interleaving 

Six-phase PMSM 

with 180° 

Interleaving 

𝑰𝒄𝒂𝒑[𝑨] 58A 50A 40A 45A 

Table.8.2: Capacitor current ripple at 
𝑵𝒎𝒆𝒄𝒉: 𝟏𝟔𝟎𝟎𝟎𝒓𝒑𝒎, 𝒇𝟏: 𝟏𝟎𝟔𝟔. 𝟔𝟔𝑯𝒛, 𝑽𝑫𝑪: 𝟑𝟕𝟎𝑽,𝒎𝒊: 𝟎. 𝟗𝟔 

 

Despite this advantage, the capacitor current ripple in the base speed region 

can be reduced by only 10-20% (Fig.8.10(b)) as the most dominant frequency 

2𝑓𝑠  and its side bands remains unaffected. More detailed analysis and 

understanding of the influence of PWM Interleaving angle on the elimination of 

DC side dominant harmonic frequencies were provided in chapter 7.1. With less 

influence in the base speed regions, where the capacitor current ripple is very 

high, 180° PWM Interleaving provides minimal opportunities for better thermal 

management, reducing the size of the DC link capacitor and increasing the 

power density of the electric drive. Therefore, further analysis of the effects of 

Interleaving on the EM loss maps are performed only with 𝜃𝐼𝑁𝑇 = 90°. 

 

The iron and magnet losses for the machine with PWM Interleaving are shown 

in Fig.8.11. Due to the phase shifted d and q axis voltages between the first and 

second three-phase systems, frequencies generating only harmonic fields and 

both main and harmonic fields increases. Because the harmonic impedances 

for these frequencies are very low, harmonic flux density fields with high 

amplitudes are induced in the iron and therefore iron losses generally increase 

for the entire torque-speed range. However, due to the elimination of dominant 

2𝑓𝑠  and all its side bands frequencies for 𝑚𝑖 < 0.8 , the amplitude of eddy 

currents induced in magnets and therefore also the magnet losses decreases. 
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    (a)                                                                     (b) 

Fig.8.11: Dual three-phase PMSM with 180° phase shifted windings and with PWM 
Interleaving: Ɵ𝑰𝑵𝑻 = 𝟗𝟎°- (a) Iron losses 𝑷𝒇𝒆; (b) Magnet losses 𝑷𝒎𝒂𝒈 

 

    (a)                                                                      (b) 

Fig.8.12: Dual three-phase PMSM with 180° phase shifted windings and with PWM 
Interleaving: Ɵ𝑰𝑵𝑻 = 𝟗𝟎°- (a) Total copper losses 𝑷𝒄𝒖,𝑻𝒐𝒕𝒂𝒍; (b) AC Copper losses 𝑷𝒄𝒖,𝑨𝑪 

 

Similarly, for the above mentioned reason, copper losses are reduced due to 

the reduction in current displacement losses or AC copper losses, especially in 

low speed-high torque regions due to PWM Interleaving as shown in Fig.8.12.  

[W] [W] 

[W] [W] 
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This is evident by comparing the 𝑃𝑐𝑢,𝐴𝐶  losses between Fig.8.12(b) and 

Fig.8.6(b). Detailed interpretations of the losses and flux densities in stator and 

rotor with and without PWM Interleaving were discussed in the chapter 7.3. 

 

Similar to the previous section, simulations were performed to check the 

interpolation results of the dual three-phase PMSM with 180° phase shifted 

windings and 90° PWM Interleaving. 

 

  
 

Fig.8.13: Simulation results, 4000rpm and 200Nm with PWM Interleaving 

 

The simulated iron losses, magnet losses and capacitor current ripple for the 

first working point at 4000rpm and 200Nm are shown in Fig.8.13. The 

interpolated and the simulated results are compared in the Table.8.3. In general, 

the comparison is very good.  
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Working points  Interpolation Simulation Difference (%) 

 

1) 

4000rpm; 

200Nm 

𝑷𝒇𝒆(𝑾) 783 786.32 0.42 

𝑷𝒎𝒂𝒈(𝑾) 304.7 306.01 0.43 

𝑷𝒄𝒖(𝑾) 2057 2011.93 2.21 

𝑷𝒄𝒖,𝑨𝑪(𝑾) 133.8 129.33 3.39 

𝑰𝒄𝒂𝒑(𝑨) 107.9 109.68 1.64 

 

2) 

6000;  

125Nm 

𝑷𝒇𝒆(𝑾) 942.7 961.70 2 

𝑷𝒎𝒂𝒈(𝑾) 273.7 261.43 4.59 

𝑷𝒄𝒖(𝑾) 985.6 953.17 3.34 

𝑷𝒄𝒖,𝑨𝑪(𝑾) 104.7 107.69 2.81 

𝑰𝒄𝒂𝒑(𝑨) 74.6 75.24 0.85 

 

3) 

7000;  

150Nm 

𝑷𝒇𝒆(𝑾) 1148 1129.29 1.64 

𝑷𝒎𝒂𝒈(𝑾) 241.6 240.78 0.34 

𝑷𝒄𝒖(𝑾) 1520 1435.13 5.74 

𝑷𝒄𝒖,𝑨𝑪(𝑾) 123.8 135.61 9.1 

𝑰𝒄𝒂𝒑(𝑨) 85.4 86.30 1.05 

 

4) 

9000; 

50Nm 

𝑷𝒇𝒆(𝑾) 968.3 968.38 0.01 

𝑷𝒎𝒂𝒈(𝑾) 174.8 184.04 5.15 

𝑷𝒄𝒖(𝑾) 291.5 265.04 9.5 

𝑷𝒄𝒖,𝑨𝑪(𝑾) 47.21 52.51 10.62 

𝑰𝒄𝒂𝒑(𝑨) 37.05 36.46 1.61 

 
Table.8.3: Comparison of interpolation and simulation results- Dual three-phase PMSM 

with PWM Interleaving 

 

The total EM losses which is the sum of iron losses, magnet losses and copper 

losses for both three-phase PMSM without PWM Interleaving and the dual 

three-phase PMSM with 180° phase shifted windings and 90° PWM Interleaving 

is shown in Fig.8.14(a) and (b) respectively. The differences in total EM losses 

are shown in Fig.8.14(c). The area inside the red dotted lines consists of the 

working points where the total EM losses of dual three-phase PMSM with 90° 

PWM Interleaving are equal to or less than the total EM losses of the three-

phase PMSM. 
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         (a)                                                                             (b) 

 
                (c) 

Fig.8.14: (a) 𝑷𝒗,𝑬𝑴 - Three-phase and dual three-phase PMSMs without PWM 

Interleaving; (b) 𝑷𝒗,𝑬𝑴 - dual three-phase PMSM with 180° phase shifted windings and 

90° PWM Interleaving; (c) Difference in EM losses 𝜟𝑷𝒗,𝑬𝑴 

 

The reasons for the decrease in total losses are mainly due to the selective 

harmonic cancellation of high frequency harmonic frequencies with Interleaving, 

which reduces the phase current THD, magnet losses and AC copper losses, 

and partially due to the insignificant increase in iron losses in this area. The DC 

link capacitor has the highest current and voltage ripple for the working points 

inside the area marked with red dotted lines. With 90° PWM Interleaving, the 

Lower losses 

and better 

efficiency with 

PWM 

Interleaving 

[W] 

[W] [W] 
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capacitor current ripple can be reduced up to 50% and the decrease in losses 

in the dual three-phase PMSM with 180° phase shifted windings for these 

working points is an additional benefit. 

 

To summarize, 90° PWM Interleaving can be activated for the working points 

inside the highlighted area. For the rest of the working points, amplitudes of 

phase currents and capacitor current ripple are not high and therefore, it is 

suggested to deactivate PWM Interleaving. By doing so, the DC link capacitor 

size can be dimensioned smaller, losses in the dual three-phase PMSM can be 

maintained and even decreased for some working points and the power density 

of the six-phase system can be increased.  
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9 Redundancy analysis 

 

One of the biggest advantages of the dual three-phase and six-phase PMSMs 

compared to the standard three-phase PMSM consists in their redundancy 

capabilities. As seen in Fig.2.13, the multiphase inverter modules enable the 

control of both three-phase inverter modules and winding sets independently. In 

this chapter, the redundancy capabilities of both dual three-phase and six-phase 

PMSMs are analyzed by executing an OCF for a complete three-phase winding 

set and examining their performance and losses in post-fault operation. Four 

different working points for the machines are simulated and their results are 

compared. Simulations of normal operation are performed for two electrical 

periods where all six phases are operated. Afterwards, the second three-phase 

winding set is open circuited and operated for another two electrical periods. 

The investigative results of the normal operation, termed as pre-fault and the 

faulty operation, termed as post-fault are displayed in Table.9.1 for all the 

machines.  

 

For both dual three-phase PMSMs, the torques (𝑇𝑚𝑒𝑐ℎ) and the losses 

(𝑃𝑣,𝐸𝑀) during pre-fault are identical because of their electromagnetic 

similarities. The six-phase PMSM with 30° winding phase shift does not produce 

any main field for the harmonics 𝑣 = (6n ± 1)p, n = 1,3,5… and also certain high 

frequency PWM-induced harmonics. Additionally, the absence of fifth and 

seventh order voltage harmonics pre-control in the six-phase PMSM, generates 

higher phase current distortions and increases iron losses (𝑃𝑓𝑒). Having said 

that, these harmonics induce much lower amplitudes of multiples of sixth order 

harmonics and eliminate some high frequency harmonics (2𝑓𝑠 ± 6𝑓1) in the rotor 

and magnets. Therefore, the magnet losses (𝑃𝑚𝑎𝑔) in the six-phase PMSM are 

lower. This is not the case for all working points because, in low speed-high 

torque regions the dominant frequencies 2𝑓𝑠 ± 𝑓1  have very high amplitudes. 

Therefore, the magnet losses for the six-phase PMSM are higher in these 

regions as already seen in chapters 6.5 and 7.3. During normal operation, the 

six-phase PMSM with a better fundamental winding factor 𝜉𝑝 requires a smaller 

RMS current amplitude 𝐼𝑝,𝑟𝑚𝑠  and therefore lower DC copper losses 𝑃𝑐𝑢,𝐷𝐶 . 

However, because of higher phase current distortions, the AC current 

displacement losses 𝑃𝑐𝑢,𝐴𝐶 are higher. Therefore, depending on the proportion 
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of AC current displacement losses, the copper losses are smaller for some 

working points and higher for the other ones. 

