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iv. Abstract 

This project explores the drive for further electrification in the automotive 

industry and the challenges that this brings. Speci fically this thesis focuses  

on the demands of safety and reliability; highlighting the subtle difference 

between the two concepts, e xplaining how legislation is f orcing designers to 

consider the ways in which a system could fail and requiring them to creat e 

methods to  detect and safely handl e these failures , many of which can never 

be completely eliminated by design .  

With this motive in mind, the research within  this thesis  is focused on fault 

detection and condition monitoring. A novel method of rotor mag net 

condition monitoring is developed, an investigation into the effects of stator 

impedance variation is carried out to identify opportunities to develop 

diagnostic algorithms and sensorless control is considered as a back -up 

control method should a tradi tional position sensor fail.  

This thesis show s how current research and new techniques could be applied  

in the modern autom otive industry; highlighting the demand for ever safer 

electronic systems as the world strives for  greater  levels of autonomy on 

the  roads.  
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1  Introduction  

1.1  Overview  

The automotive industry is seeing an increasing reliance on electrical drives 

and electronic technologies as it aims to increase efficiency, safety and 

comfort [1]  [2]  [3] . Technologies are being developed to provide traction, 

safety and comfort such as hybrid drives, electronic power steering, climate 

control, driver navigation, driver assists and electric turbochargers all need 

energy supp ly or management systems.   

1.1.1  Levels of electrification  

There are varying levels of electrification currently implemented on vehicles 

within automotive market. This ranges from a traditional internal 

combustion engine (ICE) driven ve hicle to all electric solu tions, some of 

these topologies are described below.  

1)  Traditional ICE driven vehicle  

In a traditional passenger car the engine drives the wheels through 

a c lutch and gearbox . There is usua lly a small alternator and a 12V  

battery to power the auxiliary elec tronic items on the vehicl e, for 

example lights or radio.  

2)  Hybrid electric vehicle    

A hybrid electric vehicle is one which contains both an ICE and an 

electric traction machine. The current selection of hybrid vehicles in 

the market can be derived from  one  of two basic topologies, series 

or parallel hybrids .  
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a.  Series hybrid vehicles  

A series hybrid vehicle uses the ICE as a generator to charge a 

large battery and a traction machine to drive the wheels. The 

electric machine can also recharge the battery under  braking. A 

series hybrid vehicle topology can be seen in  Figure 1. 

b.  Parallel hybrid  (Figure 1)  

In a parallel hybrid system the ICE is used to provide traction as 

well as charge the batteri es from a traction machine. The electric 

machine is then used to provide a boost to the ICE torque under 

acceleration and can be used to regenerate energy under 

braking. A parallel hybrid topology also offers the opportunity to 

use the traction motor to st art the ICE.  

3)     All - electric vehicles  

As the name implies, an all -electric vehicle does not use an ICE, all 

traction being provided by an electric machine driven from batteries 

or fuel cell technology.   
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Figure 1 : Basic h ybrid  d rive  topo logies (a) Series hybrid, (b) Parallel 
hybrid  [4]  

 

These various applications put different demands on the technical solution, 

for example a traction motor to propel an all -electric or hybrid vehicle will 

have very la rge power and t orque requirements. I f replacing an internal 

combustion engine completely , this often forc es the use of higher voltages 

than traditionally found in a vehicle. Other  applications  such as  a power 

steering drive  has a much lower power demand ;  but the torque ripple and 

physical size constraints to integrate with the rest of the steering system 

and package within the dashboard of a vehicle offers other challenges.  

These various applications all require different solutions from traction 
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machines n eeding to provide very high levels of torque to an advanced 

electrical machine housed in a turbo which must handle extremely high 

speeds and temperatures.  

1.1.2  Increased demands  

Traditionally, supplying the smaller electrical systems  found in a vehicle is 

the j ob of the alternator;  a small and relatively cheap electrical machine 

which is belt driven from the prime mover and charges a 12 or 24V battery.  

However each of these technologies, be it a small driver navigation system 

or a large hybrid drive, require ene rgy to perform their functions. This in 

turn raises the overall demand on power within the vehicle and this trend 

only looks set to continue  and so  generation  and energy storage  methods  

must also increase to match . Options are being developed and implement ed 

within the automotive industry to provide more charge to the battery by 

recovering wasted energy from the internal combustion engine and vehicle 

dynamics. Examples of this kind of generation are; kinetic energy recovery 

as seen on hybrid vehicles and in  Formula 1 racing where an electrical 

machine which can be used for traction is also  used to brake the vehicle and 

so generating power; this technology is perhaps the most familiar within 

commercial and domestic vehicles where a large machine in the drivel ine is 

used to harvest energy as the vehicle is braking.  Another recovery method 

is to have high speed machines which operate on the turbo shaft;  these 

machines can recover energy from the exhaust stream and can also be used 

to boost the engine pressure an d reduce turbo lag to improve engine 

pressure and efficiency , these systems demand high levels of manufacturing 

precision and operate at extremely high speeds and temperatures, for this 
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reason they are mainly found in motorsport environments and far less i n 

road vehicles .  

