
 
 

THE UNIVERSITY OF NOTTINGHAM 

 

 

 

RESEARCH ON THE UNCONTROLLED 

ZERO-SEQUENCE CURRENT OF AN 

OPEN-END WINDING PMSM WITH 

COMMON DC LINK 

 

PhD Thesis 

 

by  

NICK HUNTER  

 

 

 

 

Submitted to the University of Nottingham for the degree of Doctor of Philosophy  

March 2020   



2 
 

 

 

 

 

In memory of  

 

Vladimir Alekseevich Krukhmalev  

(my lovely grandad who passed away during the first year of my PhD)  

 

and  

 

Everton Alfanso Blake  

(my good friend and a colleague who gave me the whole new insight into the 

world of practical engineering and had been always motivating me to achieve more 

from the very first day of my journey to becoming an engineer)  

 

  



3 
 

ABSTRACT  

This thesis describes the researc h based on a particular type of the motor 

drives  called  an open -end winding permanent magnet synchronous motor 

drive with common DC link.  These types of drives are an arrangement of two 

three phase inverters connected to both ends of a permanent magnet 

synchronous motor and are fed from a single direct current source. 

Therefore, it has a return path between the two inverters. This allows the 

most prominen t third harmonic back EMF to introduce the zero -sequence 

current. Hence, these kinds of motor drives suffer from the circulating zero -

sequence current.  Although this current usually is undesi red and, therefore, 

suppressed using various  control techniques, there are some cases when the 

suppression of this current is unfeasible.  Hence, the zero -sequence  current 

could be left flowing in the system. High -speed drives could be considered to 

be an e xample of such a system.  

The research introduced in this thesis is centred on the analysis of the 

mentioned zero -sequence  current that is flowing in the system due to the 

specific properties of the machine . It features a full mathematical derivation 

of the nature of the zero -sequence  current flowing in the system because of 

the machine side of the drive and a comprehensive analysis of the power loss 

in conductor due to this zero -sequence  component.  

The analys is performed in this thesis resulted in  a proposal of a  couple of 

novel solutions for  the mitigation of the zero -sequence  componentôs impact 

on the drive such as the torque ripple and the power loss in conductor. In 

addition, one of the research outcomes w as the development of a  novel 

technique that turns the disadvantage of having the zero -sequence  

component flowing freely in the drive to its advantage.  

In addition, t he research produced in this thesis l ed to the development of a 

software solution that is meant to aid design and control engineers to 

mitigate the power losses in an open -end winding permanent magnet 

synchronous motor drive with common DC link.   
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SYMBOLS & ABBREVIATIONS  

PMSM Permanent Magnet Synchronous Motor  

OEW Open -End Winding  

ZSC Zero -Sequence Current  

ZSV Zero -Sequence Voltage  

VSC Voltage Source Converter  

EMF Electromotive Force  

BEMF Back Electromotive Force  

IMD  Integrated Motor Drive  

FEA Finite element analysis  

PE Power Electronics  

MRAS Model Reference Adaptive System  

FFT Fast Fourier Transform  

SiC Silicon  Carbide  

IGBT  Insulated Gate Bipolar Transistor  

MTPA Maximum Torque Per Ampere  

ZSMBSC Zero -Sequence Model -Based Sensorless Control  

ZSMBPO Zero -Sequence Model -Based Position Observer  

IPMSM Interior Permanent Magnet Synchronous Motor  

SMPMSM Surface Mount Permanent Magnet Synchronous Motor  

DSP Digital Signal Processor  

PID  Proportional Integral Derivative Controller  

SOGI  Second Order General Integrator  

ADC Analog to Digital Converter  

MSE Mean Squared Error  

MSEI  Mean Squared Er ror Improvement  
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Chapter 1 

1  Introduction  

This chapter introduces the concept of the high -speed drives  and describes 

the motivation for the research and its objectives . In addition, t he described  

thesis organisation section is meant to guide through the subsequent 

chapters.  
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1.1  High - Speed  Drives  

An electrical drive is a system that converts energy from an el ectrical power 

source to a mechanical load. It consists of the three main elements: the 

controller, converter and machine -  the primary electro -mechanical energy 

converter of the drive.  

High -Speed Drives are used in applications  where the operational speed  is 

over 10 000 r/min.  [1]  The significant advantage of High -Speed Drives is the 

reduction of system weight for a given power conversion. The  reduction of 

weight and size, in turn, also results in a better efficiency of  a syste m the 

drive is used in, for example, an automotive industry, particularly in mobile 

applications such as vehicles where the reduction of weight is beneficial due 

to the minimisation of the fuel consumption.  [2]  [3]  [4]   

A rapid growth of the industrial and academic interests in the area of high -

speed machines and drives pushing the research towards the improvements 

in this area.  [5]  [6]  These interests are stimulated by the numerous potential 

applications of High -Speed Drives such as aeroengine spools, helicopter and 

racing engines, electric spindles for milling cutters and  grinding, fuel pumps 

and turbochargers.  In addition, due to the reduced weight/volume of the 

motor drive such a trend  in research  is beneficial for the ñmore electricò 

systems intended to replace hydraulic and pneumatic power sources  in 

transportation and  automotive industries . [7]  Currently, research in the area 

of High -Speed Drives is mainly concentrated around the increase of power 

density of electr ical machines, power converters, embedded control and 

communication links.  [8]  

The power output of an electrical machine is the product of the shaft torque 

and  its rotational speed . In order to increase the torque  without increasing 

the current  density  the rotor volume or/and the maximum flux density mus t 

be increased.  [9]  However, there has not been a considerable improvement 

in the maximum flux density over the past century.  [10]  [11]  In addition, the 

increase of the volume of the machine is contradicting the goal of increasing 

the power density  when the drive has to be a part of an aerospace or an 
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automotive application . Hence, the increase of power of the machine was 

achieved by raising the operating speed.  [12]  [13]  This is the major reason 

why the high -speed machines and, subsequently, the high -speed drives 

technology emerged.  [14]  

The increase of the operating speed has, however, introduced a lot of 

problems in the converter and the controller side of the drive. The converter 

side is now forced to use a higher frequency  higher power switching 

technology along with the  more efficient drives topology.  
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1.2  Motivation and R esearch Objective  

First and foremost, as it is stated in the introduction of this chapter on page 

17 , with the development of the aerospace and the automotive indust r ies  the 

research focus naturally gravitated towards the high -speed  high power 

density drives due to the volume and  weight limitations that applications in 

these fields are  typically  subjected to.  

An open -end winding  (OEW)  with common DC link configuration  for a PMSM 

drive  shown in Fig. 1.1 was chosen  as the subject of the research  due to  its 

increased potential power output compar ed to o ther configurations . [15]  [16]   

An Open -End Winding PMSM is a type of an electrical motor that has some 

key  advantages  with other configurations  which include a good fault tolerance  

[17]  [18] , reduced complexity of the drive when compar ed to multi - level 

inverter drives  [19]  and which  is usually particularly designed for the high -

speed operation  as it can take advantage from the full bus voltage . [20]  

PMSM

VaL

VDC VbL

VcL

VaH

VbH

VcH

 

Fig. 1.1 ï OEW PMSM with comm on DC link  

Unfortunately, the open -end winding configur ation  of a permanent magnet 

synchronous motor  comes with its drawbacks such as an additional power 

loss along with an  additional torque ripple due to the circulating zero -

sequence  current in the stator  windings.  Not only does this  circulating zero -

sequence  current not contribut e to the rotation of the rotor , but also the 
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analysis presented in this thesis show ed that it results in the degradation of 

the performance . 

I n order to eliminate  the negative influence of  the zero -sequence  current  in 

the system, most of the research papers suggest the use of suppression 

techniques  involving a zero -sequence  voltage  that has to be introduced by 

the  inverter side of the drive . [21]  [22]  [23]  [24]  [25]  [26]  [27]  [28]  [29]  

However, when a machine is designed to be both high -speed and high torque , 

the number of the stator turns tends to be greatly reduced. Hence, the 

inductance of such a machine is generally  low. Low phase inductance leads 

to  low leakage inductance , especially when a drive is closely integrated  giving 

only short electrical connections  between the inverter and the machine  itself . 

Low leakage inductance  can also lead to  spikes of zero -sequence  current 

when a high  voltage source is used for the bus that feeds the inverter.  

Depending on the value of this low leakage inductance, large spikes of zero -

sequence  current could be observed  in the system if zero -sequence  voltage 

is introduced even for as little as one microsec ond when t he drive is 

controlled using the voltage switching techniques.  The suppression of the 

zero -sequence  current for those kinds of open -end winding permanent 

magnet synchronous motor drive conf igurations  does not seem feasible due 

to the mentioned large spikes of zero -sequence  current.  

The motivation that drove th is research was as follows. I t is not always 

feasible to eliminate the downside s of the OEW PMSM with common DC link  

configuration  whe n it has low leakage inductance . In order to keep the 

advantages of OEW , research c an be focused around ways to mitigate the 

influen ce of the zero -sequence  current or to even use its presence  in order 

to do something useful, in other words, to turn the dis advantage of the  open -

end winding PMSM  configuration into its advantage.  
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1.3  Thesis Organisation  

Chapter 1  provides with the  background  along with the motivation and the 

objective of the research, briefly explaining the challenges associated with 

the high -speed drives, especially with the particular configuration of a drive 

that is considered in this thesis  ï open -end winding permanent magnet 

synchronous drive with common DC link . 

Chapter 2  gives an overview of the work that has already been done in the 

field of the open -end winding permanent magnet synchronous motor drives 

with common DC link.  

Chapter 3  shows the mathematical concept  and the theory behind the open -

end win ding permanent magnet motor  with common DC bus  and 

demonstrates its challenges.  

Chapter 4  describes the simulation model design derivations for the open -

end winding system  with common DC Link  and its implementation along with 

the high -speed  high power expe rimental test system.  

Chapter 5  introduces a proposed method to mitigate the influence of the 

zero -sequence  current on the quality of the torque production of the open -

end winding permanent magnet synchronous motor drive with common DC 

Link without introdu cing zero -sequence  voltage in the system.  

Chapter 6  explain s how a disadvantage of an open -end  winding  permanent 

magnet synchronous motor with common DC Link in a form of the unwanted 

zero -sequence  current could be turned into its advantage by proposing a 

novel method for the non - intrusive online stator temperature estimation.  

Chapter 7  develops a thorough  understanding of the influence of an 

uncontrolled zero -sequence  current on the power loss in conductor of an 

open -end winding permanent magnet synchronous motor drive with common 

DC link and proposes a novel method of reducing this power loss. Also , not 

only does  this chapter  propose a new current limiting technique for an open -

end winding permanent magnet synchronous motor drive with common DC 
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link, but also it  reveals an erroneous idea  of a current limiting technique 

introduced in some of the research pa pers.  

Chapter 8  draws  the conclusions  and contributions  of  the research , stating 

the limitations of the proposed ideas and  discussing the  further research work 

that could be done in the field.   
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Chapter 2  

2  Literature Review on Control 

Techniques for High - Speed Open - End 

Winding PMSM Drives  

This chapter  describes the difference between the most common three phase 

motor configurations, outlining the ir advantages and disadvantages. 

Moreover, a review of the existing control techniques and ideas of utilising 

the zero -sequence  current in an open -end winding permanent magnet 

synchronous motor  drives configuration with common DC link  are also 

discussed.   
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2.1  Permanent Magnet Synchronous  Machines  

Configurations  

The constant development of the automotive and aerospace industries 

require higher power drives  for the sa me volume/mass of the motor. This 

lead s the research into the  usage of  the 3 phase permanent magnet 

synchronous motors (PMSM) due to their efficiency , high power density and 

a rather reduced complexity of its control.  [30]  

Ther e are different types  of the winding configurations for a 3 phase  PMSM 

motor . The most common ones are  depicted in Fig. 2.2-Fig. 2.4: the star 

connection, the delta connection,  and the open -end  winding  (OEW) 

configuration, respect ively. In case of an OEW configuration a starôs neutral 

point is opened and each of the ends of the stator phases are connected to 

one  leg of the inverter  of that drive system , Fig. 2.4. [31]  All of the three 

different types presented have their own advantages and disadvantages.  

Let us consider, for example, a swit ching state  of ( 110 )  in  a star  mode  

depicted in Fig. 2.2 and the delta mode illustrated  in Fig. 2.3. The 

synth esising voltage  vectors  for th ese mode s are shown in  Fig. 2.1(a)  and 

Fig. 2.1(b) , respectively . The synthesising voltage vector s for the OEW 

configuration are  shown in  Fig. 2.1(c) . Those vectors arise f rom one side of 

the inver ter  having a swit ching state ( 110 )  and the other side ( 001 ) . 