 
 

Table.9.1: Comparison of pre-fault and post-fault performances- Torque and EM 
losses of different investigated machines 

 

After the execution of open circuit fault for phases x, y and z, the performances 

are different for all the machines. The deviation in performance depends on the 

level of asymmetry present in the machine. In the dual three-phase PMSM, the 

two three-phase windings (a, b, c and x, y, z) are wound in the same slot as 

seen in Fig.3.2(a). Therefore, the symmetry is very high, leading to lower EM 

losses. The dual three-phase PMSM with 180° phase shifted windings has the 

two three-phase windings wound 180° mechanically apart in the upper and 

lower circumference respectively of the stator (Fig.3.2(b)). In the event of a 

Dual three-phase PMSM 

𝑵𝒎𝒆𝒄𝒉 

(rpm) 

𝑻𝒎𝒆𝒄𝒉 (𝑵𝒎) 𝑷𝒇𝒆 (𝑾) 𝑷𝒎𝒂𝒈 (𝑾) 𝑷𝒄𝒖(𝑾) 𝑷𝒗,𝑬𝑴(𝑾) 

Pre-fault 
Post-

fault 

Pre-

fault 

Post-

fault 

Pre-

fault 

Post-

fault 

Pre-

fault 

Post-

fault 

Pre-

fault 

Post-

fault 

2000 174 72 333 245 244 97 1470 560 2047 902 

6000 112 46 861 580 247 137 795 303 1903 1020 

8000 83 32 924 660 290 134 572 227 1786 1021 

10000 64 24 1022 757 304 158 571 226 1897 1141 

Dual three-phase PMSM with 180° phase shifted windings 

𝑵𝒎𝒆𝒄𝒉 

(rpm) 

𝑻𝒎𝒆𝒄𝒉 (𝑵𝒎) 𝑷𝒇𝒆 (𝑾) 𝑷𝒎𝒂𝒈 (𝑾) 𝑷𝒄𝒖(𝑾) 𝑷𝒗,𝑬𝑴(𝑾) 

Pre-fault 
Post-

fault 

Pre-

fault 

Post-

fault 

Pre 

fault 

Post-

fault 

Pre-

fault 

Post-

fault 

Pre-

fault 

Post-

fault 

2000 173 78 341 279 249 102 1467 580 2057 961 

6000 112 53 861 787 247 145 797 335 1905 1267 

8000 83 40 923 981 294 172 571 239 1788 1392 

10000 66 31 1034 1234 300 191 580 250 1914 1675 

Six-phase PMSM 

𝑵𝒎𝒆𝒄𝒉 

(rpm) 

𝑻𝒎𝒆𝒄𝒉 (𝑵𝒎) 𝑷𝒇𝒆 (𝑾) 𝑷𝒎𝒂𝒈 (𝑾) 𝑷𝒄𝒖(𝑾) 𝑷𝒗,𝑬𝑴(𝑾) 

Pre-fault 
Post-

fault 

Pre-

fault 

Post-

fault 

Pre 

fault 

Post-

fault 

Pre-

fault 

Post-

fault 

Pre-

fault 

Post-

fault 

2000 173 69 472 221 206 62 1399 523 2077 806 

6000 110 45 1149 583 151 108 775 297 2075 988 

8000 81 31 1162 685 132 101 576 231 1870 1017 

10000 61 22 1247 857 133 115 590 241 1970 1213 
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three-phase OCF, either the windings of phases in the upper or in the lower 

circumference of the stator are operated, which leads to very high asymmetries 

in flux, flux linkages, induced voltages and phase currents. This phenomenon 

increases EM losses drastically. The difference in torque between the machines 

in the post-fault operation arises from the difference in reluctance torque when 

only the phases a, b and c are operated. The six-phase PMSM has the least 

torque generated during post-fault. This is partly due to the reduction in 

reluctance torque and partly due to the fact that the six-phase PMSM during 

post-fault alters to a three-phase PMSM. The winding factor is therefore reduced 

to that of a three-phase PMSM and since the 𝐼𝑑 − 𝐼𝑞  current combination 

remains the same for the phases in operation, the six-phase PMSM produces 

the least torque. This is also the reason why EM losses are lowest during post-

fault operation.  

 

For better understanding, detailed investigations on the pre-fault and post-fault 

performances are performed for all three electrical machines for one working 

point from Table.9.1 (𝑁𝑚𝑒𝑐ℎ = 8000rpm, 𝑇𝑚𝑒𝑐ℎ = 83Nm, 𝑓𝑠 = 8kHz and 𝑉𝐷𝐶 = 

370V). The second three-phase winding set is open circuited at  𝑇𝑂𝐶𝐹 = 3.75ms. 

The electrical machines are rated for both, the normal and redundancy operation 

for criteria such as phase current distortions, EM losses, symmetry in magnetic 

field and torque produced. For the three-phase OCF fault occurrence, the 

switching signals are turned off by setting and maintained at zero for phases x, 

y and z. The upper and lower IGBT switching signals for all phases in pre- and 

post-fault operations can be seen in Fig.9.1. The relation of the switching signals 

for phase a, b and c expressed in equation 2.3 can be extended for phases x, y 

and z as well. Additionally, for the fault occurrence and for the entire duration of 

the fault, the reference d and q axis currents for the second three-phase inverter 

are set to zero (𝐼𝑑2 = 𝐼𝑞2 = 0). This can be seen in Fig.9.2, where the 𝐼𝑑1,2 and 

𝐼𝑞1,2 of the different machines along with their reference values are shown. 
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(a)                                                                    (b) 

Fig.9.1: Switching signals during pre- and post-fault operation- (a) Upper IGBT signals; 
(b) Lower IGBT signals 

 

The curves are the transformation result of the stator fixed coordinate system to 

rotor rotating coordinate system (𝐼𝑎𝑏𝑐 𝐼𝑑𝑞1 and 𝐼𝑥𝑦𝑧 𝐼𝑑𝑞2).  

 

  
(a)                                                                   (b)  

 

        (c) 

 

Fig.9.2: d and q axis currents- (a) dual three-phase PMSM; (b) dual three-phase PMSM 

with 180° phase shifted windings; (c) six-phase PMSM 

The phase currents for the machines are shown in Fig.9.3. It is evident that, until 

the event of the fault (𝑇𝑂𝐶𝐹 = 3.75ms), the phase currents of both dual three-

phase PMSMs are identical as seen in Fig.9.3(a) and (b). The compensation for 
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fifth and seventh order harmonic is not developed as a part of this work and is 

not active during normal operation. Therefore, the phase currents of the six-

phase PMSM have higher phase current distortions (Fig.9.3(c)). In post-fault 

operation, the currents of the second three-phase winding set are 𝐼𝑥𝑦𝑧 = 0. The 

currents 𝐼𝑎𝑏𝑐  have increased distortions for the dual three-phase PMSM and 

have both increased distortions and offset in their amplitudes for the dual three-

phase PMSM with 180° phase shifted winding set. As mentioned before, when 

a three-phase winding set is open circuited for the six-phase PMSM, the 

electromagnetic performance is similar to a three-phase PMSM. Therefore, the 

fifth and seventh order current harmonics are suppressed due to increased 

effective impedances for these harmonics. This phenomenon decreases the 

phase current distortions. 

 

  
(a)                                                                    (b) 

 

    (c) 

 

Fig.9.3: Phase currents- (a) dual three-phase PMSM; (b) dual three-phase PMSM with 

180° phase shifted windings (c) six-phase PMSM 

 

In Table.9.2, RMS amplitudes of the induced voltages (𝑉𝑖𝑛𝑑,𝑝,𝑟𝑚𝑠) and phase 

currents ( 𝐼𝑝,𝑟𝑚𝑠 ) in pre- and post-fault operations are shown. During fault 

operation, the dual three-phase PMSM has induced voltages with identical but 

reduced amplitudes for all phases. This is due to the extremely high symmetry 
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of the windings present in the same slots, which, even during post-fault 

operation, links the same amount flux in the phase windings that are not in 

operation (x, y & z) compared to the phases that are in operation (a, b & c). 

 Dual three-phase PMSM 
Dual three-phase PMSM 
with 180° phase shifted 

windings 
Six-phase PMSM 

Phase 
𝑽𝒊𝒏𝒅,𝒑,𝒓𝒎𝒔 (𝑽) 𝑰𝒑,𝒓𝒎𝒔 (𝑨) 𝑽𝒊𝒏𝒅,𝒑,𝒓𝒎𝒔 (𝑽) 𝑰𝒑,𝒓𝒎𝒔 (𝑨) 𝑽𝒊𝒏𝒅,𝒑,𝒓𝒎𝒔 (𝑽) 𝑰𝒑,𝒓𝒎𝒔 (𝑨) 

Pre-
fault 

Post-
fault 

Pre-
fault 

Post-
fault 

Pre-
fault 

Post-
fault 

Pre-
fault 

Post-
fault 

Pre-
fault 

Post-
fault 

Pre-
fault 

Post-
fault 

a 152.6 137.4 95.6 97.5 153.2 173.9 95.1 93.8 157,2 135.4 93.4 95.4 

b 152.1 138.1 95.9 97.4 152.7 139.1 95.3 104.1 156.8 135.9 93.6 95.3 

c 153.1 135.2 95.3 97.6 153.6 155.4 95.2 96.3 156.8 135.6 93.8 95.5 

x 152.6 137.2 95.6 0 153.1 94.4 95.2 0 157 118.4 93.8 0 

y 152.1 138 95.9 0 152.9 140.5 95.3 0 156.3 118.2 93.1 0 

z 153.1 135.0 95.7 0 153.5 153.5 95.1 0 156.8 118.2 93.7 0 

 
Table.9.2:  Amplitude comparison of phase currents and induced voltages at pre- and 

post-fault operation 

 

Because of the asymmetry, the flux developed and the flux linkages of phases 

in the post fault operation for the machine with 180° phase shifted windings are 

different. Therefore, the induced voltages as well as phase currents contain 

offset in the phases in operation, leading to different and sometimes higher RMS 

amplitudes. This is due to the fact that induced voltages are not only proportional 

to the rotational EMF produced by the rotation of magnets, but also to the EMF 

induced by the variation of self and mutual inductances between phases [30]. 