The ampli tude s of the basic voltage vectors can be constructed  from  Fig. 2.1 

(a) , (b)  and ( c)  as ςȾσϽὠ , ςȾσϽЍσὠ , a nd ςȾσϽςὠ , respectively , where 

ςȾσ is the equal -power conversion coefficient . [15]  

Hence , w hen a motor is connected in a delt a configuration as per Fig. 2.3, 

the amplitu de of the basic voltage vector  is Ѝσ time s of that of the star 

configuration , however, t he open -end  winding configuration depicted in Fig. 

2.4 has  the amplitude of the basics  voltage vector which is  
Ѝ

 times of the 

ampl itude of the basic voltage vector in delta configuration.   
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(a) Star mode  (b) Delta mode  (c) OEW mode

Fig. 2.1 ï Synthesising  voltage vectors of different configurations  

The amplitude of the phase current  in the s tar  or the OEW config urations is 

the same as the amplitude  of the line current , however, t he amplitude of the 

ph ase current in delta mode  is ρȾЍσ of  the  line curre nt. T his means that t he 

maximum amplitude  of a synthesised stator current vector  in delta mode  is 

ρȾЍσ of that  in star or the OWE config uration.  

PMSM

VDC

Inverter

Va

Vb

Vc

 

Fig. 2.2 ï Star Connected  PMSM schematic  
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Fig. 2.3 ï Delta Connected  PMSM schematic  

PMSM

VaL

VDC VbL

VcL

VaH

VbH

VcH

 

Fig. 2.4 ï OEW PMSM with common DC link  schematic  

An example of the electromagnetic torque comparison between the different 

configurations is presented in Fig. 2.5. 

Fig. 2.5 represents the typical characteristic curves of each of the motor 

configurations. The star configuration is represented with the blue line. The  

delta configuration or the triangular mode is re presented in red. The open -

end  winding (OEW) configuration is shown in black and is called an 

independent mode. Fig. 2.5 shows that the torque in the delta configuration 

is 
Ѝ

 times of that of the star configuration. However, its  speed range is 

around Ѝσ times wider.  
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Fig. 2.5 ï Characteristic curves of each of the  winding  configuration  [15]  

According to [15] , a drive connected in the open -end  winding configuration 

appea rs to be the best of both worlds: the torque is the same as with the 

star connection, however, the speed range is  aroun d twice of it. The OEW 

configuration is superior when it comes to the DC bus voltage utilisation, 

efficiency and power rating of the enti re system comparing to the most 

commonly used star connection. [27]  [32] . 

There are, of course, other types of the open -end  winding configurations  [20]  

[33] , such as an OEW PM SM configuration with two isolated DC power 

supplies  [34]  [35]  [36]  [37]  shown in  Fig. 2.6 and another one with a floating 

bridge  [38]  [39]  [40]  [41]  [42]  depicted in  Fig. 2.7.  

PMSM

a

b

c

a'

b'

c'

V1 V2

 

Fig. 2.6 ï OEW PMSM with dual DC supply  
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PMSM
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b

c

a'

b'

c'

VDC C

 

Fig. 2.7 ï OEW PMSM with floating bridge  

The  OEW configuration with the  common DC supply , Fig. 2.4, has a rel atively 

easy implementation  and a simpler structure  comparing to the dual power  

supply , Fig. 2.6, version  [43] . The OEW PMSM connection with floating bridge  

topology has  a limited fault tolerant capability and a relatively complex 

control algorithm.  [16]  [44]  [45]  

However only the open -end  winding  PMSM drive configuration  with the 

common DC link  shown in Fig. 2.4 is considered in this thesis. According to  

[16]  such a configuration is capable of a  relatively high grade fault tolerance . 

[46]  [47]  [48]  [49]  [50]  Fault tolerance is crucial in automotive  including 

aerospace applications. [51]  [52]  [53] . In addition, the configuration of an 

OEW PMSM with common DC link has a relatively reduced complexity and 

low cost comparing with the configurations presented in Fig. 2.6 and Fig. 2.7 

[54] .  
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2.2  OEW PMSM Drives  with common DC link  

Unlike in the star connection, t he OEW configuration introduces  a zero -

sequence  current (ZSC) that is circulating in the  system.  [55]  

2.2.1 Torque ripple suppression  

Open -End Winding PMSM drive with a common DC bus features a dual 

inverter topology and a single DC power source. According to the comparison 

of the inverter arrangements considered in [56]  its major advantages are 

fault toleran ce, compact design, and high torque per volume ratio. In 

addition, such an arrangement is well suited for the implementation of 

different power device technolog ies such as IGBT and Silicon Carbide (SiC). 

Moreover, such an arrangement allows an increase of output power for a 

given inverter  due to utilisation of the full bus voltage . Due to the 

aforementioned advantages, not only is the OEW PMSM topology a good 

candidate for aerospace applications, but also it is appropriate for wind power 

generation and moto r drives operating above certain speeds [28] .  

However, such a topology does have some drawbacks. One issue is that the 

output electromagnetic torque becomes a function of both the thir d harmonic 

back EMF and the ZSC . Moreover, there are two parts of the OEW PMSM drive 

that happen to be the sources of ZSC: the inverter side and the actual OEW 

PMSM side. The ZSC caused by the inverter side can be minimised by 

introducing a special modulation [57]  that eliminates the zero -sequence  

voltage (ZSV). In addition, the ZSV caused by dead - time  [58]  can also be 

compensated  [59]  [60] . Hence, in this chapter only the torque rippl e due to 

the third harmonic back EMF is considered as the  source of the oscillation.  

[61]   

Different torque ripple minimisation techniques were considered previously 

such as the usage of proportional integral control ( PI)  [62]  with back EMF 

Feed Forward Compensation [63]  or the use of proportional resonant  control  

(PR)  to minimise the ZSC [43] . However, all of the mentioned methods of 
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mini misation of the torque ripple are based on the suppression or 

minimisation of the zero -sequence  current  by introducing zero -sequence 

voltage in the system . It appears that t here is no  research work that has 

been focused on the minimisation of the torque ri pple using alternative 

methods, rather than the suppression of ZSC. Moreover, in cases when a 

machine has a considerably low leakage inductance none of those methods 

will work because the low leakage inductance dramatically restricts the 

amount of ZSV that  can be applied to the system. Some high -speed  machines 

would not tolerate any ZSV in the drive due to their tendency of having a 

very low leakage inductance. The argument is that the high -speed machines 

have less stator coil turns. Thereby, the inductance  happens to be 

considerably low. Less wire turns also usually result in a lower leakage 

inductance. Such an inductance could induce a high ZSC spikes in the stator 

if ZSV is introduces even for a short period of time. However, when the ZSV 

is not applied, the ZSC becomes induced from another source, such as the 

third harmonic back EMF. According to the analysis performed in chapter 3, 

his current causes a torque distu rbance.  A n ew, alternative control method 

that improves the torque quality of such an open -end winding drive 

configuration has been proposed. The developed method uses a proportional 

integral plus adaptive resonant controller (PI+RC)  [64]  on the quadrature 

current branch in order to compensate the torque ripple caused by the ZSC 

due to the 3 rd  harmonic of the back EMF.  

The most recent work done on the suppression of the torque ripple in an 

open -end  winding PMSM with common DC li nk configuration is described in  

[65] , where the researchers introduced a Model Predictive Current Control. 

Model Predictive Control is a technique that is able to both regulate the 

systemôs states and drive the outputs to the desired values in an optimal way 

while satisfying the physical and operational constraints. [66]  

There are different factors influencing the torque ripple. One of the studies 

revealed how torque ripple increases with increasing  rotor position error [67]  
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2.2.2 Temperature Estimation  

OEW PMSM drives with common DC bus voltage are gaining increasing 

popularity in the pursuit of a low volume high power density solutions  [56]  

for the aerospace  [68] , electric/hybrid vehicles [69]  and wind power 

applications [61] . Moreover, such an arrangement is well suited f or the 

implementation of different power device technology such as IGBT and Silicon 

Carbide (SiC)  [57] . However, this topology has its drawbacks. The OEW 

PMSM drives with common DC link suffer from the circulating ZSC [70]  due 

to the third harmonic back EMF [71] . In the case when a machine is designed 

to be a high -speed , high power and low volume it tends to have a 

considerably low leakage inductance.  The argument is that the high -speed  

machines have less stator coil turns. Thereby, the inductance happens to be 

considerably low. Less wire turns also result in a lower leakage inductance. 

Such a low leakage inductance prevents the drive from applying any zero -

sequence  vo ltage (ZSV)  [58] , hence, the suppression of the aforementioned 

ZSC becomes impossible. The unsuppressed ZSC due to the third harmonic 

back EMF produces additional power loss that is converted to heat. Hence, 

the additional moni tor of the phase winding temperature  should increase the 

robustness of the overall system. In addition, due to a low volume and a high 

power density such machines tend to have either an integrated or attached 

liquid cooling [72] . Hence, it is crucial to track the stator temperature 

variations in order to ensure an optimal performance and the overall 

robustness of the system. This commonly requires a temperature sensor to 

be either integrated in or attached to the machine. In th is chapter a new non -

invasive method of identification of the online stator temperature without the 

usage of a temperature sensor  is proposed . The temperature is estimated 

using an estimation of the stator phase resistance. There are resistance 

estimation methods, such as the one that  has been proposed in [73]  involving 

high frequency injection, however, it  tend s to have an estimation error 

directly proportional to the rotor electrical speed, thereby, this method  is not 

suitable  for the high electrical speed machines. Another method proposed 

recently in [74]  depends on a very accurate zero crossing detection and is 
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rather hard to implement.  The method, proposed in [75]  requ ires cooling 

system model. Another method requires a use of Kalman filter [76] . A rather 

recent paper on real - time resistance estimation requires a construction of a 

special function according to multiple simulations along with  the access to 

the direct axis voltage information  [77] . 

A thorough analysis revealed that the information about the phase resistance 

is hidden inside the amplitude of ZSC caused by the third harmonic back EMF. 

The analysis sho wed that this information can be derived using a maximum 

zero -sequence  current concept introduced in this thesis , the actual value of 

ZSC amplitude and the rotor electrical speed. Hence, a new method was 

proposed which utilises the ZSC due to the third har monic back EMF freely 

flowing in the system in order to extract the information on the phase 

resistance and, thereby, estimate the online stator temperature of the 

system. In addition, the freely flowing ZSC due to the third harmonic back 

EMF in an OEW PMS M with common DC link is a convenient opportunity for 

utilisation of the benefits of either a sensorless control or the proposed 

winding temperature estimation or even both, because the temperature 

estimation method proposed in this thesis  could  also poten tially be  combined 

with, for example, a novel zero -sequence model -based sensorless control . 

[28]  It could be used to improve the accuracy of  the rotor position estimation 

in any other sensorless techniques which heavily depend on the winding 

resistance value. Furthermore, the proposed new temperature estimation 

method gives an intimate temperature prediction comparing to the reading 

from an ad ded temperature sensor, because the temperature sensor can only 

be attached to the winding insulation rather than to the winding itself. 

Moreover, the method could be especially beneficial for the high power low 

volume high -speed OEW PMSM drives with commo n DC bus due to their 

problems with suppressi on of the ZSC, described above.  
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2.2.3 Sensorless Control in OEW PMSM with common DC 

Link  

Sensorless control is a type of control which uses the estimated motor 

parameters such as the position of the rotor and the load  torque. These 

parameters are obtained from the current and the voltage signals of the 

machine itself  [78] . The major reason for the popularity of sensorless control 

in high -speed drives  is the reliability. Encoders and resolve rs may have a 

negative impact on aerodynamics in such high -speed applications as 

compressors and blowers due to the extrusion of sensors. In addition, high -

speed rotational  force is likely to cause the mechanical stresses that a 

position sensor will not be  able to withstand.  [79]   

Although there are multiple methods of the Sensorless Control 

implementation particularly for the high -speed drives  [80]  [81]  [82]  [83] , 

Model Reference Adaptive System (MRAS) method [84]  [85]  appears to be a 

good option for the high -speed drives as it works best at high -speed . [86]  

It was found that one of the researchers succeeded in turning the 

disadvantage of the zero -sequence  current into its advantage and used it in 

order to estimate the position of the rotor. This novel zero -sequen ce model -

based sensorless method in [28]  enabled elimination of both the voltage 

transducer and the three phase resistance network that conventional 

sensorless control methods of this type require.  

2.2.4 Power Losses in an OEW PMSM w ith  common DC Link  

Nearly every scientific pape r [87]  [25]  [43]  [54]  [85]  [88]  as to the OEW 

PMSM with common DC link states that the power of the motor is lost due to 

the circulation of the zero -sequence  current, however, it has been noted that 

there are no papers describing how much power is lost exactly. Some of the 

papers refer to the other papers when the power loss due to the zero -

sequence current is mentioned. However, the referred papers do not explain 

how this current influences the power of the motor in a particular open -end  
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winding permane nt magnet synchronous motor drive configuration with 

common DC. Hence, it was decided to investigate this very phenomenon.  
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2.3  Integrated drives  

The permanent magnet synchronous motors are widely used across the industries due 

to their compact structure, high torque to inertia ratio, high airgap flux density and high 

efficiency. [89] The potential increase of power density of a drive system can be obtained 

by introducing the modularised converter units to a PMSM making an Integrated Motor 

Drive (IMD). [90] An example of such a drive is illustrated in Fig. 2.8 [91]  below. 

 

Fig. 2.8 ï Modularised converter unit attached to the motor casing  

Usually the power electronics (PE) modules of these kinds of drives are meant 

to be easily replaceable in case of malfunctioning or degradation in  

performance.  [92]  The integrated motor drives seem to be the way forward 

in the transportation applications due to the potential reduction in mass and 

volume even though there are still some problems yet to be overcome, such 

as electromechanical integration and the temperature management. [93]  

In addition, the integrated motor drives will not suffer from all of the issues 

that the drives with the long feeder cables do. [94]  There will be less overall 

internal resistance and the leakage inductance due to the absence of long 

wires connecting the PMSM and the inverter.  
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Chapter 3 

3  Open - End Winding P MSM  with 

Common DC Link Theory  

This chapter introduces a mathematical  analysis  of the origin of a zero -

sequence  current in the machine side of an open -end  winding permanent 

magnet synchronous motor drive with common DC link . In addition, the 

equations that describe the influence of this zero -sequence  current onto the 

machineôs performance is also derive d. The presented mathematical analysis 

is used as a ref erence for all of the proposed ideas described in the 

subsequent chapters.  
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3.1  OEW PMSM voltage equations in Machine 

Variables  

VaL

S1

S2

S3

S4

S5

S6

S1'
S2'
S3'
S4'
S5'
S6'

VD C VbL

VcL

VaH

VbH

VcH

PMSM
  

Fig. 3.1 ï OEW PMSM with common DC bus  

The diagram of an OEW PMSM drive with common DC link is presented in Fig. 

3.1. The stator voltage equation, represented in machine variables:  

 ὠ ὶὭ ὴ‗  (3.1)  

 

where , ὶ ï stator winding resistance diagonal matrix, Ὥ  ï stator phase 

currents matrix, ‗  ï stator phase flux linkage matrix and ὴ is a derivative 

with respect to time   operator:  
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The stator phase flux linkage  ‗ , in turn, is related to the stator currents Ὥ  

and the rotor permanent magnet flux  through the following equation:  

 ‗ ‗ ‗  (3.3)  

 

where, the flux linkage due to the stator currents ‗  is a product of the 

inductance matrix ὒ and the  matrix of the  stator phase currents  Ὥ :  

 ‗ ὒὭ  (3.4)  
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The inductance mat rix ὒ, in turn, is a 3×3 matrix  [95] :  

 ὒ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ ὒὰί ὒὃ ὒὄÃÏÓς—Ὡ

ρ

ς
ὒὃ ὒὄÃÏÓς—Ὡ

“

σ

ρ

ς
ὒὃ ὒὄÃÏÓς—Ὡ

“

σ

ρ

ς
ὒὃ ὒὄÃÏÓς—Ὡ

“

σ
ὒὰί ὒὃ ὒὄÃÏÓς—Ὡ

ς

σ
“

ρ

ς
ὒὃ ὒὄÃÏÓς—Ὡ “

ρ

ς
ὒὃ ὒὄÃÏÓς—Ὡ

“

σ

ρ

ς
ὒὃ ὒὄÃÏÓς—Ὡ “ ὒὰί ὒὃ ὒὄÃÏÓς—Ὡ

ς

σ
“
Ứ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

 (3.5)  

 

The flux linkage due to the rotor permanent magnet  ‗ , in turn, can be 

expressed as the sum of the fundamental ‗  and the 3 rd  harmonic  ‗  

components :  

 ‗ ‗ ‗  (3.6)  

 

The reason behind representing the flux linkage as the sum of  the  

fundamental and the third harmonic components is that the third harmonic 

results in the zero -sequence  current in the open -end  winding PMSM drives 

with common DC link.  [71]  

The mentioned fundamental ‗  and the 3 rd  ‗  harmonic 

components of the flux linkage due to the rotor permanent magnet  are 

expressed, respectively, as follows:  

 ‗ ‗

ụ
Ụ
Ụ
Ụ
ợ
ÓÉÎ—

ÓÉÎ—
ς

σ
“

ÓÉÎ—
ς

σ
“Ứ
ủ
ủ
ủ
Ủ

 (3.7)  

 

 ‗ ‗ ὑ

ụ
Ụ
Ụ
Ụ
Ụ
ợ

ÓÉÎσ—

ÓÉÎσ—
ς

σ
“

ÓÉÎσ—
ς

σ
“
Ứ
ủ
ủ
ủ
ủ
Ủ

 (3.8)  
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where,  ‗  is the  amplitude of flux linkage  established by the permanent 

magnet  and  ὑ  is one third of the ratio of the  amplitude of the open circuit 

3 rd  harmonic  voltage Ὁ  and fundamental  voltage  Ὁ , respectively,  

induced in either of the  stator winding s:  

 ὑ
ρ

σ

Ὁ

Ὁ
 (3.9)  

 

Analytically, t he  open circuit fundamental  (Ὁ )  and the 3 rd  harmonic (Ὁ )  

voltage components or the back EMF components are identified as the rate  

of change of flux linkage  of the corresponding harmonics ‗  and ‗ :  

 Ὁ ὴ‗  (3.10 )  

 

 Ὁ ὴ‗  (3.11 )  

 

where, ὴ is a derivative with respect to time operator.  

Substituting equations (3.7)  and (3.8)  into (3.10 )  and (3.11 ) , respectively, 

and a ssuming that a PMSM motor rotates at a constant speed  the back EMF  

fundamental and third harmonic components become :  

 Ὁ ‗‫

ụ
Ụ
Ụ
Ụ
ợ
ÃÏÓ—

ÃÏÓ—
ς

σ
“

ÃÏÓ—
ς

σ
“Ứ
ủ
ủ
ủ
Ủ

 (3.12 )  

 

 Ὁ σ‗‫ ὑ

ụ
Ụ
Ụ
Ụ
Ụ
ợ

ÃÏÓσ—

ÃÏÓσ—
ς

σ
“

ÃÏÓσ—
ς

σ
“
Ứ
ủ
ủ
ủ
ủ
Ủ

 (3.13 )  
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Hence, the  amplitudes of the corresponding back EMF components are as 

follo ws:  

 Ὁ ‗‫  (3.14 )  

 

 Ὁ σ‗‫ ὑ  (3.15 )  

 

Substituting equation (3.14 )  into (3.15 )  the coefficient ὑ  can be found 

using the following formula:  

 ὑ
Ὁ

σὉ
 (3.16 )  

Hence, ὑ  is indeed one third of the ratio of the  amplitude of the open 

circuit 3 rd  harmonic voltage Ὁ  and fundamental voltage  Ὁ  induced in 

either of the stator windings.  

In order to obtain the new stator phase flux linkage  ‗  the equation s (3.4)  

and (3.6)  are substituted into (3.3) :  

 ‗ ὒὭ ‗ ‗  (3.17 )  

 

Therefore, substituting (3.17 )  into (3.1)  the stator voltage equation 

becomes:  

 ὠ ὶὭ ὴὒὭ ὴ‗ ὴ‗  (3.18 )  

 

Since ὴὒὭ ὴὒὭ ὒὴὭ , the voltage equation becomes:  

 ὠ ὶὭ ὴὒὭ ὒὴὭ ὴ‗ ὴ‗  (3.19 )  
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3.2  OEW PMSM Voltage Equations in Rotor 

Reference Frame  

Converting the voltage equation from the machine variables,  ὠ  , into the 

rotor reference frame  ὠ  in order to see the e ffect of the 3 rd  back EMF 

harmonic on the torque production of the machine :  

 ὠ ὑὠ ὑὶὭ ὑὴὒὭ ὑὴ‗ ὑὴ‗  (3.20 )  

 

ὠ ὑὑὶ ὑ Ὥ ὑὴὑὒ ὑ Ὥ ὑὴὑ ‗

ὑὴὑ ‗   
(3.21 )  

 

where, ὑ and ὑ  are the change of variable coefficient and the inverse of 

the change of variable coefficient, respectively:  

 ὑ
ς

σ

ụ
Ụ
Ụ
Ụ
Ụ
ợÃÏÓ— ÃÏÓ—

ς

σ
“ ÃÏÓ—

ς

σ
“

ÓÉÎ— ÓÉÎ—
ς

σ
“ ÓÉÎ—

ς

σ
“

ρ

ς

ρ

ς

ρ

ς Ứ
ủ
ủ
ủ
ủ
Ủ

 (3.22 )  

 

 ὑ

ụ
Ụ
Ụ
Ụ
ợ
ÃÏÓ— ÓÉÎ— ρ

ÃÏÓ—
ς

σ
“ ÓÉÎ—

ς

σ
“ ρ

ÃÏÓ—
ς

σ
“ ÓÉÎ—

ς

σ
“ ρỨ

ủ
ủ
ủ
Ủ

 (3.23 )  

 

Since resistance ὶ and inductance ὒ, the  matrices in qd0  can be represented 

as:  

 ὶ ὑ

ὶ π π
π ὶ π
π π ὶ

ὶ π π
π ὶ π
π π ὶ

 (3.24 )  
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 ὒ ὑ
ὒ ὒ ὒ
ὒ ὒ ὒ
ὒ ὒ ὒ

ὒ ὒ π π

π ὒ ὒ π
π π ὒ

ὒ π π

π ὒ π
π π ὒ

 (3.25 )  

 

where,  ὒ , ὒ  and ὒ  are the self - inductances of the phases A, B and C, 

respectively, and the off -diagonal terms are the mutual inductances between 

the phases . A ccording to (3.5)  these inductances could be written as follow . 

 

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ

ὒ ὒ ὒ ὒÃÏÓς—

ὒ ὒ ὒ ὒÃÏÓς—
ς

σ
“

ὒ ὒ ὒ ὒÃÏÓς—
ς

σ
“

ὒ ὒ
ρ

ς
ὒ ὒÃÏÓς—

“

σ

ὒ ὒ
ρ

ς
ὒ ὒÃÏÓς—

“

σ

ὒ ὒ
ρ

ς
ὒ ὒÃÏÓς— “

 (3.26 )  

also,  

 ὒ
σ

ς
ὒ ὒ  (3.27 )  

 

 ὒ
σ

ς
ὒ ὒ  (3.28 )  

 

The voltage equation in the rotor reference frame becomes:  

ὠ ὶὭ ὑὴὒ ὑ Ὥ ὑὴὑ ‗ ὑὴὑ ‗  (3.29 )  

 

Since Ὧὃὄ ὯὃὄὃὯὄ, where Ὧ is a  scalar, ὃ and ὄ are the matrices, the 

voltage equation becomes:  

 

ὠ ὶὭ ὑὴὑ ὒὭ ὑὑ ὴὒὭ

ὑὴὑ ‗ ὑὑ ὴ‗

ὑὴὑ‗ ὑὑ ὴ‗  

(3.30 )  
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Since,  

ὑὑ
ς

σ

ụ
Ụ
Ụ
Ụ
Ụ
ợÃÏÓ— ÃÏÓ—

ς

σ
“ ÃÏÓ—

ς

σ
“

ÓÉÎ— ÓÉÎ—
ς

σ
“ ÓÉÎ—

ς

σ
“

ρ

ς

ρ

ς

ρ

ς Ứ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
ợ
ÃÏÓ— ÓÉÎ— ρ

ÃÏÓ—
ς

σ
“ ÓÉÎ—

ς

σ
“ ρ

ÃÏÓ—
ς

σ
“ ÓÉÎ—

ς

σ
“ ρỨ

ủ
ủ
ủ
Ủ

╘ (3.31 )  

 

and  

ὑὴὑ
ς

σ

ụ
Ụ
Ụ
Ụ
Ụ
ợÃÏÓ— ÃÏÓ—

ς

σ
“ ÃÏÓ—

ς

σ
“

ÓÉÎ— ÓÉÎ—
ς

σ
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ς

σ
“

ρ

ς

ρ

ς

ρ

ς Ứ
ủ
ủ
ủ
ủ
Ủ

Ὠ

Ὠὸ

ụ
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Ụ
ợ
ÃÏÓ— ÓÉÎ— ρ

ÃÏÓ—
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σ
“ ÓÉÎ—

ς

σ
“ ρ

ÃÏÓ—
ς

σ
“ ÓÉÎ—

ς

σ
“ ρỨ

ủ
ủ
ủ
Ủ

ⱷ▄ (3.32 )  