The variation of flux and flux linkage, which leads to higher inductance variation, 

will be discussed later in this chapter. Because of the 30° electrical phase shift 

between the two three-phase winding sets and wound in neighboring slots, the 

induced voltages of the phases not in operation have reduced but identical 

amplitudes in the six-phase PMSM. The FFT of phase currents for both dual 

three-phase PMSMs in pre-fault operation is shown in Fig.9.4(a). Along with 

some lower order space harmonics, the high frequency inverter induced time 

harmonics around the switching frequency 𝑓𝑠 and twice the switching frequency 

2𝑓𝑠 are seen. An increase of the fifth and seventh order harmonics (5𝑓1 , 7𝑓1) and 

the harmonic frequencies 2𝑓𝑠 ± 𝑓1 is noticed for the dual three-phase PMSM in 

post-fault operation, as seen in Fig.9.4(b), which increases the phase current 

distortions.  
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                      (a)                                               (b)                                               (c) 

 

Fig.9.4: FFT of phase currents- (a) dual three-phase PMSMs at pre-fault; (b) dual three-

phase PMSM at post-fault; (c) dual three-phase PMSM with 180° phase shifted 

windings at post-fault 

 

The dual three-phase PMSM with 180° phase shifted windings introduces a very 

high third order harmonic (3𝑓1) along with other lower order harmonics in the 

phase currents, as seen in Fig.9.4(c). This is due to the unbalanced air gap field 

leading to static eccentricity, which induces lower order permeance harmonics 

in the rotor. The same can be said for induced voltages in the stator windings 

from rotating permanent magnets in the rotor [89]. The EM losses are therefore 

the highest for this machine in the redundancy operation. The six-phase PMSM 

without harmonic compensation has phase currents with the highest distortions 

and the highest fifth and seventh order harmonic amplitudes, as highlighted in 

Fig.9.5(a). Additionally, the harmonic frequencies 𝑓𝑠 ± 2𝑓1  have higher 

amplitudes because they produce not only main fields but also harmonic fields 

and are not suppressed. Therefore, during normal operation, the six-phase 

PMSM produces the highest EM losses. In the post-fault operation, as already 

mentioned, the six-phase PMSM behaves like a three-phase PMSM. Therefore, 

main air gap fields are generated for 𝑣 = 5𝑝 and 7𝑝 harmonics as well as for the 

time harmonic frequencies 𝑓𝑠 ± 2𝑓1, which suppress their amplitudes as seen in 

Fig.9.5(b). On the other hand, the carrier harmonic amplitudes for 2𝑓𝑠 ± 𝑓1 have 

marginally increased.  

2𝑓𝑠±𝑓1 
5𝑓1 7𝑓1 

3𝑓1 

5𝑓1 
13𝑓1 2𝑓𝑠±𝑓1 𝑓𝑠±2𝑓1 



9 Redundancy analysis 

138 
 

      
(a)                                                  (b)                 

Fig.9.5: FFT of phase currents- (a) six-phase PMSM at pre-fault; (b) six-phase PMSM at 
post-fault 

 

The d and q axis flux (𝜓𝑑1, 𝜓𝑞1 𝑎𝑛𝑑 𝜓𝑑2,𝜓𝑞2) for the working point are shown in 

Fig.9.6. They are derived from equations 5.7-5.10 for 𝛾′ = 1 with ϒ= 0 for the 

dual three-phase PMSMs or ϒ= 
π

6
 for the six-phase PMSM. 

 

Even though no currents flow in open faulted phases x, y and z, flux are still 

linked in these phases due to the permanent magnets and the currents flowing 

in phases a, b and c. The strength and the harmonic content of the linked total 

flux depends on their mutual coupling with the active phases. The amplitudes of 

d and q axis flux for the dual three-phase PMSM transformed from both three-

phase winding sets during pre-fault as well as post-fault can be seen to have 

identical amplitudes (𝜓𝑑1 = 𝜓𝑑2 𝑎𝑛𝑑 𝜓𝑞1 = 𝜓𝑞2). The q axis flux in post-fault 

operation are almost 𝜓𝑞2 halved as they are directly proportional to 𝐼𝑞2. In the 

post-fault operation of the dual three-phase PMSM with 180° phase shifted 

windings, the amplitudes of 𝜓𝑑2  and 𝜓𝑞2  transformed from the non-operated 

phases x, y and z resemble that of a no load operation (𝜓𝑞2 ≈ 0 𝑎𝑛𝑑 𝜓𝑑2 ≈ 𝜓𝑝𝑚). 

This is because the flux linkages for these phases mainly originate from the 

permanent magnets and barely from the mutual cross-coupling flux from the 

currents flowing in phases a, b and c. The increased asymmetry and dominant 

third order harmonics in the phase currents and induced voltages during the 

redundancy operation induce the dominant harmonic frequency 𝑓µ = 2𝑓1 in rotor, 

as seen in Fig.9.6(b) (equation 1.10). 

5𝑓1 7𝑓1 
𝑓𝑠±2𝑓1 

𝑓𝑠±2𝑓1 2𝑓𝑠±𝑓1 
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(a)                                                                    (b) 

 

       (c) 

 

Fig.9.6: d and q axis flux- (a) dual three-phase PMSM; (b) dual three-phase PMSM with 

180° phase shifted windings; (c) six-phase PMSM 

 

Considering the 30° electrical and 7.5° mechanical phase shifted three-phase 

winding sets, the d-q axis fluxes are also phase shifted during pre-fault operation. 

The active and faulty phases which are in different slots during the post-fault 

operation have different total flux being linked. Neglecting the mutual 

inductances  𝐿𝑑12  and  𝐿𝑞12 , equations 4.18 and 4.19 can be rearranged to 

equations 9.1 and 9.2 to calculate the d-q axis inductances. 

 

 
𝐿𝑑1 =

𝜓𝑑1 − 𝜓𝑝𝑚,𝑑1

𝐼𝑑1

 
(9.1) 

 
𝐿𝑞1 =

𝜓𝑞1

𝐼𝑞1

 
(9.2) 
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      (a)                                                                    (b) 

 

      (c) 

 

Fig.9.7: d and q axis inductances- (a) dual three-phase PMSM; (b) dual three-phase 

PMSM with 180° phase shifted windings; (c) six-phase PMSM 

 

The d and q axis inductances for the machines are shown in Fig.9.7. The 

inductances are 𝐿𝑑2 = 𝐿𝑑1  and 𝐿𝑞2 = 𝐿𝑞1  in the normal operation. In the post 

fault operation 𝐿𝑑2 & 𝐿𝑞2 = 0 as 𝐼𝑑2 & 𝐼𝑞2 = 0. In the dual three-phase and six-

phase PMSM, 𝐿𝑑1 and 𝐿𝑞1 are seen to reduce their amplitudes. On the other 

side, the dual three-phase PMSM with 180° phase shifted windings has higher 

𝐿𝑑1 and 𝐿𝑞1 with a dominant frequency of the second order (µ = 2) due to their 

increased flux and flux linkage amplitudes, when compared to the other two 

machines.  

 

In Fig.9.8 the flux density distribution plots for the dual three-phase PMSMs 

during post-fault operation are shown. It can be seen that the dual three-phase 

PMSM with 180° phase shifted windings is more saturated with higher flux 

density amplitudes especially in the rotor. The stator teeth and the magnet air 

bridges in the top half of the stator can be seen more saturated than of the 

bottom half because of the asymmetrical flux. The increased distortions in phase 

currents and the increase in induced voltage amplitudes increase the flux 

density and saturation in the iron. The increase in iron losses for this machine 
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in post-fault operation is largely due to the increase in hysteresis losses in that 

stator and especially in the rotor because of the increased lower order harmonic 

amplitudes.  

 

          
(a)                                                                          (b) 

 

Fig.9.8: Flux density field plots during post-fault operation- (a) dual three-phase 

PMSM; (b) dual three-phase PMSM with 180° phase shifted windings 

 

The simulated torques are shown in Fig.9.9. The post-fault torque for the dual 

three-phase PMSM with 180° phase shifted windings is higher than the dual 

three-phase PMSM. This is due to the increase in inductance, which leads to 

the increase in the reluctance torque proportion of the total torque. The six-

phase PMSM has the least torque in redundancy operation. It is mainly because 

of the reduced amplitude of 𝐼𝑞1  which decreases the proportion of the 

permanent magnet torque. 
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       (a)                                                             (b) 

 

    (c) 

 

Fig.9.9: Torque- (a) dual three-phase PMSM; (b) dual three-phase PMSM with 180° 

phase shifted windings; (c) six-phase PMSM 

 

The torque equations for the dual three-phase and six-phase PMSMs were 

given in equation 4.25 and 4.26 for each three-phase winding set. Neglecting 

the third and the fourth terms because of extremely low 𝐿𝑑12  and 𝐿𝑞12 

amplitudes, the equations can be rewritten as, 

 

 𝑇𝑚𝑒𝑐ℎ,1 = 
𝑚

2
𝑝(𝜓𝑝𝑚,𝑑1𝐼𝑞1) +

𝑚

2
𝑝(𝐿𝑑1−𝐿𝑞1)(𝐼𝑑1𝐼𝑞1) (9.3) 

 𝑇𝑚𝑒𝑐ℎ,2 = 
𝑚

2
𝑝(𝜓𝑝𝑚,𝑑2𝐼𝑞2) +

𝑚

2
𝑝(𝐿𝑑2−𝐿𝑞2)(𝐼𝑑2𝐼𝑞2) (9.4) 

The first and the second term in the equations 9.3 and 9.4 represent the 

permanent magnet torque and the reluctance torque of each three-phase 

winding set. With these equations, the permanent magnet and reluctance 

torques for the different machines and for both three-phase winding sets are 

calculated and shown in Table.9.3. It can be seen that the values match for both 

the pre- and post-fault operation very well with the simulated values in Fig.9.9. 

The difference in the total torque in the post fault operation comes from the 

difference in reluctance torque in 𝑇𝑚𝑒𝑐ℎ,1. Different inductance values 𝐿𝑑1 and 
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𝐿𝑞1  alters the term (𝐿𝑑1 − 𝐿𝑞1) in the equation 9.3 and influences the torque 

generated. 