 

where,  

 ⱷ▄

π ‫ π
‫ π π
π π π

 (3.33 )  

the voltage equation becomes:  

 
ὠ ὶὭ ⱷ▄ὒὭ ὴὒὭ ⱷ▄‗ ὴ‗

ⱷ▄‗ ὴ‗  
(3.34 )  

 

Since,  

 ‗ ὑ‗ ὑ‗

ụ
Ụ
Ụ
Ụ
ợ
ÓÉÎ—

ÓÉÎ—
ς

σ
“

ÓÉÎ—
ς

σ
“Ứ
ủ
ủ
ủ
Ủ

π
‗

π

 (3.35 )  

 

and  
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‗ ὑ‗ ὑ‗ ὑ

ụ
Ụ
Ụ
Ụ
Ụ
ợ

ÓÉÎσ—

ÓÉÎσ—
ς

σ
“

ÓÉÎσ—
ς

σ
“
Ứ
ủ
ủ
ủ
ủ
Ủ

π
π

‗ ὑ ÓÉÎσ—
 (3.36 )  

 

the voltage equation becomes:  

 ὠ ὶὭ ⱷ▄ὒὭ ὴὒὭ ⱷ▄‗ ὴ‗  (3.37 )  

 

Assuming  ὒ, ὒ and ὒ  in the inductance matrix ὒ are  constant:  

 

ὠ

ὠ
ὠ

ὶ π π
π ὶ π
π π ὶ

Ὥ

Ὥ
Ὥ

π ‫ π
‫ π π
π π π

ὒ π π

π ὒ π
π π ὒ

Ὥ

Ὥ
Ὥ

ὒ π π

π ὒ π
π π ὒ

Ὠ

Ὠὸ

Ὥ

Ὥ
Ὥ

‫
π
‗

π

Ὠ

Ὠὸ

π
π

‗ ὑ ÓÉÎσ—
 

(3.38 )  

 

Therefore, a set of the rotor reference frame PMSM voltage equations can be 

written as:  

 

ừ
Ử
Ừ

Ử
ứ ὠ ὶὭ ὒ

ὨὭ

Ὠὸ
‫ὒὭ ‗‫

ὠ ὶὭ ὒ
ὨὭ

Ὠὸ
‫ὒὭ

ὠ ὶὭ ὒ
ὨὭ

Ὠὸ
σ‗‫ ὑ ÃÏÓσ—

 (3.39 )  
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3.3  Torque produced by an OEW PMSM  

Instantaneous power ὖ flowing in the machine can be written in both the 

machine variables and the rotor reference frame, respectively, as :  

 ὖ ὠὭ ὠὭ ὠὭ
σ

ς
ὠὭ ὠὭ ςὠὭ  (3.40 )  

 

Substituting (3.39 )  into  the second part of  (3.40 ) , the instantaneous power 

equation becomes:  

 ὖ ὖ ὖ ὖ  (3.41 )  

 

where, ὖ is the power loss in the conductors, ὖ is the rate of change of 

stored en ergy in the magnetic fields and ὖ  is the electromechanical power:  

 ὖ
σ

ς
ὶὭ ὶὭ ςὶὭ  (3.42 )  

 

 ὖ
σ

ς
ὴὒὭ ὴὒὭ ςὴὒὭ  (3.43 )  

 

 ὖ
σ

ς
‫ Ὥ‗ ὭὭὒ ὒ φὭ‗ ὑ ÃÏÓσ—  (3.44 )  

 

The power ὖ  is utilised for the conversion of energy from electrical to 

mechanical an d is equal to the power output from the motor shaft. Hence, 

the electromechanical power ὖ  can be written as the product of the machine 

produced torque Ὕ and the mechanical angular rotor speed  ‫ , where , ὖ 

is the number of poles  and ‫  is an  electrical angular speed :  

 ὖ Ὕ
ς

ὖ
‫  (3.45 )  
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Substituting (3.45 )  into (3.44 )  the equation becomes:  

 Ὕ
ς

ὖ
‫

σ

ς
‫ Ὥ‗ ὭὭὒ ὒ φὭ‗ ὑ ÃÏÓσ—  (3.46 )  

 

Therefore, the torque produced by the machine is:  

 Ὕ
σ

ς

ὖ

ς
 Ὥ‗ ὭὭὒ ὒ φὭ‗ ὑ ÃÏÓσ—  (3.47 )  
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3.4  Effect of ZSC on the OEW PMSM performance  

The effect of the Zero -Sequence Current due the 3 rd  harmonic back EMF on 

the Open -End Winding PMSM was studied considering the system in the 

steady state.  

3.4.1 Controlled Zero - Sequence Current  

The OEW PMSM steady state analysis is required in order to identify the 

influence of the 3 rd  harmonic back EMF on the system. The analysis is 

performed using the rotor reference frame voltage and torque equations. All 

of the corresponding p hasor diagrams are drawn for the visual 

representation.  

3.4.1.1 Steady State Zero - Sequence Voltage and Current  

A zero -sequence  voltage ὠ equation is one of the OEW PMSM rotor reference 

frame equations in (3.39 ) . It is written as follows:  

 ὠ ὶὭ ὒ
ὨὭ

Ὠὸ
σ‗‫ ὑ ÃÏÓσ—  (3.48 )  

 

The steady state phasor form of the equation (3.48 )  is 

 ὠ ὶὍ ὮὢὍ Ὁ (3.49 )  

 

where, ὠ  and Ὅ are the zero -sequence  voltage and current phasors, 

respectively, ὶ is the phase resistance, Ὁ is the zero -sequence  back EMF 

phasor with a zero phase shift :  

 Ὁ Ὁ ÃÏÓσ—  (3.50 )  

 

where, t he amplitude Ὁ  is denoted in  equation  (3.51 ) . 
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 Ὁ σ‗‫ ὑ  (3.51 )  

 

ὢ is the zero -sequence  inductive reactance:  

 ὢ σ‫ὒ (3.52 )  

 

Rearranging the equation (3.49 )  in order to construct a phasor diagram:  

 ὠ Ὁ ὶὍ ὮὢὍ (3.53 )  

 

According to the equation (3.53 )  above the voltage phasor diagram, shown 

in Fig.  3.2, is drawn. Fig.  3.3, in turn, illustrates the case when the control 

zero voltage ὠ is equal to zero. The zero -sequence  current in this case 

depends entirely on the value of the zero -sequence  back EMF Ὁ, hence, 

according to (3.51 )  it is proportional to the electrical angular speed  ‫ .

ɾ 

V0-E0

X0I0

rsI0

 

Fig.  3.2 ï Zero -Sequence Voltage 

phasor diagram  

-E0

rsI0 V0=0V

ɾ 

X0I0

 

Fig.  3.3 ï Zero -Sequence Voltage 

phasor diagram when V 0=0V

Rearranging the equation (3.53 )  in order to obtain the phasor current  Ὅ:  

 Ὅ
ὠ Ὁ

ὶ Ὦὢ
 (3.54 )  
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It is clear from Fig.  3.2 and the equation (3.54 )  that the zero -sequence  

current Ὅ depends on the difference between the input zero -sequence  

voltage vector ὠ and the back EMF vector due to the 3 rd  harmonic  Ὁ. 

Further simplification of (3.54 )  results in the following equation of the zero -

sequence  phasor current:  

 Ὅ Ὅͅ ὮὍͅ  (3.55 )  

 

where, Ὅͅ  is the real part of the phase current vector  Ὅ:  

 Ὅͅ ὠ Ὁ
ὶ

ὶ ὢ
 (3.56 )  

 

and Ὅͅ  is the imaginary part of the phase current vector  Ὅ:  

 Ὅͅ ὠ Ὁ
ὢ

ὶ ὢ
 (3.57 )  

 

The graphical representation of the zero -sequence  phase current  equation 

(3.55 )  is shown in Fig.  3.4.   
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I0
I0_Im

I0_Re

ɾ 

 

Fig.  3.4 ï Zero -Sequence Current 

phasor diagram  

ɾ 

I0

I0_ReV0-E0

rsI0

X0I0

I0_Im

 

Fig.  3.5 ï Phasor diagram of the 

Zero -Sequence Voltage and 

Current  

Fig.  3.5 shows the combination of the  Zero -Sequence Voltage ( Fig.  3.2) and 

Current ( Fig.  3.4) phasor diagrams. This diagram shows that the angle ‎ 

between the zero -sequence  voltage and current phase vectors can be found 

using either the zero phase voltage components or the zero phas e current 

components:  

 ‎ ÔÁÎ
ὢὍ

ὶὍ
ÔÁÎ

Ὅͅ

Ὅͅ
ÔÁÎ

ὢ

ὶ
 (3.58 )  

 

Therefore, using the equation of zero -sequence  inductive reactance  (3.52 ) , the 

phase ‎ between the zero -sequence  voltage and current phasors, becomes:  

 ‎ ÔÁÎσ‫
ὒ

ὶ
 (3.59 )  
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The magnitude of the zero phase current vector:  

 
Ὅ

ὠ Ὁ

ὶ ὢ

 
(3.60 )  

 

3.4.1.2 Steady State Electrical Power  

According to the equations of the zero -sequence  phase angle (3.59 )  and its 

amplitude (3.60 )  the electrical angle domain equation of the zero -sequence  

current can be written as:  

 Ὥ ὍÃÏÓσ— ‎ (3.61 )  

 

where,  Ὅ is the amplitude of the zero -sequence  current Ὥ, — is the electrical 

phase angle and ‎ is the phase between the zero -sequence  voltage and the zero -

sequence  current phasors.  

Considering the derived equation of the motor power  in the rotor reference frame 

(3.40 )  and the electrical angle  domain equation of the zero -sequence  current 

(3.61 ) , the total electrical power equation can be rewritten as follows:  

 ὖ
σ

ς
ὠὭ ὠὭ ςὠὍÃÏÓσ— ‎  (3.62 )  

 

Incorporating ZSC equation (3.61 )  into the power loss in the conductor  ὖ 

equation (3.42 )  

 ὖ
σ

ς
ὶὭ ὶὭ ςὶὍ ÃÏÓσ— ‎  (3.63 )  
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Using trigonometric identity  of (3.64 )   

 ÃÏÓσ— ‎
ρ

ς
ÃÏÓφ— ς‎ ρ (3.64 )  

 

The formula for the power loss in conductor can be written as follows.  

 ὖ
σ

ς
ὶὭ ὶὭ ὶὍ ὶὍ ÃÏÓφ— ς‎  (3.65 )  

 

The term causing power loss in conductor oscillation is  ὶὍ ÃÏÓφ— ς‎ . 

Combining equation (3.43 )  and the ZSC in (3.61 ) , the rate of change of stored 

energy in magnetic field ὖ appears to be as follows:  

 ὖ
σ

ς
ὴὒὭ ὴὒὭ ςὴὒὍ ÃÏÓσ— ‎  (3.66 )  

 

Applying the same trigonometric identity (3.64 ) , the equation becomes:  

 ὖ
σ

ς
ὴὒὭ ὴὒὭ ὴὒὍ ὴὒὍ ÃÏÓφ— ς‎  (3.67 )  

 

where, ὴὒ Ὅ ÃÏÓφ— ς‎  term is the oscillatory  term . 

Considering the electromechanical power ὖ  of equation (3.44 )  that is used to 

convert electrical to mechanical  energy and combining it with (3.61 ) , the 

equation (3.68 )  is obtained.  

 
ὖ

σ

ς
‫ Ὥ‗ ὭὭὒ ὒ

φὍÃÏÓσ— ‎‗ ὑ ÃÏÓσ—  

(3.68 )  
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Using a trigonometric identity:  

 ὃÃÏÓ— ‎ÃÏÓ—
ὃ

ς
ÃÏÓς— ‎

ὃ

ς
ÃÏÓ‎ (3.69 )  

 

The new equation of the electro mechanical  power  becomes:  

 
ὖ

σ

ς
‫ Ὥ‗ ὭὭὒ ὒ σὍ‗ ὑ ÃÏÓ‎

σὍ‗ ὑ ÃÏÓφ— ‎  

(3.70 )  

 

The term causing the power  oscillation is  σὍ‗ ὑ ÃÏÓφ— ‎ . The power  is 

oscillating six times faster than the fundamental harmonic with the amplitude of 

the oscillation proportional to the zero -sequence  current amplitude 

σὍ‗ ὑ . There is also a DC offset of σὍ‗ ὑ ÃÏÓ‎  due to the ZSC.  