    
PM Torque 

𝑻𝒎𝒆𝒄𝒉,𝟏 

Reluctance 
Torque 
𝑻𝒎𝒆𝒄𝒉,𝟏 

PM Torque 
𝑻𝒎𝒆𝒄𝒉,𝟐 

Reluctance 
Torque 
𝑻𝒎𝒆𝒄𝒉,𝟐 

Total 
Torque 
𝑻𝒎𝒆𝒄𝒉 

Dual 3 phase 
PMSM 

Pre-fault 20,6Nm 20,9Nm 20,6Nm 20,9Nm 83,1Nm 

Post-fault 20,5Nm 11,4Nm 0Nm 0Nm 32Nm 

Dual 3 phase 
PMSM with 
180° phase 

shifted 
windings 

Pre-fault 20,8Nm 20,7Nm 20,9Nm 20,8Nm 83,4Nm 

Post-fault 21,2Nm 19,8Nm 0Nm 0Nm 41Nm 

6 phase 
PMSM 

Pre-fault 19,2Nm 21,2Nm 18,5Nm 21,8Nm 80,7Nm 

Post-fault 19,2Nm 11,8Nm 0Nm 0Nm 31Nm 

 
Table.9.3: Torque components of different multiphase machines 

 

Even though the dual three-phase PMSM with 180° phase shifted windings has 

the highest torque in redundancy operation, extremely high asymmetry and very 

high EM losses make it unfavorable as a redundant electric drive. The six-phase 

PMSM produces the least amount of losses in the redundancy operation. Having 

said that, it should be kept in mind that the current amplitudes in post-fault 

operation are lower compared to the other machines. A new post-fault strategy 

is therefore necessary, setting a new working point by increasing the phase 

current amplitudes to match the torques produced by the dual three-phase 

PMSMs. By doing so, the losses will eventually increase and will be higher than 

those of the dual three-phase PMSM. Additionally, it complicates the control 

strategy. Therefore, it can be concluded from these investigations that the dual 

three-phase PMSM is the best redundant electrical drive for a complete three-

phase OCF. The machine requires no additional post-fault control strategy and 

offers highest symmetry, least EM losses and highest efficiency during post-

fault operation.
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10 Experimental verification of the results 

 

Of the different multiphase electrical machines investigated in this work, the dual 

three-phase PMSM shown in Fig.3.2(a) is built as a prototype. With the help of 

a six-phase inverter assembled by the institute IAL Hannover, the prototype 

machine is operated and measured in the test bench to validate the simulation 

results. In this chapter, the setup of the test bench, the measurement results 

and their comparison with the simulation results are presented. The test bench 

setup is shown in Fig.10.1. The dual three-phase PMSM prototype is connected 

to the three-phase load machine through a torque measurement unit. The 

measured torque is used for the calculation of mechanical power of the EM. The 

vehicle energy system replicates the battery of the vehicle and supplies the DC 

voltage and current to both the six-phase inverter and the load inverter. Based 

on the working point and torque requirements, the control PC regulates the 

speed of the load machine and supplies the 𝐼𝑑 − 𝐼𝑞 current combinations, time 

constants, switching frequency and the rotor offset angle to the six-phase 

inverter. The control system is based on a dSpace system and is realized with 

the help of a Simulink model.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10.1: Schematic representation of the test bench setup
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The rotor position of the prototype machine is determined with a resolver and 

used in the controller to generate the switching signals of the six-phase inverter. 

Two- three-phase inverter HybridPack kits from the company Infineon are 

combined to form the six-phase inverter. The six-phase inverter can be 

controlled separately as two three-phase inverters, which enables redundancy, 

as, if required, one three-phase inverter can be disconnected. Two Rogowski 

current waveform transducers from the company PEM are used to measure the 

high frequency DC link capacitor ripple currents from both three-phase inverter 

kits.  

 

A total of 16 temperature sensors in the stator were used to determine the 

temperatures in the stator windings, phase connections, housing and bearings. 

Rotor telemetry provides the temperatures in the rotor magnets and the shaft. A 

measurement system is used to measure the six-phase currents and voltages 

and therefore, also the AC power, which will be used for the estimation of the 

inverter and the EM efficiencies. The DC input and AC output currents, voltages 

and power, torque, DC link capacitor ripple current, stator and rotor 

temperatures are sampled at the rate of 500kHz (2µs) and saved with the help 

the Genesis transient recorder from the company HBM. The Dual three-phase 

PMSM is connected to a water cooling circuit and the cooling water temperature 

is regulated to any desired value.   

 

 

 

 

 

 

 

 

 

 

Fig.10.2: Input and output power diagram of the dual three-phase drive 

 

𝐼𝐷𝐶 
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Inverter losses, 𝑃𝑣,𝑖𝑛𝑣 = 𝑃𝐷𝐶 - 𝑃𝐴𝐶 

 

EM losses, 𝑃𝑣,𝐸𝑀 = 𝑃𝐴𝐶 - 𝑃𝑚𝑒𝑐ℎ 

 

Total losses, 𝑃𝑣,𝑡𝑜𝑡𝑎𝑙 = 𝑃𝐷𝐶 - 𝑃𝑚𝑒𝑐ℎ 
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The power circuit diagram of the dual three-phase electric drive including input 

and output power and power losses is shown in Fig.10.2. Following the 

conversion of DC to AC power, the supply line copper losses (𝑃𝑆𝐿) are subtracted 

from the total AC power in post processing. As the power is measured 

additionally after the measurement system, it is not required. These supply lines 

are shown in Fig.10.1 as dashed lines. The test bench provides the opportunity 

to modify the phase supply lines and operate the machine at no load, at dual 

three-phase operation and at redundancy operation. Measurements of the 

operational behavior of the dual three-phase PMSM under these conditions 

were performed and the results have been compared with the simulations in the 

following sub-chapters.  

10.1 No load operation 

 

No load measurements are performed by removing the terminal connections of 

all phases of the EM from the six-phase inverter. The machine is operated 

without any load torque, meaning that the stator windings are not supplied with 

currents (𝐼𝑑 = 𝐼𝑞 = 0𝐴). With the help of the load machine, the rotor of the dual 

three-phase PMSM is rotated and the voltages induced in the stator windings 

due to the permanent magnet flux are measured until 12000rpm for every 

500rpm. The  maximum rotational speed of the load machine was limited to 

12000rpm; therefore, measurements under no load were performed only up to 

this speed. The coolant water temperature was set to 20°C and the 

temperatures of the stator windings and the rotor magnets were maintained 

between 20°C and 25°C. The induced voltage, which is directly proportional to 

the angular velocity of the rotor and the rate of change of flux linkage, can be 

expressed as[30], 

 
Vind,terminal =  ω

dψ

dƟ
 

(10.1) 

where, 𝜔 is the angular velocity of the rotor, Ɵ is the rotor angle and ψ is the 

flux linkage of the stator winding by the magnets. The measured and simulated 

RMS terminal induced voltages are shown in Fig.10.3. It can be noted that the 

induced voltage increases linearly with rotational speed and that the simulated 

induced voltage amplitude match very well with the values measured.  
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Fig.10.3: RMS terminal induced voltage- Measurement vs. Simulation 

 

FFT of the simulated and measured induced voltages at 12000rpm are shown 

in Fig.10.4. Simulations were performed in Ansys Maxwell with a 2-D EM model. 

Therefore, the axial rotor magnet skewing was considered in the post 

processing with the help of a Matlab script. The fundamental amplitude of the 

induced voltages is identical in both, simulation and measurement. The 𝑣 = 5𝑝 

and 𝑣 = 7𝑝 order harmonics can also be seen in the frequency spectrum of the 

voltages. 

 

      
          (a)                                                     (b) 

 

Fig.10.4: Induced voltage at 12000rpm- (a) Measurement;  (b) Simulation 
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10.2 Loaded operation 

 

Under loaded operation, the supply lines were connected back to the dual three-

phase PMSM. Considering the limitations of the load machine (280Nm and 

85kW) and of the six-phase inverter (7000rpm), a total of 42 working points 

comprised of the 𝐼𝑑 -𝐼𝑞  combination and the corresponding torque 𝑇𝑚𝑒𝑐ℎ were 

chosen for measurement. These working points were obtained through previous 

FEM calculations of the dual three-phase PMSM and Matlab post processing 

which uses the maximum torque per ampere (MTPA) control method. 

 

A DC supply voltage 𝑉𝐷𝐶 of 370V and a switching frequency 𝑓𝑠 of 8kHz are used 

for measurement. The parameters, like EM torque, losses, mechanical power 

and the DC link capacitor current ripple of the six-phase inverter, have been 

measured and their comparison with the simulation results are discussed in 

detail. For the measurement of a desired working point, the control PC is used 

to rotate the load machine to the desired speed 𝑁𝑚𝑒𝑐ℎ  and to regulate the 

desired 𝐼𝑑, 𝐼𝑞 current values as well as the control parameters for the six-phase 

inverter. The d-q axis currents used for the working points are shown in Fig.10.5  

 

 
       (a)                                                           (b)                                         

Fig.10.5: Working points for the dual three-phase PMSM with 𝑽𝑫𝑪 = 𝟑𝟕𝟎𝑽- (a) d axis 
current; (b) q axis current 

 

[A] [A] 
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The measured RMS phase current, peak phase voltage and the modulation 

index for the working points are displayed in Fig.10.6. The maximum phase 

voltage amplitude was limited to 146V in the field weakening region because of 

resonance issues of the six-phase inverter which inevitably restricted the 

maximum attainable modulation index to 0.91. The PWM voltage harmonics 

depend on the amplitude of the battery DC voltage and the amplitude of the 

fundamental phase voltage. Because of the restricted modulation index, the 

voltage harmonics are higher than the desired.  

 
            (a)                                              (b)                                            (c) 

 

Fig.10.6: Measured currents and voltages- (a) RMS phase current; (b) Peak phase 

voltage; (c) Modulation index 

10.2.1 Dual three-phase operation 

 

All six phases are operated in dual three-phase operation. The two three-phase 

windings sets are controlled separately by the two three-phase inverter Hybrid 

kits. The coolant liquid temperature is regulated to 65°C. Of all temperature 

sensors, the two hottest stator winding temperatures and the two hottest magnet 

temperatures from the small magnet close to the air gap were given focus. Their 

average values are plotted for the 42 working points and are shown in Fig.10.7. 

[A] [V] [1] 
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     (a)                                                                   (b) 

Fig.10.7: Average measured temperatures- (a) Stator windings 𝑻𝒔𝒕𝒂𝒕𝒐𝒓; (b) Rotor 

magnets 𝑻𝒓𝒐𝒕𝒐𝒓 

 

It can be seen that the stator temperatures at lower speeds are higher because 

of the higher currents in the windings. For the rotor, the magnet temperatures at 

lower speeds are lower because of the lower rotational speeds. For a 

meaningful comparison and to avoid any inaccuracies in the simulations, the 

temperature of the materials in the simulation were kept at the same level as the 

measured values. The temperature dependent material properties, such as the 

conductivity of copper windings 𝜎𝑐𝑢 , conductivity 𝜎𝑚𝑎𝑔  and the remanence 

magnetic flux density 𝐵𝑟𝑚 of the permanent magnets for the dual three-phase 

PMSM were chosen carefully to replicate the measurement conditions. 

Additionally, the 𝐼𝑑 − 𝐼𝑞 current combinations, DC supply voltage 𝑉𝐷𝐶 , RMS 

phase voltage 𝑉𝑝,𝑟𝑚𝑠, modulation index 𝑚𝑖  and switching frequency 𝑓𝑠 used in 

the measurements are maintained the same for the simulations. Co-simulations 

were then performed, comprising the six-phase inverter model and the dual 

three-phase PMSM model for all working points.  