3.4.1.3 Steady State Ele ctromagnetic Torque  

Considering the derived equation of the electromagnetic torque in rotor 

reference frame (3.47 )  and the electrical angle  domain equation of the zero -

sequence  current (3.61 ) , the elec tromagnetic torque equation can be rewritten 

as follows:  

 
Ὕ

σ

ς

ὖ

ς
 Ὥ‗ ὭὭὒ ὒ

φὍ‗ ὑ ÃÏÓσ— ‎ÃÏÓσ—  

(3.71 )  

 

Using the trigonometric identity introduced in (3.69 )  the new equation of the 

electromagnetic torque becomes:  

 
Ὕ

σ

ς

ὖ

ς
 Ὥ‗ ὭὭὒ ὒ σὍ‗ ὑ ÃÏÓ‎

σὍ‗ ὑ ÃÏÓφ— ‎  

(3.72 )  
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The term causing the torque oscillation is  σὍ‗ ὑ ÃÏÓφ— ‎ . The torque 

is oscillating six time s faster than the fundamental harmonic with the amplitude 

of the oscillation proportional t o the zero -sequence  current 

amplitude  σὍ‗ ὑ . 

3.4.2 Uncontrolled Zero - Sequence Current  

3.4.2.1 Steady State uncontrolled Z ero - Sequence Current  

When there is no zero -sequence  voltage (ZSV) generated by the inverter side of 

the drive, the zero -sequence  current in this case is considered to be 

uncontrolled. The behaviour of this current depends entirely on the machineôs 

parameters.  

In case if the zero -sequence  current is not con trolled , in other words ὠ πὠ as 

show n in Fig.  3.3, its  magnitude becomes:  

 
Ὅ

Ὁ

ὶ ὢ

 
(3.73 )  

 

Using the equations (3.51 )  and (3.52 ) , this current can be rewritten as:  

 
Ὅ

σ‗‫ ὑ

ὶ ω‫ ὒ

 
(3.74 )  

 

It is clear from the equation (3.74 )  that when the zero -sequence  current is not 

controlled its amplitude depends on the internal machine parameters and the 

angular speed of the motor itself.  

In order to determine the minimum ( Ὅ )  and the maximum ( Ὅ )  values 

of the uncontrolled zero -sequence  current amplitude the limit of equation (3.74 )  
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is taken when the angular  speed ‫  tends to zero, positive and negative infinity, 

respectively:  

 Ὅ ÌÉÍ
ᴼ
Ὅ ÌÉÍ

ᴼ

ở

ờ
σ‗‫ ὑ

ὶ ω‫ ὒ Ợ

Ỡ π (3.75 )  

 

Ὅ ÌÉÍ
ᴼ

Ὅ ÌÉÍ
ᴼ

ở

ờ
σ‗‫ ὑ

ὶ ω‫ ὒ Ợ

Ỡ
‗ ὑ

ὒ

‗

ὒ
 

(3.76 )  

 

Ὅ ÌÉÍ
ᴼ

Ὅ ÌÉÍ
ᴼ

ở

ờ
σ‗‫ ὑ

ὶ ω‫ ὒ Ợ

Ỡ
‗ ὑ

ὒ

‗

ὒ
 

(3.77 )  

 

According to the equations (3.75 )  and (3.76 ) , the minimum and the maximum 

amplitudes of the uncontrolled zero -sequence  phase current are zero and , 

respectively. Where, ὒ is the leakage inductance and ‗  is the amplitude of 

the 3 rd  harmonic flux linkage established by the permanent magnet rotor:  

 ‗ ‗ ὑ  (3.78 )  

 

3.4.2.2 Steady State Power  due to the uncontrolled ZSC  

The total electric power can be represented by the sum of power loss in 

conductor  ὖ, power loss that represents the rate of change of stored energy ὖ 

and the electromechanical  power ὖ  that is utilised to convert electrical energy 

to mechanic al.  This is shown in equation (3.41 ) . In order to determine the  

influence of the uncontrolled zero -sequence  current on each o f the constituents 
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of the total electrical power shown in equation s (3.41 ) - (3.44 ) , the zero -

sequence  current  (3.74 )  and its phase shift  (3.59 )  were  substitut ed in equation 

of  ὖ (3.65 ) , equation  ὖ (3.67 )  and equation  ὖ  (3.70 ) , subsequently.  

Substituting (3.74 )  and (3.59 )  into (3.65 )  on page 53 , the loss in the conductor 

ὖ becomes a function of the electrical angular speed  ‫ :  

 

ὖ
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ὶ
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(3.79 )  

 

Substituting (3.74 )  and (3.59 )  into (3.67 )  on page 53 , the power that is 

responsible for t he rate of change of stored energy in magnetic field ὖ appears 

to be as follows:  
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(3.80 )  

 

According to  equation (3.80 ) , ὖ now is also a function of the electrical angular 

frequency  ‫ .  

Considering the power ὖ  from equation (3.70 )  on page 54  that is used to 

convert electrical to mechanical  energy and combining it with  equations (3.74 )  

and (3.59 ) , the equation (3.81 )  is obtained.  
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(3.81 )  

 

Although the electromechanical power ὖ  has already been  a dependent of the 

electrical angular frequency  ‫ , it is clear from (3.81 )  that  the dependency now 

revealed to be  non - linear.  

3.4.2.3 Steady State Electromagnetic Torque due  to  the  uncontrolled 

ZSC 

When the zero -sequence  current is not controlled its amplitude depends on  the 

angular speed ‫ . Hence substituting equations (3.59 )  and (3.74 )  into (3.72 )  

the electromagnetic torque equation becomes:  
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(3.82 )  

 

The above equation can be rewritten in the following form:  
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 Ὕ Ὕ Ὕ Ὕ  (3.83 )  

 

where , Ὕ  is the torque produced by the projection of the current vector Ὥ onto 

the ήὨ currents plane, Ὕ  and Ὕ  are the DC and AC components of the tor que 

due to the zero current, respectively.  

The equation of the torque produced by the ήὨ currents has a form of the 

equation of the electromagnetic torque of a conventional star connected 

machine:  

 Ὕ
σ

ς

ὖ

ς
 Ὥ‗ ὭὭὒ ὒ  (3.84 )  

 

According to the expanded equation of the electromagnetic torque (3.82 )  and 

the equation (3.83 )  when Ὥ is not controlled , the average torque is reduced wit h 

the increase of the machines angular speed ‫ . The term responsible for the 

decrease in the average torque production is:  
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(3.85 )  

 

The DC component  of the electromagnetic torque due to the zero -sequence 

curre nt shown in  (3.85 )  has its minimum v alue  when the relations hip state d in 

(3.86 )  is true.  

 ‫
ὶ

σὒ
 (3.86 )  

 



60  
 

Substituting equation (3.86 )  into (3.85 ) , the minimum value of the  con stant 

component of the electromagnetic torque due to the zero -sequence current  

could be found  using the formula below.  

 Ὕ
ω

τ

ὖ

ς
 
‗ ὑ

ὒ
 (3.87 )  

 

A rather interesting observation  was  made  from  (3.87 ) :  the increase  of the rotor 

speed does not always re sult in the further  reduction of the constant 

electromagnetic  tor que . There will always  be a point a t (3.86 )  when the further 

increase of speed w ould result in the increase of the  average  torque production. 

The max imum magnitude of the average torque reduction  due to the zero -

sequence curr ent  is the modulus of (3.87 ) . I n order t o visualise the  behaviour 

of the  DC component of t he electromagnetic torque Ὕ , Fig. 3.6 was drawn.  

 

Fig. 3.6 ï Electromagnetic torque ôs DC co mponent due to ZSC. 

The simulation of (3.85 )  shown in  Fig. 3.6 confirm s that the value of the average 

electromagnetic torque of t he machine will not be reduced  more tha n the 

modul us of (3.87 )  which  will occur at the cond ition stated in (3.86 ) . Passing the 
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speed condition (3.86 )  depict ed as a red pentagram in  Fig. 3.6 will result in the 

recovery of t he lost average torque  as the limit of (3.85 )  whe n the speed t ends 

to infinity i s zero as p er (3.88 )  below.  

 Ὕ ÌÉÍ
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ὶ ω‫ ὒ
π (3.88 )  

 

The term responsible for the torque oscillation:  
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(3.89 )  

 

The amplitude of the torque oscillation is:  
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(3.90 )  

 

The phase of the torque oscillation is the s ame as the phase of the zero -sequence  

current described in the equation (3.59 ) . 

In order to  determine the minimum and the maximum values of the amplitude 

of the electromagnetic torque oscillation ȿὝȿ the limit of the equation (3.90 )  

must be t aken when the electrical angular speed ‫  tends to zero, positive and 

negative infinity, respectively:  

 ȿὝ ȿ ÌÉÍ
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(3.92 )  
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(3.93 )  

 

According to the equations (3.91 )  and (3.92 ) , the minimum and the maximum 

amplitudes of the torque oscillation are zero and , respectively. ‗  

is the amplitude of the 3 rd  harmonic of the flux leakage due to the perm anent 

magnet rotor, ὒ is the leakage inductance.  

The component of  the electromagnetic torque d ue to the zero -seque nce current 

that result s in the torque  oscillation  presented in equation  (3.89 )  was plotted in 

Fig. 3.7 below.  It s instantaneous va lue  depends on the speed of the motor as 

well as on the posit ion  of  the rotor.  Fig. 3.7 represents the same surface graph 

from different sides in order to visua lise the dependencies . Fig. 3.7 (a)  along 

with th e colour  bar show  the whole picture of the torque/speed/angle 

dependency . Fig. 3.7 (b)  shows how the instantaneous value of  the 

electromagnetic  torque ôs oscillating component  du e to the zero -sequence 

curren t  depends on the angle of the rotor . Fig. 3.7 (c)  depicts  the dependency  

of the  amplitu de of  Ὕ  deduced  in e quation  (3.90 )  on the electrical speed of  

the machine.  Fig. 3.7 (d)  is the perspective view.  
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Fig. 3.7 ï Electromagnetic torque ôs AC component due to ZSC.   



64  
 

3.5  Discussion  

A thorough mathematical analysis presented in this chapter revealed  the origin 

of the zero -sequence  current  due to the machine side of the open -end  winding 

permanent magnet synch ronous motor with common DC bus.  Some of the 

important concepts have also been established such as the equation of the 

maximum zero -sequence  current amplitude value which showed that regardless 

of the speed of the rotor, the amplitude of the zero -sequence  current cannot go 

over a certain limit. This helped to identify some regularities that led to the 

development of a novel online temperature identification technique introduced 

in chapter 6. 

In addition, the presented analysis established the dependency of the motorôs 

characteristic s, such as power  and torque,  on the circulating zero -sequence  

current.  I n case the zero -sequence  current is not controlled from the inverter 

side, in other words , the zero -sequence  voltage generated by the inverter is 

zero, then the aforementioned motorôs characteristics become dependent on the 

electrical angular frequency  which in turn directly prop ortional to the rotor 

speed.  This analysis enabled the research to both move towards  understanding 

of the influence of the uncontrolled zero -sequence  current on the power loss es 

in conductor  and think about the possible solution to  reduc e those losses.  The 

influence of the uncontrolled zero -sequence  current due to the machine side of 

the OEW PMSM drive was based on the analysis produced in this chapter and is 

investigated further in chapter 7. 

Moreover, t he analysis of the el ectromagnetic torque production  presented in 

this chapter  laid the basis for the proposal of a technique to mitigate the 

influence of the zero -sequence  current due to the machine side of the drive on 

the torque production of an open -end  winding permanent magnet synchronous 

motor drive with common DC link.  This proposed technique is explained in 

chapter 5. 