 

In Fig.10.8, the torque and mechanical power values are compared for all the 

working points. A very good agreement between measurement and simulation 

is evident. The simulated torque is slightly higher (1Nm - 5Nm) for all the working 

points. This effect is present because the co-simulations were performed with a 

2-D EM model without taking into account the axial skewing effects of the rotor 

magnets. 
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 (a)                                                                         (b) 

Fig.10.8: Comparison of measurement and simulation- (a) Torque 𝑻𝒎𝒆𝒄𝒉; (b) 

Mechanical power 𝑷𝒎𝒆𝒄𝒉 

 

Skewing of the magnets refers to angular shifting of individual magnet blocks in 

a particular angle, which helps to reduce the ripple in the induced voltages 

caused by slotting harmonics as well as the cogging torque in the machine [30]. 

On the other hand, because of the angular shifted skewed magnets, a non-

uniform circumferential force is introduced in the air gap. This leads to small 

axial component of the flux generated by the magnets, reducing the overall 

torque in the measurements. The difference can also be noticed in the 

mechanical power as it is an analytical calculation comprised of the torque and 

mechanical speed. 

  

The dual three-phase PMSM is axially skewed into four magnet blocks for a total 

angle of 5.625°. Relative to the center of the rotor, the angles of the phase 

shifted magnets are -2.8125°: -0.9375°: 0.9375°: 2.8125°. Considering this 

effect in the simulation model requires simulating four 2-D rotor slices 

simultaneously or a 3-D model for every single working point, costing enormous 

simulation time. A comparison of torque, losses and simulation time for a non-

skewed and 2-D skewed model for a working point 3000rpm, 200Hz 

fundamental frequency and 213Nm is shown in the Table.10.1. 
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 Measurement 
Simulation with 

Non-Skewed EM 

Simulation with 2-D 

Skewed EM 

𝑇𝑚𝑒𝑐ℎ (Nm) 214.61 219.02 213.7 

𝑃𝑓𝑒  (W) - 665.25 667.87 

𝑃𝑚𝑎𝑔 (W) - 399.6 386.1 

𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙 (W) - 2214.45 2237.75 

𝑃𝑓𝑟  (W) - 32.02 32.02 

𝑃𝑣,𝐸𝑀 (W) 3568.67 3311.32 3323.74 

Duration of simulation 

(Hours) 
- 3.5 13.5 

 
Table.10.1: EM performance comparison- Skewed vs. Non- Skewed EM simulation 

model 

 

With a skewed EM simulation model, the magnet losses are reduced by around 

3.4% because of the reduction of low frequency slotting induced harmonics in 

the rotor. The simulated torque from the skewed EM model is much closer to 

the measured value compared to the non-skewed EM simulation. Less than 1% 

difference is noted for iron losses, copper losses and total losses between the 

two simulations. A major difference can be observed in the simulation duration, 

where the skewed EM model requires almost four times more duration for a 

single working point. Although the skewed magnet model provides accurate 

torque estimations, the total EM losses have negligible differences. For these 

reasons, it was decided to perform co-simulations with a non-skewed EM model, 

thereby saving simulation time and effort.  

 

The measured and the simulated total EM losses are compared and shown in 

Fig.10.9 for every operational torque and rotational speed. The losses increase 

linearly with the driven torque for every rotational speed. Very good agreement 

between the simulated and measured EM losses can be seen. 
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                           (a)                                               (b)                                             (c) 

 
                           (d)                                               (e)                                             (f) 

 
                                         (g)                                     

Fig.10.9: Comparison of measurement and simulation- Total EM losses (a) 1000rpm; 

(b) 2000rpm; (c) 3000rpm; (d) 4000rpm; (e) 5000rpm; (f) 6000rpm; (g) 7000rpm 

 

The losses from simulations are comprised of iron losses in stator and rotor, 

magnet eddy current losses, winding copper losses and frictional losses, 

 
𝑃𝑣,𝐸𝑀 = 𝑃𝑓𝑒 + 𝑃𝑚𝑎𝑔 + 𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙 + 𝑃𝑓𝑟 (10.2) 

The total iron losses are the sum of stator and rotor iron losses multiplied by an 

iron cut edging factor 𝐾𝑐𝑒.  

 
𝑃𝑓𝑒 = (𝑃𝑓𝑒,𝑠𝑡𝑎𝑡𝑜𝑟 + 𝑃𝑓𝑒,𝑟𝑜𝑡𝑜𝑟) ∗ 𝐾𝑐𝑒 (10.3) 

The iron cut edging factor 𝐾𝑐𝑒  is used to consider the additional hysteresis 

losses in the electrical steel due to the industrial production and processing of 

steel laminations. Various types of cutting operations of electrical steel like 

punching, laser cutting and spark erosion can be used, which induce stress 
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inside the steel close to the cutting edge [74][75]. Due to this stress, the 

magnetic properties of the steel are deteriorated, decreasing magnetic 

permeability and increasing hysteresis loss in the vicinity of the lamination edges 

[73][74]. This effect is not considered in the simulations. Therefore, the 

simulated iron losses are multiplied by a constant value of 𝐾𝑐𝑒 = 1.25 in post-

processing for each working point. 

 

The winding copper losses are the sum of the copper losses in the active length 

of the machine and the end winding. 

 
𝑃𝑐𝑢,𝑇𝑜𝑡𝑎𝑙 = 𝑃𝑐𝑢,𝐴𝐿 + 𝑃𝑐𝑢,𝐸𝑊 (10.4) 

The copper loss estimation is done using the method explained in chapter 6.4, 

where both, DC and AC current displacement losses, including the PWM-

induced effects are considered in the active length of the machine and only DC 

copper losses are considered in the end windings.  

 

The friction losses are calculated analytically as [90], 

 
𝑃𝑓𝑟 = 0.035 ∗ 𝑅𝑒𝑦

−0.15 ∗ 𝜋 ∗ 𝜌𝑎𝑖𝑟 ∗ 𝜔3 ∗ 𝑟𝑐𝑦𝑙
4 ∗ 𝑙𝑐𝑦𝑙 (10.5) 

where, 𝜌𝑎𝑖𝑟 is the density of air at 20°C, 𝑟𝑐𝑦𝑙 and 𝑙𝑐𝑦𝑙 are the radius and length 

of the cylinder. The Reynolds number 𝑅𝑒𝑦 can be calculated as [90], 

 
𝑅𝑒𝑦 =

𝜔 ∗ 𝑟𝑎𝑔 ∗ 𝑙𝑎𝑔

𝑉𝑐𝑚

 
(10.6) 

where, 𝑟𝑎𝑔  and 𝑙𝑎𝑔  are the radius and length of the air gap and 𝑉𝑐𝑚  is the 

kinematic viscosity of the cooling medium (air). The analytically calculated 

friction losses for different speeds are displayed in Table.10.2. 
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𝑁𝑚𝑒𝑐ℎ (rpm) 1000 2000 3000 4000 5000 6000 7000 

𝑃𝑓𝑟  (W) 2.37 9.27 32.02 62.44 79.67 114.81 203 

 

Table.10.2: Friction losses 

The measured and simulated EM loss maps are interpolated from the losses in 

Fig.10.9 and shown in Fig.10.10 along with their differences. 

 

  
                        (a)                                              (b)                                            (c) 

 

Fig.10.10: Total EM losses- (a) Measurement; (b) Simulation; (c) Difference 

 

The highest losses can be seen at and around the knee point in the maps. The 

working points in these regions have a higher current amplitude, leading to 

dominant DC copper losses and high frequency VSI-induced harmonics 

producing high AC current displacement loss in the windings and the highest 

magnet eddy current losses. Fig.10.10(c) shows the absolute difference of 

measured and simulated EM losses in W. The maximum difference is around 

400W. The possible explanations for these differences are discussed later in 

this chapter. Of the total simulated losses, the losses arising from sinusoidal 

currents in the EM are separated from the VSI-induced harmonic losses and 

shown in Fig.10.11. As discussed in chapter 8.2, for modulation indices less 

than 0.8, inverter-induced harmonic losses increase with increase in speed 

because of the dominant high frequency harmonics 2𝑓𝑠 ± 𝑓1 (0.1 < 𝑚𝑖 < 0.8). 

With the increase in modulation index (𝑚𝑖 > 0.8) for rotational speeds higher 

[W] [W] [W] 
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than 4500rpm, the current amplitude and switching operation reduces as well 

as the harmonic frequencies 𝑓𝑠 ± 2𝑓1  become dominant. Therefore, the eddy 

current proportion of losses in the magnets, hair pin windings and iron 

decreases. 

 

  
          (a)                                                                       (b) 

 

Fig.10.11: Dual three-phase simulation- (a) Sinusoidal current losses; (b) Additional 

VSI-induced harmonic losses 

 

In Fig.10.12, the sum of the DC link capacitor current ripple measured at both 

DC link capacitors in the individual three-phase inverter kits with the Rogowski 

coils is compared with the simulated values. The capacitor ripple current can be 

seen to be directly proportional to the amplitude of the phase current (~torque) 

and a very good comparison with the simulation is realized. The difference map 

shows absolute differences in the range of 15-40A in the low speed-high torque 

region. The possible reasons for this are discussed later in this chapter  

[W] [W] 
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                      (a)                                                (b)                                               (c) 

 

Fig.10.12: DC link capacitor current ripple- (a) Measurement; (b) Simulation;  

(c) Difference 

10.2.2 Redundant operation 

 

The dual three-phase PMSM can be operated in redundancy, as discussed in 

chapter 9. Hence, even when one three-phase winding set is open circuited or 

not operated, close to 50% of the torque and mechanical power can be still 

generated by the EM. In Fig.10.13, the dual three-phase PMSM and the 

schematic representation of the star windings in redundant operation are shown. 

For the three-phase OCF, the terminal connections of the phases x, y and z 

from the six-phase inverter are disconnected and only the phases a, b and c are 

operated. Therefore, the system enables the control only for the first three-

phase inverter. The same 42 working points shown in Fig.10.5 and Fig.10.6 are 

used again here for measurement. The EM parameters such as torque, losses, 

mechanical power and the DC link capacitor current ripple are similarly 

investigated in redundant operation. The coolant liquid is regulated and 

maintained at 65°C. The measured hottest stator and rotor temperature 

averages are shown in Fig.10.14. The simulations for redundant operation were 

performed with the same temperatures by choosing the temperature-dependent 

material properties carefully, as already discussed in the dual three-phase 

operation. 

[A] [A] [A] 
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(a)                                                                 (b) 

 Fig.10.13 Dual three-phase PMSM- (a) 1/4th Model; (b) Schematic representation of star 
connected windings in redundant operation 

 

      
      (a)                                                                 (b) 

Fig.10.14: Average measured temperatures in redundant operation- (a) Stator 
windings 𝑻𝒔𝒕𝒂𝒕𝒐𝒓; (b) Rotor magnets 𝑻𝒓𝒐𝒕𝒐𝒓 

 

As discussed in chapter 9, for the simulation of redundant operation of the dual 

three-phase PMSM, the simulation model is made to regulate and control only 

the first three-phase inverter by setting 𝐼𝑑2 = 𝐼𝑞2 = 0 for the second three-phase 

inverter. By doing so, the second three-phase inverter is open circuited, and no 

currents will flow in the windings x, y and z. The measured and simulated torque 

and mechanical power from the redundant operation is shown in Fig.10.15. The 

simulation results match very well with the measurements. As the simulations 

here are also done with a 2-D simulation model, which does not consider the 

axial skewing of magnets, the working points generate slightly higher torque and 

mechanical power than the measured values. 
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  (a)                                                                        (b) 

Fig.10.15: Comparison of measurement and simulation in redundant operation- (a) 
Torque 𝑻𝒎𝒆𝒄𝒉;  (b) Mechanical power 𝑷𝒎𝒆𝒄𝒉 

 

The torques measured and simulated in redundant operation are less than 50% 

of the torque in normal operation. The reason for this, namely the reduction in 

the reluctance torque of the operated three-phase winding set, is explained in 

detail in chapter 9 (equation 9.3). The total EM losses are compared and shown 

in Fig.10.16 for every working point.  

 

The total simulated losses in the dual three-phase EM are comprised of iron 

losses, magnet losses, copper losses and frictional losses. Overall, comparison 

between the results is very good. The results of Fig.10.16 were used to 

interpolate the loss characteristic maps for the simulation, measurement and 

their differences and shown in Fig.10.17. A maximum difference of 250W in the 

losses is seen around 4000rpm and 85Nm. The possible reasons for the 

differences will be discussed later in this chapter.  
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  (a)                                            (b)                                             (c) 

 
    (d)                                             (e)                                             (f) 

 
                                       (g)                                     

Fig.10.16: Comparison of measurement and simulation in redundant operation- Total 
EM losses (a) 1000rpm; (b) 2000rpm; (c) 3000rpm; (d) 4000rpm; (e) 5000rpm; (f) 

6000rpm; (g) 7000rpm 

 

From the simulated total EM losses, the sinusoidal current losses are separated 

from the VSI-induced harmonic losses and shown in Fig.10.18. Compared to 

the dual three-phase operation, the losses from sinusoidal currents are almost 

halved because of the reduced number of active phases carrying currents. 
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         (a)                                               (b)                                               (c) 

Fig.10.17: Total EM losses in redundant operation- (a) Measurement; (b) Simulation; 

(c) Difference 

 

However, the VSI-induced harmonics increase due to the increased distortion 

in the phase currents. This is due to the increased asymmetry in the dual three-

phase PMSM in redundant operation as seen in chapter 9.  

 

  
 (a)                                                             (b) 

 

Fig.10.18: Redundant simulation- (a) Sinusoidal current losses; (b) Additional VSI 

induced harmonic losses 

As a result, it can be seen that the maximum harmonic-induced losses in the 

redundant operation is as high as the harmonic losses in the dual three-phase 

operation. Therefore, the efficiency of the machine reduces. 

[W] [W] [W] 

[W] [W] 
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 In Fig.10.19, the measured DC link capacitor ripple current is compared with 

the simulated values in redundant operation. With only 50% of the phase current 

flowing in the windings combined, the effective capacitor ripple current 

amplitude is also reduced. The difference map shows a maximum difference of 

only 4A which validates the simulation results.  

 

  
                      (a)                                                (b)                                               (c) 

Fig.10.19: DC link capacitor current ripple in redundant operation- (a) Measurement; 
(b) Simulation; (c) Difference 

 

The EM loss deviation between the simulation and measurement for both the 

dual three-phase and redundant operation is significant in low speed-high 

torque regions. The difference in capacitor current ripple was also at its 

maximum in these regions. The possible reasons for these deviations are, 

 

 Skewed magnets reduce the amplitudes of lower order space harmonics 

which has an influence on iron, magnet and copper losses. Axial skewing 

of magnets reduce the length of the eddy current path in the magnets and 

reduce eddy current magnet losses.  The 2-D EM simulation model does 

not consider this effect, therefore influencing EM losses. 

 

 The deterioration in electrical steel properties and polarization due to the 

iron cutting edge is in reality stronger in the stator and rotor areas, where 

[A] [A] [A] 
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there are cutting edges present. Additionally, the effect is higher for 

smaller areas. For example, the stator teeth with cutting edges on both 

the sides will have higher deviations in polarization than the stator yoke. 

Therefore, using a constant cutting edge factor of 1.25 to account for the 

increase in hysteresis losses proportion of the iron losses, does not lead 

to an accurate depiction of reality.  

 

 Ideal IGBT switches and an ideal battery are used in the inverter 

simulation model, where the dead time of the inverter and the internal 

resistance and inductance of the battery are not considered. These 

effects can possibly lead to differences in the high frequency harmonic 

amplitudes. The time harmonics from inverter-switched voltages and 

currents have the highest harmonic frequencies with high amplitudes in 

the low speed-high torque regions because of lower modulation indices. 

Therefore, in these regions, even marginal differences in these harmonic 

amplitudes can lead to significant differences in EM losses and capacitor 

current ripple in the simulations.  

 

 The parasitic resistance and inductance values of the wires between the 

battery and the DC link capacitor, between the DC link capacitor and the 

inverter as well the equivalent circuit resistance and inductance of the DC 

link capacitor are derived from experience and based on present literature 

on the subject. These values have a high influence on the capacitor 

current and voltage ripple. Therefore, accurate estimation of these 

parameters can lead to accurate simulation results
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11 Summary  

 

The main purpose of this dissertation was investigating possibilities to increase 

the power density of multiphase electric drives on the system level. This work 

begins with an understanding that, the torque increase for a six-phase PMSM 

with the two three-phase winding sets phase shifted by 
𝜋

6
(30°) in the same 

installation space is limited to 3.5%, compared to the standard three-phase 

PMSM. In addition, as expected, the six-phase PMSM produces an air gap field 

where some odd order harmonics are not existent. Therefore, the harmonics 

induced in rotor do not contain some of the sixth order multiples of the 

fundamental frequency, which reduces torque ripple. It was noted that the bulky 

and expensive DC link capacitor in today’s three-phase electric drives has RMS 

current ripple amplitudes as high as 70% of the peak phase current amplitude. 

Therefore, the goal was to reduce DC link capacitor current and voltage ripple, 

which reduces the size and cost of the DC link capacitor. One way to achieve 

this is by using a six-phase inverter operated with PWM Interleaving. Three 

different six-phase winding concepts, including the conventional six-phase 

PMSM, were developed considering the electrical and the mechanical phase 

shift between the two three-phase winding sets. System level simulations were 

performed to understand and validate advantages and disadvantages of the 

winding concepts. For this purpose, a redundant six-phase inverter model was 

developed with a control flexibility, enabling control of both three-phase winding 

sets independently. 

 

In this work, the different sources of space and time harmonics were examined 

and discussed. The influence of the PWM-switched phase currents on torque 

ripple, iron losses, copper losses, and magnet losses were investigated in detail. 

A significant increase in losses from PWM switching was seen in the stator and 

rotor iron as well as in the magnets because of the induced high frequency eddy 

currents. The introduction of minor loops in the B-H characteristic curve is 

another reason for the increase in hysteresis loss proportion of the stator and 

rotor iron losses. Simulative investigations showed that increasing the switching 

frequency has a higher influence on the reduction of magnet losses and AC 

copper losses than on iron losses due to the finely segmented iron laminations. 

A simulation-interpolation methodology was suggested for faster and efficient 

estimation of EM losses and of the capacitor current ripple for the whole torque-
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speed range. The high accuracy of this methodology was demonstrated, 

especially compared to time-consuming system simulations. The different EMs 

are compared and summarized for a sinusoidal current supply in Table.11.1. In 

general, the six-phase PMSM with a better winding factor and lower 

fundamental current amplitudes has lower fundamental losses compared to the 

three-phase and dual three-phase PMSMs. 

 𝑃𝑓𝑒  & 𝑃𝑓𝑒,𝑠𝑡𝑎𝑡𝑜𝑟  𝑃𝑓𝑒,𝑟𝑜𝑡𝑜𝑟 𝑃𝑚𝑎𝑔 𝑃𝑐𝑢 

Three-phase 

and Dual three-

phase PMSMs 

Reference Reference Reference Reference 

Six-phase 

PMSM 

< Reference 

(Smaller B-field 

amplitudes) 

< Reference 

(Smaller B-field 

amplitudes and no 

induction of 

6𝑔𝑓1(g =

1,3,5, . . ) rotor 

harmonics) 

< Reference 

(Smaller B-field 

amplitudes and no 

induction of 

6𝑔𝑓1(g =

1,3,5, . . ) rotor 

harmonics) 

< Reference 

( ̴4% lower 

fundamental 

current 

amplitude) 

 
Table.11.1: Summary of EM losses- Sinusoidal current supply 

 

Contrarily, the findings show that the high frequency harmonic losses in the six-

phase PMSM and for a SVPWM supply without Interleaving are not always 

lower (Table.11.2). This is partly due to the absence of pre-control or elimination 

of the 𝑣 = 5𝑝  and 𝑣 = 7𝑝  voltage harmonics and partly due to some high 

frequency PWM-induced time harmonics that are 180° phase shifted between 

the first and the second d-q systems producing no main air gap fields, increasing 

the iron losses extremely, especially in the stator. The harmonics losses in the 

rotor iron and magnets are higher or lower depending on the working point, 

modulation index and the phase current THD. The outcome depends on 

different dominant harmonic frequencies either generating only harmonic air-

gap fields and inducing no harmonics in rotor, or generating both main and 

harmonic air-gap fields and inducing high frequency harmonics with high 

amplitudes in rotor (Table.6.2). The same can be also said for the copper losses. 

The lower fundamental phase current amplitudes in a six-phase PMSM 

compared to the three-phase and both dual three-phase PMSMs lead to lower 

copper losses and capacitor current ripple. Otherwise, a high phase current THD 

produces high AC copper losses in a six-phase PMSM and eventually higher 
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copper losses than the three-phase or dual three-phase PMSMs. Combined, the 

total EM losses for a six-phase PMSM in the absence of any harmonic 

compensation is always higher than the other investigated EMs. These findings 

demonstrate that system-level investigations are extremely important for the 

accurate estimation of EM losses and performance.   