Besid es, t he analysis produced  in this chapter  also enabled the design of the 

Matlab/Simulink OEW PMSM with common DC link simulation  model  described 

in chapter 4.  
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Chapter 4 

4  Simulation Model Design and 

Experimental Test System  

This chapter focuses on the simulation model design of an open -end  winding 

permanent magnet synchronous mot or drive with common DC link in 

Matlab/Simulink and presents the simulation motor parameters that are going 

to be used in all of the subsequent chapters for the reference. In addition, the 

experimental rig that is used in order to validate some of the prop osed 

techniques is also described in this chapter and will be used for the reference in 

future chapters.  
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4.1  Open - End Winding PMSM  with Common DC link 

Simulation  Model  

In order to simulate the behaviour of the drive Matlab /Simulink software was 

chosen. The basic simulation model structure is presented in Fig. 4.1 below. It 

consists of a Matlab OEW PMSM model incorporated with the non - line ar 

behaviour due to the non - linearity of the inductance together with a model of a 

dual fed inverter. In addition, the basic control structure features a Proportional 

Integral (PI) based current loop control and PI based speed loop control. The 

SVM block i s the Space Vector Modulation that converts the control voltages ὠ  

to the inverter input signals for the switching of the MOSFETs. The control 

structure depicted in Fig. 4.1 also contains the ὥὦὧOήὨπ transformation blocks 

based on the change of variable coefficients ὑ and ὑ  discussed in chapter 3 

(equ ations (3.22 )  and (3.23 ) , respectively).  
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Fig. 4.1 ï Diagram of a basic OEW PMSM drive simulation structure  

The simulation model was based on  the parameters of the drive system derived 

from the FEA analysis of the high -speed high torque motor that was developed 

as a part of an EPSRC project by Dr Gaurang Vakil from the University of 

Nottingham, stated in TABLE I .  
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TABLE I  3-phase OEW PMSM Specification according to FEA  

Parameter  Value  

Rated Speed, 20kRPM  ‫  

Phase Resistance, Ὑ 164mǹ 

q-  and d -axis Inductance, ὒ ὒ 355µH  

Leakage Inductance, ὒ 17.75µH  

PM Flux Linkage, ‗  71.5mVs  

3rd Harmonic Flux Linkage coefficient, ὑ  0.0115  

Poles, ὖ 6 

Rated Current, Ὅ  150A  

Rated Voltage, ὠ  540V  

Bearings  friction coefficient, ὄ 0.0117 Ns/rad  

Total inertia, ὐ 0.1795 kgm2  

4.1.1 Design of the Open - End Winding PMSM Model in 

Simulink.  

According to the derived equations for the OEW PMSM motor presented in 

chapter 3 a model was constructed using a single Matlab block for the Simulink 

simulation.  

In order to obtain a discrete model for the phase currents of the motor, it was 

necessary to perform the following mathematical manip ulations.  

Rearranging the equation (3.19 )  for  the change in current  ὴὭ :  

 ὴὭ ὒ ὠ ὶ ὴὒ Ὥ ὴ‗ ‗  (4.1)  

 

Using the Euler approximation  [96]  in order to obtain the instantaneous phase 

current values:  

 

 Ὥ Ὧ Ὥ Ὧ ρ ὴὭ‏ Ὧ  (4.2)  
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where, ‏ is the simulation sampling time.  

The equations (4.1)  and (4.2)  were used in the PMSM simulation model for the 

calculation of all of the phase currents.  

In order to model the angular speed of the motor, the mechanical PMSM model 

of the electromagnetic torque Ὕ has to be defined as follows.  

 Ὕ ὐ
ς

ὖ

Ὠ‫

Ὠὸ
ὄ
ς

ὖ
‫ Ὕ (4.3)  

 

where,  the mechanical angular rotor speed  is represented as  ‫ , ὖ is the 

number of poles , ‫  is the  electrical angular speed , ὐ is the total inertia, ὄ is the 

friction coefficient and Ὕ is the load torque.  

Rearranging the equation (4.3)  to obtain the change in the electrical speed:  

 
Ὠ‫

Ὠὸ

ρ

ὐ

ὖ

ς
Ὕ Ὕ ὄ‫  (4.4)  

 

Applying the Euler approximation to get an instantane ous value of the motor 

angular electrical speed  ‫ Ὧ:  

 ‫ Ὧ ‫ Ὧ ρ ‫‏ Ὧ (4.5)  

 

where, ‏ is the simulation sampling time.  

In order to  simulate the instantaneous current electrical angle —Ὧ , the 

instantaneous electrical angular frequency ‫ Ὧ is integrated as per (4.6)  below.  

 — Ὧ —Ὧ ρ ‫‏ Ὧ (4.6)  

 

where, ‏ is the simulation sampling time.  

The mechanical rotor angle —  is found using the equation (4.7)  
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 — Ὧ
ὖ

ς
—Ὧ (4.7)  

 

4.1.2 Adding N on - linearity to the  Open - End Winding PMSM 

model  

The Linear and Non -Linear quadrature and direct inductance behaviours of the 

OEW PMSM were obtained using a finite element analysis (FEA) produced by Dr 

Gaurang Vakil from the University of Nottingham during the design of the 

machine for the EPSRC project.  The result is represented in Fig. 4.2-Fig. 4.4. 

The graph in Fig. 4.2 represents the linear behaviour of the direct and quadrature 

inductances, whereas the graph in Fig. 4.3 represents the non - linear behaviour 

according to the corresponding quadrature and the direct currents. Fig. 4.4 

represents the difference between the direct and the quadrature 

inductances  ὒ ὒ  according to the different combinations of the direct and 

quadrature currents. Inductance change along the corresponding currents 

occurs due to the saturation of the stator core. Such a behaviour could result in 

the power losses when a conventional SMPMSM control is applied to the machine.  

 

Fig. 4.2 ï Linear behaviour of quadrature ( ὒ) and direct ( ὒ) inductance s 
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Fig. 4.3 ï Non - linear behaviour of quadrature ( ὒ) and direct ( ὒ) inductances  

 

Fig. 4.4 ï Difference between non - linear ὒ and quadrature ὒ inductances  

Such a non - linear behaviour of the quadrature and direct inductances was 

considered in the simulation model in order to investigate its influence on the 

machine control.  

ὒ and ὒ inductances of the ὒ inductance matr ix (3.5)  from chapter 3 on page 

39  can be found from the following formulae:  

  

 ὒ
ὒ ὒ ςὒ

σ
 (4.8)  
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 ὒ
ὒ ὒ

σ
 (4.9)  

 

The value of leakage inductance ὒ  is set to be no more than 5% of the 

quadrature inductance  ὒ according to FEA performed by the researcher who 

designed the particular high power OEW PMSM starter/generator consid ered in 

this thesis.  

The non - linear values of the inductances are derived from the curves 

represented in Fig. 4.3 using a Look -Up Table (LUT) and an algorithm illustrat ed 

in Fig. 4.5. 

 

Fig. 4.5 ï Non - linear inductance behaviour block diagram  

However , the considered machine ôs maximum operatin g current is 1 50A . Fig. 

4.2 -  Fig. 4.4 concluded that the va riation  in the quadrature and direct 

inductances  in a range from 0A to 150A  ( the designed operating range  of the 

m otor )  are  rather small to have caused a n effect o n the control.  This effect was 

neglected;  however, th e slig ht  non - linearity  was added  to the motor simulation 

in hopes of so me unexpected behaviour that could be researched f urther. The 

equation (4.1)  was con sidered to be sufficient to descr ibe the motor behaviou r 

without introducing unnec essary complications . Throughout the research  

presented  in this the sis, the introduction o f Fig. 4.5 had no t resulted in any 

complications  or concerns  regarding the results . 

In addition, the back EMF  waveform produced by the FEA was analysed in order 

to find the third harmonic coefficient of the back EMF component. In order to 

accurately analyse such a waveform a Fast Fourier Transform was implemented 

using Matlab, ( FFTsim.m  algorithm in Appendix A ). The outcome of the analysis 

is shown in Fig. 4.6. 



72  
 

 

Fig. 4.6 ï Frequency content of OEW PMSM phase back EMF derived from FEA  

According to the produced results of the developed FFTsim.m  algorithm  

presented in Fig. 4.6, the fundamental Ὁ  and the third Ὁ  harmonics are 

the two most pronounced harmonics, having values of 449.1 V and 15.46 V, 

respectively. The frequency of the fundamental back EMF was established to be 

1 kHz. The value of ‗  -  the amplitude of the flux linkage established by the 

permanen t magnet  was found by r earranging the equation (3.14 )  from chapter 

3 on page 41 . The coefficient of the third harmonic flux linkage ὑ  was found 

using the equation (3.16 )  on page 41  of the same chapter. Both of these values 

were recorded to TABLE I , presented on page 67 . 

The equations (4.1)  and (4.2)  along with (4.5)  were incorporated togeth er to 

design a Matlab model that could be found in Appendix B  in order to simulate 

the proposed ideas in Simulink, Fig. 4.7. 
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Fig. 4.7 ï OEW PMSM Matlab/Simulink model for common DC link  

4.1.3 Inverter Simulation Design  

The strategy of controlling each of the phases separately illustrated in Fig. 

4.8was chosen.  Giovanni Lo Calso explains this particular control tec hnique in 

[97]  well.  The equations (4.10 )  and (4.11 )  show the duty cycles for each of the 

set of inverter legs.  

 Ὠ
Ὠ πȢυϽς     ύὭὸὬ    Ὠ π 

Ὠ πȢυϽς     ύὭὸὬ    Ὠ π
 (4.10 )  

 

 Ὠ
ρ         ύὭὸὬ    Ὠ π 
ρ     ύὭὸὬ    Ὠ π

 (4.11 )  
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Fig. 4.8 ï Modulation scheme for Open -End Winding PMSM control  [97]  
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The reason why the duty cycles  of two parts of the inverter  Ὠ  and  Ὠ  differ  

is b ecause of the specifics of th is inverter ôs cold plate. The water -cooled system 

is designed to work on one side only. So , the other side does not dissipate the 

heat at the same rate. Hence, the inverter on this side was ch osen to be run at 

the fundamental frequency.  

A Matlab  simulation was designed to represent the 3D version of voltage vectors 

that could be used for the control, in Fig. 4.9. The particular voltage vectors for 

such a schem e are depicted in Fig. 4.10  in red. Thereby, the voltage limit for the 

voltage source converter (VSC) appears to be ὠ  (magenta circle). This 

technique is explained  by Luca Rovere in  [57]  [98]  [99] .  

 

Fig. 4.9 ï SVM diagram for the dual fed inverter  in ήὨπ plane  
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Fig. 4.10  ï SVM diagram for the dual fed inverter  in ήὨ plane  
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4.2  Experimental Test System  

4.2.1 Experimental SiC Inverter  

A very promising  [56]  Dual Fed Open -End Winding 3 -Phase Machine (DF -

OEW3pM -MTD) topology that exploits SiC MOSFETs was chosen to prove the 

developed control strategies experimentally Fig. 4.11 . SiC devices a re especially 

used for high switching frequency inverters such as those used in the high -speed  

PMSM drives because the dead time approaches a very small value compared to 

IGBT modules.  [100]  

 

Fig. 4.11  ï High power SiC Inveter for the OEW drive configuration  

This inverter is a prototype developed by Dr Giovanni Lo Calzo from the 

University of Nottingham  for an EPSRC project. The design is unique and 

very compact, meeting the cur rent and voltage criteria of 150 A and 540 V, 

respectively. However, some modifications and a lot of high power testing 

had to be produced in order to ensure that the inverter is fit for the purpose.  
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4.2.2 High - Speed High Power Density Open - End Winding 

Test Machine  

The prototype machine the control is currently specified for is a High -Speed 

High -Power density three phase open -end winding PMSM that was designed 

by Dr Gaurang Vakil from the University of Nottingham according to the 

EPSRC specifications whi ch included the rated power of 100 kW, rated speed 

of 20k RPM, maximum power operation speed range of 20k -40k RPM and a 

maximum operating speed of 36k RPM. The rest of the machine specification 

parameters are stated in TABLE I  on page 67 . The motor in discussion is 

shown in Fig. 4.12 . 

 

Fig. 4.12  ï High -speed high torque machine  
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4.2.3 Control Board  

The following specially developed for the research at the University of 

Nottingham control platform [101]  depicted in Fig. 4.13  is used for the 

implementation of the control techniques for the high -speed  high power 

motor.  

 

Fig. 4.13  ï Control Platform based on ZynQ 7020 SoC 

The control platform has the following features:  

-  Dual core ARM Cortex -A9 with NEON and FPU extensions 866MHz 

processor  

o CPU0 

Á Linux  

Á Communication with host PC  

Á Scope functionality  

Á Data logging  

o CPU1 

Á Bare Metal control code  

Á Receive data acquisition from FPGA and communicate 

back new reference value  

Á AXI ACP communication between CPU1 and FPGA  

-  Onboard FPGA with :  

o  106,400 Flip Flops.  

o CPU1 interrupt generation  

o Encoders and resolver interfaces  
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o ADC communication and digital filter (1MHz sampling 

frequency)  

o 3 PWM modulators  

o Fault handling  

-  24 Fibre optics links  

-  Intrinsically isolated  

-  Each link configurable as output (power devices driving) or input 

(faults reading from power layer or system)  

-  Isolated CAN bus interface exploitin g one of the two ARM CAN 

controller and a specific transceiver  

-  Power supplies for the FPGA fabric banks  

-  UART interface for sending and receiving data  

-  Isolated SPI controller, intended for possible external display  

The ADC inputs of the control platform were slightly modified to fulfil the 

needs of the inverterôs current sensors. 