 
𝑃𝑓𝑒  & 

𝑃𝑓𝑒,𝑠𝑡𝑎𝑡𝑜𝑟  
𝑃𝑓𝑒,𝑟𝑜𝑡𝑜𝑟 𝑃𝑚𝑎𝑔 𝑃𝑐𝑢 𝐼𝑐𝑎𝑝 

Three-

phase and 

Dual three-

phase 

PMSMs 

Reference Reference Reference Reference Reference 

Six-phase 

PMSM 

 

> Reference 

(Due to low 

impedance 

frequencies 

with Ɵ𝑑1−𝑑2 =

Ɵ𝑞1−𝑞2 =

180°)   

 Table.6.2 

 

< Reference 

(No induction of 6𝑔𝑓1(g=1,3,5,..)  

harmonics and dominant 

frequencies with Ɵ𝑑1−𝑑2 =

Ɵ𝑞1−𝑞2 = 180°)  

 Table.6.2 

< Reference 

( ̴4% lower 

fundamental 

current 

amplitude) 

< Reference 

( ̴4% lower 

fundamental 

current 

amplitude) 

 

> Reference 

(Higher phase current THD and 

induction of frequencies with 

Ɵ𝑑1−𝑑2 & Ɵ𝑞1−𝑞2 ≠ 0° 𝑜𝑟 180°) 

 Table.6.2 

  > Reference 

(Higher phase 

current THD 

 Increase in 

𝑃𝑐𝑢,𝐴𝐶) 

 
Table.11.2: Summary of EM losses and 𝑰𝒄𝒂𝒑- SVPWM without Interleaving 

 

A 90° PWM Interleaving for the dual three-phase PMSM and the six-phase 

PMSM was shown to eliminate the dominant harmonic frequency 2𝑓𝑠 and its 

side bands in the DC link capacitor current ripple, which reduces the RMS 

current ripple amplitude by up to 50%. Therefore, the power losses and the 

temperature emission of the DC link capacitor can be reduced drastically, which 

has a positive impact on its thermal design. Additionally, the harmonic 

elimination reduces the DC link capacitor voltage ripple by up to 40%, which 

enables size, volume and cost reduction of the capacitor. On the AC side, the 

relation of different EM losses is summarized and compared in the Table.11.3.  
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𝑃𝑓𝑒  & 

𝑃𝑓𝑒,𝑠𝑡𝑎𝑡𝑜𝑟  
𝑃𝑓𝑒,𝑟𝑜𝑡𝑜𝑟 𝑃𝑚𝑎𝑔 𝑃𝑐𝑢 𝐼𝑐𝑎𝑝 

Three-phase 

PMSM 

without 

Interleaving 

Reference Reference Reference Reference Reference 

Dual three-

phase PMSM 

with 180° 

phase 

shifted 

windings and 

90° PWM 

Interleaving 

> Reference 

(Due to low 

impedance 

frequencies 

with Ɵ𝑑1−𝑑2 =

Ɵ𝑞1−𝑞2 =

180°)   

Table.7.1 

> Reference 

(Induction of 

frequencies 

with 

Ɵ𝑑1−𝑑2 & Ɵ𝑞1−𝑞2 ≠

≠ 0° 𝑜𝑟 180°) 

 Table.7.1 

< Reference 

(No induction 

of frequencies 

with Ɵ𝑑1−𝑑2 =

Ɵ𝑞1−𝑞2 =

180°) 

 Table.7.1 

< Reference 

(Lower phase 

current THD 

 Decrease 

in 𝑃𝑐𝑢,𝐴𝐶) 

< Reference 

(Elimination 

of dominant 

inverter 

harmonics) 

 

Six-phase 

PMSM with 

90° 

Interleaving 

> Reference 

(Due to low 

impedance 

frequencies 

with Ɵ𝑑1−𝑑2 =

Ɵ𝑞1−𝑞2 =

180°)   

 Table.7.1 

> Reference 

Induction of 

frequencies 

with 

Ɵ𝑑1−𝑑2 & Ɵ𝑞1−𝑞2 ≠

≠ 0° 𝑜𝑟 180°) 

 Table.7.1 

< Reference 

(No induction 

of 

6𝑔𝑓1(g=1,3,5,.. 

) harmonics 

and 

frequencies 

with Ɵ𝑑1−𝑑2 =

Ɵ𝑞1−𝑞2 =

180°) 

 Table.7.1 

> Reference 

(Higher 

phase 

current THD 

 Increase 

in 𝑃𝑐𝑢,𝐴𝐶) 

< Reference 

(Elimination 

of dominant 

inverter 

harmonics) 

 

 
Table.11.3: Summary of EM losses and 𝑰𝒄𝒂𝒑- SVPWM with 90° Interleaving & 𝒎𝒊 < 𝟎. 𝟖 

 

The dual three-phase PMSM with 180° phase shifted winding sets is shown to 

reduce the amplitude of the differential voltages and the subsequent phase 

current harmonic frequencies (THD) substantially. Additionally, the harmonics 

producing only harmonic air gap fields with extremely low effective impedances 

are fewer than in the six-phase PMSM. Therefore, the increase in total iron 

losses is marginal compared to the six-phase PMSM with Interleaving. 

Furthermore, the frequencies producing only harmonic fields in the air-gap are 

not induced in the rotor. Therefore, magnet losses and AC copper losses were 

reduced in the dual three-phase PMSM with 180° phase shifted windings. The 

total losses for the machine with PWM Interleaving in low speed-high torque 

regions were shown to be less than or equal to the total losses of a three-phase 
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PMSM. The DC link capacitor current ripple is also high for these working points 

and therefore, it is suggested to activate PWM Interleaving to reduce their 

amplitudes. For the rest of the working points, normal SVPWM is recommended. 

Although the six-phase PMSM has very low magnet losses due to the non-

induction of frequencies producing only harmonics air-gap fields, the increased 

phase current THD increases the AC copper losses substantially. In conclusion, 

it can be said that the dual three-phase PMSM with 180° phase shifted windings 

is better suited for dimensioning the DC link capacitor smaller and for increasing 

the power density of the electric drive from 90° PWM Interleaving than the six-

phase PMSM. In Table 7.1 and Table.8.2, 180° PWM Interleaving was 

demonstrated to be more valuable for the dual three-phase PMSM with 

dominant harmonic elimination for high speed region (𝑚𝑖 < 0.8) than for the six-

phase PMSM. 

 𝑃𝑓𝑒  𝑃𝑚𝑎𝑔 𝑃𝑐𝑢 𝑀𝑚𝑒𝑐ℎ 

Dual three-phase 

PMSM 
Reference Reference Reference Reference 

Six-phase PMSM 

> Reference 

(Asymmetrical 

flux and B-

field) 

< Reference 

(Lower THD 

and 

amplitude for 

𝐼𝑝) 

< Reference 

(Lower amplitude for 

𝐼𝑝) 

< Reference 

(Lower 

reluctance 

torque) > Reference 

(Due to higher 𝑃𝑐𝑢,𝐴𝐶) 

Dual three-phase 

PMSM with 180° phase 

shifted windings 

> Reference 

(Increased asymmetry and phase current THD  

inducing more harmonics in the stator and the rotor) 

> Reference 

(Higher 

reluctance 

torque) 

 

Table.11.4: Summary of EM performance for a three-phase OCF during post-fault 

 

The different EMs investigated in this work are summarized for their 

performance during a three-phase OCF in the table.11.4. The dual three-phase 

PMSM with the windings of both three-phase winding sets in the same slot was 

shown to have the highest symmetry and lowest losses during redundant 

operation. No additional control changes in the post-fault operation are required, 

making it very attractive and, hence, the best redundant electric drive. The EM 

is therefore taken as reference. The six-phase PMSM requires changes in 

control parameter for the post-fault operation to produce the same torque as the 
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dual three-phase PMSMs. This post-fault control change requirement makes it 

less attractive as a redundant drive. With very high asymmetrical flux and EM 

losses during the post-fault operation, the dual three-phase PMSM with 180° 

phase shifted windings was shown to have high EM losses and the lowest 

efficiency. However, with a higher rate of change of inductance, the reluctance 

torque increases, and the total torque was proven to be the maximum in the 

post-fault operation for the machine. Considering all points previously 

discussed, the different electrical machines investigated in this dissertation are 

summarized and rated for different categories in Table.11.5. 

 
Three-
phase 
PMSM 

Six-phase PMSM 
Dual three-phase 

PMSM 

Dual three-phase 
PMSM with 180° 

phase shifted 
windings 

Winding 
factor 

0.965 (++) 1 (+++) 0.965 (++) 0.965 (++) 

Fifth and 
seventh order 

harmonics 

Present but 
insignificant 

(+++) 

Present and pre-
control required 

(-) 

Present but 
insignificant (+++) 

Present but 
insignificant (+++) 

PWM 
Interleaving 

Not possible 
(-) 

Possible- High  
Losses in the EM 

(++) 

Not possible- 
Extremely high 

losses in the EM (-) 

Possible- Best 
variant (+++) 

DC link 
capacitor 

Bulky and 
expensive 

(-) 

Size and cost 
reduction up to 

50% (+++) 

Bulky and expensive 
(-) 

Size and cost 
reduction up to 

50% (+++) 

Power density 
Reference 

(+++) 

Possible to 
increase but with 

reduced 
efficiency (++) 

Not possible to 
increase (-) 

Possible to 
increase with 

increased 
efficiency (+++) 

Redundancy 
No 

redundancy 
(-) 

Redundancy with 
post-control 

requirement (++) 

Best Redundancy 
performance (+++) 

Redundancy with 
Asymmetries (+) 

Overall rating 8(+) 12(+) 8(+) 15(+) 

 
 

Table.11.5: Summary- Categories and technical ratings of different investigated 
electrical machines 
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12 Appendix 

12.1 Simulation parameters used in the model: 

 

In Table 12.1, the parameters with values and description used in both three-

phase (Fig.2.1) and six-phase (Fig.2.13) co-simulation models are given. 

Parameter Value Description 

𝑉𝐷𝐶  370V Battery voltage 

𝑅𝑏 15mΩ Parasitic resistance between battery and DC link 

𝐿𝑏 100nH Parasitic inductance between battery and DC link 

𝐿𝑖𝑛𝑣 100nH Parasitic inductance between DC link and inverter 

𝐿𝑐𝑎𝑝 8nH Equivalent circuit inductance of the capacitor 

𝑅𝑐𝑎𝑝 0.5mΩ Equivalent circuit resistance of the capacitor 

𝐶𝐷𝐶−𝐿𝑖𝑛𝑘 500µF DC link capacitance 

𝑅𝑝 4.323mΩ Phase resistance at 100°C- Three-phase PMSM 

𝑅𝑝 8.646 mΩ Phase resistance at 100°C- Six-phase PMSM 

𝐿𝐸𝑊 7µH End winding leakage inductance 
 

Table.12.1: Simulation parameters with values 

 

 12.2 Derivation of stator and rotor harmonics 

 

In this chapter, the derivation of the dominant time harmonics in the stator fixed 

and rotor rotating d-q co-ordinate system is done for the different multiphase 

electrical machines investigated in this work. Equations 5.1-5.6 for the harmonic 

phase currents can be rewritten for any time harmonic µ, interleaving angle Ɵ𝐼𝑁𝑇 

and for the dual three-phase PMSM (ϒ=0) or for the six-phase PMSM (ϒ=
𝜋

6
) as,  

 𝐼𝑎µ = 𝐼µ ∗ sin(µ ∗ 2𝜋𝑓1𝑡) (12.1) 

 𝐼𝑏µ = 𝐼µ ∗ sin (µ ∗ 2𝜋𝑓1𝑡 + µ ∗
2𝜋

3
) (12.2) 

 𝐼𝑐µ = 𝐼µ ∗ sin (µ ∗ 2𝜋𝑓1𝑡 + µ ∗
4𝜋

3
) (12.3) 

 𝐼𝑥µ = 𝐼µ ∗ sin(µ ∗ 2𝜋𝑓1𝑡 + µ ∗ ϒ + c′ ∗ Ɵ𝐼𝑁𝑇) (12.4) 

 𝐼𝑦µ = 𝐼µ ∗ sin (µ ∗ 2𝜋𝑓1𝑡 + µ ∗
2𝜋

3
+ µ ∗ ϒ + c′ ∗ Ɵ𝐼𝑁𝑇) (12.5) 
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 𝐼𝑧µ = 𝐼µ ∗ sin (µ ∗ 2𝜋𝑓1𝑡 + µ ∗
4𝜋

3
+ µ ∗ ϒ + c′ ∗ Ɵ𝐼𝑁𝑇) (12.6) 

 

The transformation equations 5.7-5.10 from the stator fixed co-ordinate system 

to the rotor rotating d-q co-ordinate system for any time harmonic µ for both 

three-phase winding sets can be rewritten as, 

The time harmonic order µ for the respective time harmonic frequency is 

substituted in equations 12.1-12.10 and the phase shift between phases in the 

stator co-ordinate system (Ɵa−x, Ɵb−y & Ɵc−z) and between the first and the second 

d-q system of the rotor co-ordinate system (Ɵd1−d2 & Ɵq1−q2) are calculated and 

displayed in the Table.12.2. This derivation has been performed for all dominant 

harmonics for a six-phase PMSM without PWM Interleaving. The harmonics with 

a phase shift of ±180° in d1 − d2 and q1 − q2 systems cancel each other out in 

the airgap producing only harmonic fields. The 0° phase shifted harmonics 

produce main air-gap fields and the the rest produce both main and harmonic 

air-gap fields. 

 

𝜓𝑑1 =
2

3
[𝜓𝑎µ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡) + 𝜓𝑏µ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 +

2𝜋

3
)

+ 𝜓𝑐µ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 +
4𝜋

3
)] 

(12.7) 

𝜓𝑑2 =
2

3
[𝜓𝑥µ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 + ϒ) + 𝜓𝑦µ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 +

2𝜋

3
+ ϒ)

+ 𝜓𝑧µ 𝑐𝑜𝑠 (2𝜋𝑓1𝑡 +
4𝜋

3
+ ϒ)] 

(12.8) 

𝜓𝑞1 =
2

3
[𝜓𝑎µ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡) + 𝜓𝑏µ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 +

2𝜋

3
)

+ 𝜓𝑐µ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 +
4𝜋

3
)] 

(12.9) 

𝜓𝑞2 =
2

3
[𝜓𝑥µ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 + ϒ) + 𝜓𝑦µ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 +

2𝜋

3
+ ϒ)

+ 𝜓𝑧µ 𝑠𝑖𝑛 (2𝜋𝑓1𝑡 +
4𝜋

3
+ ϒ)] 

(12.10) 
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Six-phase PMSM without Interleaving 

Time harmonic 
frequency in 

stator fixed co-
ordinate system 

c' s' 
Frequency 

[Hz] 
Time harmonic 

order µ 

Ɵa−x, 
Ɵb−y & 

Ɵc−z [°] 

Time harmonic 
frequency in rotor 

rotating d-q co-
ordinate system 

Ɵd1−d2 
&  

Ɵq1−q2 

[°] 

𝑓𝑠 + 2𝑓1 1 2 8533 32 -120 𝑓𝑠 + 3𝑓1 -90 

𝑓𝑠 − 2𝑓1 1 -2 7467 28 60 𝑓𝑠 − 3𝑓1 90 

𝑓𝑠 + 4𝑓1 1 4 9067 34 -120 𝑓𝑠 + 3𝑓1 -90 

𝑓𝑠 − 4𝑓1 1 -4 6933 26 60 𝑓𝑠 − 3𝑓1 90 

2𝑓𝑠 + 𝑓1 2 1 16267 61 -30 2𝑓𝑠 0 

2𝑓𝑠 − 𝑓1 2 -1 15733 59 -30 2𝑓𝑠 0 

2𝑓𝑠 + 5𝑓1 2 5 17333 65 -210 2𝑓𝑠 + 6𝑓1 -180 

2𝑓𝑠 − 5𝑓1 2 -5 14667 55 150 2𝑓𝑠 − 6𝑓1 180 

2𝑓𝑠 + 7𝑓1 2 7 17867 67 -210 2𝑓𝑠 + 6𝑓1 -180 

2𝑓𝑠 − 7𝑓1 2 -7 14133 53 150 2𝑓𝑠 − 6𝑓1 180 

3𝑓𝑠 + 2𝑓1 3 2 24533 92 -120 3𝑓𝑠 + 3𝑓1 -90 

3𝑓𝑠 − 2𝑓1 3 -2 23467 88 60 3𝑓𝑠 − 3𝑓1 90 

 
Table.12.2: Phase shift of harmonics in the stator and rotor co-ordinate system- Six-

phase PMSM without PWM Interleaving (𝒇𝒔 = 𝟖𝟎𝟎𝟎𝐇𝐳; 𝒇𝟏 = 𝟐𝟔𝟔. 𝟔𝟔𝑯𝒛) 

 

Similarly, the frequencies for the dual three-phase PMSM and the six-phase 

PMSM with 90° PWM Interleaving is shown in Table.12.3 and 12.4 respectively.  

Dual three-phase PMSM with 90° Interleaving 

Time harmonic 
frequency in 

stator fixed co-
ordinate system 

c' s' 
Frequency 

[Hz] 
Time harmonic 

order µ 

Ɵa−x, 
Ɵb−y & 

Ɵc−z [°] 

Time harmonic 
frequency in rotor 

rotating d-q co-
ordinate system 

Ɵd1−d2 
&  

Ɵq1−q2 

[°] 

𝑓𝑠 + 2𝑓1 1 2 8533 32 90 𝑓𝑠 + 3𝑓1 90 

𝑓𝑠 − 2𝑓1 1 -2 7467 28 90 𝑓𝑠 − 3𝑓1 90 

𝑓𝑠 + 4𝑓1 1 4 9067 34 90 𝑓𝑠 + 3𝑓1 90 

𝑓𝑠 − 4𝑓1 1 -4 6933 26 90 𝑓𝑠 − 3𝑓1 90 

2𝑓𝑠 + 𝑓1 2 1 16267 61 180 2𝑓𝑠 180 

2𝑓𝑠 − 𝑓1 2 -1 15733 59 180 2𝑓𝑠 180 

2𝑓𝑠 + 5𝑓1 2 5 17333 65 180 2𝑓𝑠 + 6𝑓1 180 

2𝑓𝑠 − 5𝑓1 2 -5 14667 55 180 2𝑓𝑠 − 6𝑓1 180 

2𝑓𝑠 + 7𝑓1 2 7 17867 67 180 2𝑓𝑠 + 6𝑓1 180 

2𝑓𝑠 − 7𝑓1 2 -7 14133 53 180 2𝑓𝑠 − 6𝑓1 180 

3𝑓𝑠 + 2𝑓1 3 2 24533 92 270 3𝑓𝑠 + 3𝑓1 270 

3𝑓𝑠 − 2𝑓1 3 -2 23467 88 270 3𝑓𝑠 − 3𝑓1 270 

 
Table.12.3: Phase shift of harmonics in the stator and rotor co-ordinate system- Dual 

three-phase PMSM with 90° PWM Interleaving (𝒇𝒔 = 𝟖𝟎𝟎𝟎𝐇𝐳; 𝒇𝟏 = 𝟐𝟔𝟔. 𝟔𝟔𝑯𝒛) 

 

 



12 Appendix 

173 
 

Six-phase PMSM with 90° Interleaving 

Time harmonic 
frequency in 

stator fixed co-
ordinate system 

c' s' 
Frequency 

[Hz] 
Time harmonic 

order µ 

Ɵa−x, 
Ɵb−y & 

Ɵc−z [°] 

Time harmonic 
frequency in rotor 

rotating d-q co-
ordinate system 

Ɵd1−d2 
&  

Ɵq1−q2 

[°] 

𝑓𝑠 + 2𝑓1 1 2 8533 32 -30 𝑓𝑠 + 3𝑓1 0 

𝑓𝑠 − 2𝑓1 1 -2 7467 28 150 𝑓𝑠 − 3𝑓1 180 

𝑓𝑠 + 4𝑓1 1 4 9067 34 -30 𝑓𝑠 + 3𝑓1 0 

𝑓𝑠 − 4𝑓1 1 -4 6933 26 150 𝑓𝑠 − 3𝑓1 180 

2𝑓𝑠 + 𝑓1 2 1 16267 61 150 2𝑓𝑠 180 

2𝑓𝑠 − 𝑓1 2 -1 15733 59 150 2𝑓𝑠 180 

2𝑓𝑠 + 5𝑓1 2 5 17333 65 -30 2𝑓𝑠 + 6𝑓1 0 

2𝑓𝑠 − 5𝑓1 2 -5 14667 55 -30 2𝑓𝑠 − 6𝑓1 0 

2𝑓𝑠 + 7𝑓1 2 7 17867 67 -30 2𝑓𝑠 + 6𝑓1 0 

2𝑓𝑠 − 7𝑓1 2 -7 14133 53 -30 2𝑓𝑠 − 6𝑓1 0 

3𝑓𝑠 + 2𝑓1 3 2 24533 92 150 3𝑓𝑠 + 3𝑓1 180 

3𝑓𝑠 − 2𝑓1 3 -2 23467 88 -30 3𝑓𝑠 − 3𝑓1 0 

 
Table.12.4: Phase shift of harmonics in the stator and rotor co-ordinate system- Six-

phase PMSM with 90° PWM Interleaving (𝒇𝒔 = 𝟖𝟎𝟎𝟎𝐇𝐳; 𝒇𝟏 = 𝟐𝟔𝟔. 𝟔𝟔𝑯𝒛) 
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