The overall setup was experiment al. This means that there was no int erface 

with the control board . The following contributi ons  to the  hardware  were 

made as a result of th e research:  

¶ Current Sensors  interface  

¶ Voltage Sensor  interface  

¶ Temperature sensors  interface  

¶ Resolver interface . 

¶ Various t esting 3 phase induct or rigs  

¶ Developed an easy Current and Voltage  Sensors ô calibration algorithm 

in Matlab  for unknown inverters  together with the testing programs.  

¶ Developed  an algorithm  for the  identification  of the weak side of the 

inverter ôs cold plate.  

 

4.2.4 High - Speed Machines Testing Rig  

The high -speed  high power machines require a special testing rig that can 

withstand such speeds and powers. That is the reason why a 4 -Quadrant 

starter/generator test rig depicted in Fig. 4.14  was used for the 

experimental validation.  
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Fig. 4.14  ï 4-Quadr ant starter/generator test rig with schematic  [102]  

This experimental test rig was designed especially for the University of 

Nottingham and is rated to handle 150 kW of power at 35000 rpm. Key 

feature s of the installations include  [102] :  

¶ Complete test - rig system  

¶ In -Line Torque measurement device  

¶ Multiple torsion shafts for optimum accuracy at different application 

ratings  

¶ Multiple output gearbox  

¶ Very light -weight low mass overhang T ordisc Couplings  

¶ Multi -purpose flexible test -cell  

¶ Easy, repeatable installation and alignment of the test -article  

¶ Accurate torque measurement  

¶ Numerous performance envelopes  

4.2.5 The Experimental Setup  Parameter s Estimation  

A system consisting of the experimenta l inverter described in 4.2.1  on 

page 77  and the OEW PMSM introduced in 4.2.2  on page 78  along with 

the control board shown in 4.2.3  on page 79  was connected together and 

then integrated into the high -speed  high power starter/generator test rig 

shown in 4.2.4  on page 80 . The parameters of the entire drive were 

estimated using the method of least squares  [103]  and recorded into 
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TABLE III . The values of the resistance Ὑ and the quadrature axis 

inductance ὒ were estimated from the approximation of the quadrature 

current, shown in Fig. 4.15 :  

¶ Blue line ï the quadrature current registered by the current sensors.  

¶ Red line ï the best approximation of the quadrature current that 

was derived using the least squares  method.  

 

Fig. 4.15  ï Comparison of quadrature current with its approximation  

The values of the bearing friction coefficient  ὄ and the total inertia ὐ were 

estimated driving the motor to rotate in a pattern shown in Fig. 4.16  at 

the top:  

¶ Blue line ï the speed of the motor registered by the position 

sensors.  

¶ Red line ï the best approximation of the speed of the motor that 

was derived using the least squares method.  



83  

 

 

 

Fig. 4.16  ï Comparison of the motor speed with its approximation  

The flux linkage due to the permanent  magnet as wel l a s the  third 

harm onic flux coefficient was estimated  using the derived values of t he 

back EMFs. 

 

TABLE II  -  Flux coefficients estimat ion  

Value  
Speed, 

(rpm)  
Ea  Eb  Ec 

Mean  

Ὁȟὠ 
10000  15.1600  13.4400  14.6400  

15000  21.9400  20.5200  21.6600  

Ὁȟὠ 
10000  266.2000  260.1000  260.2000  

15000  400.2000  390.5000  389.8000  
Ὁ

Ὁ
ȟϷ  

10000  5.6950  5.1672  5.6264  

15000  5.4823  5.2548  5.5567  

ὑ  
10000  0.0190  0.0172  0.0188  

0.0182  
15000  0.0183  0.0175  0.0185  

‗ ȟὠί 
10000  0.0847  0.0828  0.0828  

0.0835  
15000  0.0849  0.0829  0.0827  
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TABLE III  3-phase OEW PMSM Driveôs Estimated 

Parameters  

Parameter  Value  

Rated Speed, 20kRPM  ‫  

Phase Resistance, Ὑ 1.44  ǹ 

q-  and d -axis Inductance, ὒ ὒ 403  µH 

Leakage Inductance, ὒ 132 µH 

PM Flux Linkage, ‗  83.5  mVs  

3rd Harmonic Flux Linkage coefficient, ὑ  0.01 82  

Bearings friction coefficient,  ὄ 0.0117 Ns/rad  

Total inertia, ὐ 0.1795 kgm 2 

Poles, ὖ 6 

Rated Current, Ὅ  150A  

Rated Voltage, ὠ  540V  
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4.3  Discussion  

This chapter developed a simulation model of an open -end  winding 

permanent magnet synchronous motor drive with common DC bus for 

Simulink/Matlab incorporating the non - linear behaviour of the system due 

to the core saturation. Furthermore, this thesis is pr esented with the motor 

parameters that are used in all of the subsequent chapters to validate the 

proposed ideas.  

In addition, the chapter describes the uniquely made for the University of 

Nottingham experimental high -speed testing  rig and the experimental set 

up. The estimated parameters of the drive connected to this rig are also 

recorded. However, it was noticed th at there is a discrepancy between the 

motor parameters for the simulation and the estimated parameters of the 

actual drive system. The resistance and the inductance of the phases appear 

to be greater for the experimental setup, hence, the leakage i nductanc e is 

also much greater.  

There are a couple of reasons accounting for the discrepancy in the intended 

machine parameters that can be found in TABLE I  and the measured 

par ameters recorded to TABLE III .  

The high -speed  machine testing rig shown in Fig. 4.14  and described in 

4.2.4  on page 80  was situated in a special room separate from the control 

room. The experimental inverter a nd the control board described in 4.2.1  

and 4.2.3 , respectively, were not al lowed to be put in. The inverter had to 

be placed in another room, the control room. Hence, it was necessary to 

connect the machine and the inverter with the long (~6 m) wires. In 

addition, the phases of the experimental starter/generator depicted in Fig. 

4.12  on page 78  are divided into three sections that had to be connected in 

series using the sticking outside red and black wires as shown on the 

picture. Moreover, those wires were incorrectly chosen to be of a smaller 

diameter by the technicians.  
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It is likely that all of the mentioned facts resulted in a much higher phase 

resistan ce and inductance, hence, a considerably higher leakage 

inductance  ὒ. 

The estimation of the flux linkage and the third harmonic flux linkage 

coefficient reveal a slight discrepan cy between the theo ry and the real 

machine. T hese values appear to be slightly greater tha n the values give n 

be the FEA.  

The information revealed in this chapter is aimed to be the reference source 

for the proposed techniques introduced in the subsequent chapters of this 

thesis.  
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Chapter 5 

5  Proposed Torque Quality 

Improvement  Technique for  an Open -

End Winding PMSM  

In this chapter  a new closed - loop control strategy which improves the 

quality of the torque output of an open -end winding (OEW) permanent 

magnet synchronous motor (PMSM) with common DC bus  is proposed . Such 

a configuration provides a path for the zero -sequence  currents ( ZSC) to 

flow in the windings. The analysis of the system revealed that these currents 

result in the electromagnetic torque oscillation. It has also been established 

that the zero -sequence  currents are caused mainly by the third harmonic 

component of the ba ck electromotive force (EMF). The research and a 

thorough analysis of the OEW PMSM showed that the existing methods of 

minimising the torque ripple cannot be applied when the leakage inductance 

of a machine is small, because the zero -sequence  component can  no longer 

be considered as one additional degree of freedom that can be managed. 

Therefore, a new control strategy presented in this chapter was proposed.   
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5.1  Model ing  of the OEW PMSM Output Torque  

rs L0

e0V0

i0

Inverter side OEW PMSM side

 

Fig. 5.1 ï Equivalent circuit of zero -sequence  component of OEW PMSM  

The equivalent circuit of the zero -sequence  component is shown in  Fig. 5.1. 

In  case of a high DC bus voltage and a low leakage inductance (L 0) an 

introduction of a pulse of ZSV (V 0) may result in unacceptable spikes of ZSC 

(i 0). Hence, the suppression of the ZSC by t he means of the inverterôs ZSV 

is not an option. It only remains to mitigate the influence of the ZSC due to 

the third harmonic back EMF (e 0) on the output torque quality. Thus, a new 

control technique was proposed in order to eliminate the variation of th e 

torque due to the zero -sequence  component without introducing V 0. 

According to  the equation  (3.71 )  on page 54  of  chapter 3, the 

electromagnetic torque produced by the machine has an oscillation due to 

the cosine term which, in turn, is a result of  both  the back EMF 3 rd  harmonic 

and the  zero -sequence  current produced by the same harmonic.  

 Ὕ
σ

ς

ὖ

ς
 Ὥ‗ ὭὭὒ ὒ φὭ‗ ὑ ÃÏÓσ—  (5.1)  
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5.2  Design of the Torque Ripple Compensator  

Considering equation (5.3) , if the oscillating  term is compensated by one of 

the remaining terms the resultant torque must be free from this oscillation. 

Assuming Ὥ is zero,  hence, the equation  (5.1)  above  becomes:  

Ὕ
σ

ς

ὖ

ς
 Ὥ‗ φὭ‗ ὑ ÃÏÓσ—  (5.2)  

 

Forcing Ὥ to be as shown in equation  (5.3) :  

 Ὥᶻ Ὥ ᶻ Ὥ ᶻ (5.3)  

 

where , Ὥ ᶻ and Ὥ ᶻ are the constant  and the alternating terms of the 

reference  quadrature current  Ὥᶻ, respectively. The value Ὥ ᶻ is the main 

source of the average torque generation, whereas Ὥ ᶻ is the torque 

oscillation compensating term, denoted in  (5.4) . 

 Ὥ ᶻ φὭὑ ὧέίσ—  (5.4)  

 

Combining (5.4)  and (5.3) , subsequently substituting the result into  (5.2) , 

the electromagnetic torque  equation  becomes the one show in  (5.5) .  

Ὕ
σ

ς

ὖ

ς
 Ὥ ᶻ‗ φὭ‗ ὑ ÃÏÓσ—

φὭ‗ ὑ ÃÏÓσ—  

(5.5)  

 

The oscillating terms of  (5.5)  cancel out leaving the torque value to be as 

follows.  
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 Ὕ
σ

ς

ὖ

ς
 Ὥ ᶻ‗  (5.6)  

 

According to  (5.6)  the oscillation due to the zero -sequence  current is 

cancelled, hence, the value of the torque is no longer oscillatory. In order 

to implement  the proposed control technique, a proportional integral plus 

resonant controller  (PI+RC )  is used for  the quadrature current loop , the 

basic simulation diagram of which is  shown in Fig. 5.2. 

The process of derivation of Ὥ is rather simple and does  not involve the 

rotor position as per equation  (5.7)  below . 

 Ὥ
Ὥ Ὥ Ὥ

σ
 (5.7)  

 

According to the zero -sequence voltage equation of  (3.39 )  in chapter 3, the 

zero -sequence  current has a sinusoid al form , (5.8) , if there is precisely zero 

ZSV applied to the motor.  

 Ὥ ȿὭȿÃÏÓσ— ‎ (5.8)  

 

where, Ὥ and ȿὭȿ are the zero -sequence currentôs instantaneous value and 

its amplitude, respectively, when the applied zero -sequence  voltage is zero. 

σ— and ‎ are the angle and th e phase of ZSC, respectively.  

Substituting (5.8)  into  (5.4) :  

 Ὥ ᶻ φȿὭȿὑ ÃÏÓσ— ‎ὧέίσ—  (5.9)  
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Using trigonometric identity, the equation (5.9)  becomes:  

Ὥ ᶻ σȿὭȿὑ ÃÏÓφ— ‎ ὧέί‎  (5.10 )  
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Fig. 5.2 ï Basic Quadrature Current PI+RC simulation setup  

According to equation (5.10 )  it is clear that the alternating part of the 

quadrature reference current has a frequency of six times the fundamental 

frequency.  Hence, the RC, depicted in Fig. 5.2 is fed with the sixth harmonic 

electrical frequency   φ‫ .  

In order to improve the current control the feed - forward Ὁ and Ὁ  terms 

were introduced to compensate the cross coupling, as per Fig. 5.2. 

A special form of a non - ideal adaptable resonant controller proposed in 

[104]  is shown in equation  (5.11 ) . 

 Ὃ ί
ςὯ ‫ ί ‫

ί ς‫ ί ‫ ‫
 (5.11 )  
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where , Ὧ  is the gain,  ‫  is the resonant frequency and  ‫  is the controller 

width. All of the derivations for the adaptable resonant controller can be 

found in [104] . Such a controller is  used to maintain the AC reference of 

the quadrature current and a conventional PI is used in orde r to maintain 

the DC reference  of the same current, Fig. 5.2. The following parameters 

were chosen for the RC: Ὧ  = 100, ‫  = 0.9, ‫  is the fed back electrical  

speed of the motor multiplied by six ( φ‫ ) as discussed above. The Bode 

diagram of such a resonant controller is shown in  Fig. 5.3. The peaks 

correspond to the parti cular value of the speed that ‫  input takes.  

 

Fig. 5.3 ï Bode diagram of the resonant controller according to the range 

of the input frequencies  

The DC parts of the reference and feedback input signals of the RC does not 

affect its behaviour due to the nature of the RC. A properly tuned resonant 

controller respo nds to a particular resonant frequency only, considerably 

attenuating all of the other frequencies and especially DC value, as depicted 

in  Fig. 5.3. In this case the re sonant frequency is directly proportional to 

the speed of the rotor.   
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5.3  Simulation Results  

The basic performance of the proposed control concept shown in  Fig. 5.2 

was tested  in Matlab/Simulink using the FEA parameters listed in  TABLE I  

in chapter 4 on page 67 .  

The machineôs leakage inductance is around 5%, hence, introducing the 

540V DC bus, even for as little as one microsecond, could result in a spike 

of the ZSC of approximately 30 A. Such a behaviour is undesirable.  Hence, 

the new control strat egy presented in this chapter  that does not introduce 

any ZSV on the inverter side is the appropriate solution to minimise the 

torque ripple output due to the third harmonic of the back EMF in such types 

of the machines.  

5.3.1 Ideal Simulation Case  

According to the simulation outcome presented  in  Fig. 5.4 (top),  the 

proposed control method resulted in the complete elimination of the torque 

ripple due to the third harmonic back EMF.  The b ottom graph  shows that in 

order to achieve such a result the phase current was only slightly impacted.  
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Fig. 5.4 ï Electromagnetic  torque (top) and phase current (bottom) at 

200Hz electrical speed  
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Fig. 5.5 ï Quadrature, direct and zero currents (top, middle and bottom, 

respecti vely)  at 200 Hz electrical speed  

The quadrature, direct and zero axis currents are  respectively  shown in  Fig. 

5.5. The adaptable resonant controller made sure the oscillatory path is 

followed correctly in order to achieve smooth torque output. The zero -

sequence  current remained uncontrolled as expected. I t can be noticed that 

it oscillates at the frequency of the third harmonic with an amplitude 

predicted by equation  (3.74 )  from chapter 3. Even though the zero -



96  

 

 

sequence  current is  present in the system for the entire time of operation ï 

the ability to increase the power output by using the OEW PMSM 

configuration could outweigh this d rawback  in some situations . Referring 

back to equations (5.4)  and (5.5)  along with the torque results  in Fig. 5.4, 

it  is very important to note that the torque ripple amplitude  is independent 

of the average torque value. This amplitude is  proportional to the ZSC 

amplitude which, in turn, is proportional to the speed of the machine.  This 

means that such open -end winding machines will have a considerably large 

value of the torque ripple percentage particularly at the low average load 

torque.  However, the basic simulation showed that the proposed method 

eliminated the ripple regardless of the average torque value . 

5.3.2 Non - Ideal Simulation Case  

Although, mathematically the proposed metho d might seem as a good 

method to fully suppress the torque ripple, in reality the input phase 

voltages are modulated using switching inverters , which, in turn, induce an  

additional current noise due to the switching.  Hence, a more accurate 

simula tion metho d was introduced taking into account a special space 

vector voltage modulation technique (SVM) which eliminates the ZSV 

produced by the voltage source converter (VSC) by using only certain 

voltage v ectors shown in Fig. 4.10  in  chapter 4 on page 73  that do not 

produce ZSV  [57] .  

A new simulation illustrated in Fig. 5.6 features a special modulation 

technique that is used in order to keep the ZSV always zero. The simulation 

clock frequency was set to be the same as the carrie r counter of the actual 

modulator, 100MHz. Hence, the simulation very accurately mimics the 

behaviour of an  FPGA based modulator  that is used for the experimental 

testing . 
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Fig. 5.6 ï The full detailed simulation block diagram featuring voltage 

modulation  

The sampling frequency of the controller was set to be 40 kHz to represent 

the actual switching frequency of a SiC inverter. The electrical rotor 

freq uency was stabilised at 200 Hz. The output of the speed loop PI 

controller generates the DC reference for  Ὥ. This current reference is limited 

by a special current limiter that takes into consideration the direct current 

and the amplitude of the ZSC in order to provide the machine with the 

maximum allowed RMS current. The RMS value of a signal is a square root 

of the squares of all of the harmonics RMS values that comprise the signal 

itself. The phase current of the considered OEW PMSM consists of the 

fu ndamental and the  zero -sequence  currents mainly.  

 Ὥ ͺ ςὍ ͺ Ὥ ȿὭȿ (5.12 )  

 

The amplitude of the zero -sequence  current is provided by the modified 

version of the second order generalised integrator (SOGI) based single 

phase Phase -Locked -Loop (PLL) ( Fig. 5.6), explained in [105] . The 

modification added is the amplitude identification bit at the output of the 

mentioned PLL, as illustrated in Fig. 5.7. 
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Fig. 5.7 ï SOGI based single phase PLL amplitude estimator  

The direct Ὥ  and the quadrature ήὭ output signals are used in the 

following formula to calculate the ZSC amplitude,  ȿὭȿ, for the current limiter.  

 ȿὭȿ Ὥ ήὭ  (5.13 )  

 

The same SOGI based PLL block is used to identify the amplitude of the 

output of the resonant controller in order to be used in the voltage limiter 

to limit ὠ  reference value, according to the  (5.15 )  derived from voltage 

limit equation  (5.14 ) . 

 ὠ ὠ ͺ ὠ ᶻ ὠ  (5.14 )  

 

 ὠ ͺ ὠ ὠ ὠ ᶻ (5.15 )  

 

where, ὠ  is the bus voltage, ὠ ͺ  is the limit value of the output of 

quadrature current loop PI, ὠ ᶻ is the amplitude of the output oscillating 

signal of RC, and ὠ is the quadrature voltage.  
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Fig. 5.8 ï Electromagnetic torque comparison  with MSE values  

 

Fig. 5.9 ï Electromagnetic torque FFT comparison  (No load)  
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Fig. 5.10  ï Electromagnetic torque FFT comparison  (Load torque 10 Nm ) 

 

Fig. 5.11  ï Electromagnetic torque FFT comparison  (Load torque 20 Nm ) 
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Fig. 5.12  ï Electromagnetic torque FFT comparison  (Load torque 30 Nm ) 

 

Fig. 5.13  ï Electromagnetic torque FFT comparison  (Load torque 40 Nm ) 
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Fig. 5.14  ï Zero -sequence cu rrent ( Ὥ) com parison  

 

Fig. 5.15  ï AC part of the quadrature axis voltage (ὠ )  
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Fig. 5.16  ï DC part of the quadrature axis voltage (ὠ )  

 

Fig. 5.17  ï Quadrature axis voltage (ὠ)  
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Fig. 5.18  ï Quadrature axis current ( Ὥ)  comparison  

 

Fig. 5.19  ï Quadrature axis current with reference (proposed control 

method)  



105  

 

 

 

Fig. 5.20  ï Direct axis cu rrent ( Ὥ) com parison  

 

Fig. 5.21  ï Phase A  current (Ὥ) comparison  
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Fig. 5.22  ï Phase A  voltage (ὠ) comparison  

 

Fig. 5.23  ï Electrical rotor speed during load transient  
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Fig. 5.24  ï Electromagnetic torque during speed transient  
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During the simulation, the speed value was kept the same, at 200 Hz 

electrical frequency. The torque was increased in the following steps: 1, 10, 

20, 30, and 40 Nm every second, respectively. The simulation results are 

shown in  Fig. 5.8 -  Fig. 5.22 . It is clear that  when  the  disturbance due to 

the inverter switching is introduced, the picture changes dramatically. The 

electrical torque ripple becomes considerably higher  than the previously 

calculated value.  Fig. 5.8 provides a comparative visual depiction of the 

electromagnetic torque output of the system shown in  Fig. 5.6. 

The proposed method is struggling to fully sup press the  torque ripple, 

however, as it can be seen from the more accurate simulation resul ts shown 

in  Fig. 5.8 that there is still an improvement in the overall torque quality. 

The values of the absolute torque ripple were measured at each load torque 

step and recorder in  TABLE IV . 

TABLE IV  Torque quality improvement  ï Peak- to -Peak (Simulation )  

Load 

Torque, 

(Nm)  

Peak - to - Peak Torque Ripple, (Nm)  Improvement d ue 

to the Proposed 

Method, (%)  

No 

Compensation  

Proposed 

Method  

1 3.29  1.66  49.50  

10  3.05  1.72  43.53  

20  2.71  1.65  39.20  

30  2.31  1.44  37.86  

40  2.28  1.44  37.04  

Considering the results shown in TABLE IV  the proposed method still 

results in the improvement of the torque quality of up to 49.5%.  

The current ripple of both the quadrature and the direct axis currents shown 

in  Fig. 5.18  and Fig. 5.20  appears to be reduced as well. However, according 

to  Fig. 5.19 , it appears that the quadrature current is not following the 

reference, but , judging by the stability of the generated AC part of the 

quadrature axis voltage in  Fig. 5.15  it can be concluded that the torque 
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ripple harmonic due to the third harmonic back EMF that was subjected to 

be suppressed was, indeed, suppressed.  

Mean  Squared Error  (MSE)  values with respect to the average torque wer e 

calculated  using the formular from  Appendix C  and recorded  in TABLE V. 

The Improvement  in MSE is up to 86%  

TABLE V Torque quality improvement  ï MSE (Simulation )  

Load 

Torque, 

(Nm)  

Mean Squared Error ( MSE )  Improvement d ue 

to the Proposed 

Method, (%)  

No 

Compensation  

Proposed 

Method  

1 0.65  0.09  86 

10  0.38  0.11  71  

20  0. 28 0.1 2 57  

30  0. 23 0.11  54  

40  0.22  0.09  58  

 

Fig. 5.23  shows  that  every change of the load value for the motor introduced  

the change of speed . The simulation showed that the speed returns to its 

original value  within one second on every 10 Nm change.  Fig. 5.24  show 

the beha viour of the controlled torque during  the  speed  transient . The 

value of one second transient is confirmed through the speed step 

simulation. It can be seen from the simulation result that RC settles the 

torque value in around one second during the speed transient.  

A synchronous  controller  could have been introduced  to co ntrol the 

oscillations  of the quadrature  curre nt such as  the one proposed by  Angelo 

Accetta , Marcello Pucci  and others in  [106] . This would  have allowed to 

com pare the transient behaviour of the controllers. Ho we ver , t he resonant 

controller used  in the proposed control  is not a regular resonant controller. 

It is an adaptive resonant controller. It has a bandwi dth value in order to 

deal  with the transient s when the speed of the motor changes . In addition, 
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the presented synchronous controller would require the actual value of the  

angle of the  6 th  harmonic of the quadrature current . This includ es t he zer o-

sequence current phase shift  which can be estim ated using the values  of 

the phase resistance, the zero -sequence inductance and the speed. Also , 

the response o f the presented synchronous controller depends on the 

introduce d high pass filter s in or der to separate the  quadrature and  direct 

current components from their DC values.  This complicated the control 

further.  As a  whole, the adaptive re sonant controller  is a much s impler 

version that is less parameter dependent as well.  
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5.4  Experimental Results  

The experimental setup  that was  used to test the proposed method is 

described in  chapter  4 on page 77 . The switching frequency of the inverter  

was set to be 40 kHz throu gh the control  board  described in  chapter 4 on 

page  79 . The experiment was conducted across the range of both the 

machine speeds from 500 rpm to 5500 rpm with a step of 500 rpm  (Fig. 

5.25 -Fig. 5.35 )  and the load currents of the following values: 0 A (No Load), 

10 A, 30 A, and 50 A.  The elect romagnetic torque was estimated, using the 

equation  (3.46 )  derived in chapter 3 on page 47 . 

Considering the results in Fig. 5.25 -Fig. 5.35 , TQI is the torque quality 

improvement represented in percentage of the original peak to peak torque 

ripple value. The formula for this value along with a sample calculation of 

the presented t orque quality improvement can be found in Appendix C . 
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Fig. 5.25  ï Torque comparison across the range of load curren ts at 500 

rpm  



113  

 

 

 

Fig. 5.26  ï Torque comparison across the range of load currents at 1000 

rpm  
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Fig. 5.27  ï Torque comparison across the range of load currents  at 1500 

rpm  
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Fig. 5.28  ï Torque comparison across the range of load currents at 2000 

rpm  


































































































































































































































































































































































