The future trend must be an increased utilisation of these and similar 

electrical drive systems within the automotive industry. The benefits of this 

are twofold; allowing the ever increasing demand for technology within 

vehicles and the i nevitable power supply demands that this brings, secondly 

these systems can be used to improve the overall vehicle efficiency and so 

reducing the consumption of fossil fuels and the emission of harmful gasses.  

1.1.3  Drive for fault tolerance and detection  

Many of these new technologies are applied in safety critical areas of the 

vehicle; attached to the drive train , steering or braking systems for 

example. This means that the safety and reliability requirements on such 

systems are very demanding . This can be see n by analysing  new legislation  

introduced  to standardise the risk assessment and design processes of 

safety critical automotive systems , for  example ISO 26262 Road Vehicles ï 

Functional Safety [5] . This standard was introduce d by the International 

Organisation for Standardization  to offer a standard approach to the 

management of functional safety within automotive electrical and elec tronic 

systems  ï simply put;  the standard ensures a consistent and auditable 

approach to designin g safe automotive electrical systems . The scope and 

require ments have  far reaching impacts on both the design of automotive 

electronic products and the responsible engineering  organisation.  A 

common solution to the safety question is to add in redundancy to maintain 

the availability of a system even if a fault is present; for an electric machine 

this is often in the form of multiple phases controlled from multi - leg or 
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completely separate power electronic converters [6]  [7]  [8] . The obvious 

problem with redundancy is the additional cost and technology which lies 

redundant for the vast majority of the product ôs operation; in an automotive  

environment  where weight and cost ar e key market drivers a vehicle 

manufacturer does not wish to carry redundant components. This is where 

other techniques such as the fault detection and back -up control discussed 

in this thesis can help; allowing the system to fall into a safe state or oper ate 

on reduced output until the driver can bring the vehicle to a safe stop 

without the need for doubling up expensive, heavy components.  

A common trend within industry is to take advantage of the favourable 

power densities offered by permanent magnet sync hronous machines 

(PMSM) in order to meet the high demands on both package size and weight 

present in modern automotive system design  [9] . Maintaining optimum 

closed loop control of a system built around a PMSM requires knowledg e of 

the condition of the rotor of the machine. The first  and most obvious 

parameter of interest is the physical rotor angle; without which the angle of 

a voltage vector and so stator field which must be applied to result in the 

requested rotor torque cann ot be accurately determined.  

An incorrect rotor angle can lead to various conditions including rotor locking 

and reversed or erratic motion, in safety critical automotive systems this is 

clearly an unacceptable condition. An example could be a power steer ing 

motor which applies a reversed force, this would effectively ófightô the 

drivers input making it difficult or impossible to steer the vehicle. In a 

traditional system the rotor angle is provided by use of an encoder or a 

resolver fitted to the machine,  these devices can be extremely accurate and 

when used in a well - tuned vector control system can offer very good 
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performance; however an issue arises when the device or its interconnection 

within the system fails.  

1.2  Industrial links  

This project has close li nks to an industrial partner. Much of the work 

contained within this thesis has been performed in parallel with the partnerôs 

development of a commercial vehicle hybrid drive. The majority of the 

simulation and experimental work described have been carried  out on the 

associated machine and its topology has been critical in determining some 

of the faults considered and also in shaping some of the detection and 

monitoring techniques proposed.  

1.2.1  The traction machine  

The machine shown in Figure 2 is the  16 pole, 24 slot interior permanent 

magnet machine  developed by Cummins Generator Technologies  [10]  

around which the majority of work in this thesis is based . The winding 

topology employed is a 3 phase delta w inding with 8 independent parallel 

concentrated coils per phase. The 8 coils are connected to a series of end 

rings within the machine and three terminal connections are then offered to 

the terminal block along with the signal from a thermocouple buried wi thin 

the windings and the signals from an integrated rotor position resolver.  
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Figure 2 : Cummins radial flux motor generator  [10]  

The laminated ro tor  shown in Figure 3 is m ade of 5  stacks containing NdFeB 

magnets, each offset to form a skew along the rotor axis. These are held in 

place by aluminium end rings and mounted on a single bearing within the 

two part stator housing , which is designed t o contain a water cooling jacke t  

around the stator windings.  

 

Figure 3 : Sectioned rotor highlighting skewed buried magnets  [10]  

The machine is designed to sit in the main drive train between a diesel 

engine and gearbox . It is also  designed  with the ability to act as a start stop 

machine, so must deliver very high torque for short periods of time to start 
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a potentially frozen ( -40°C) commercial vehicle engine. The industrial 

partner addressed this requirement by increasing the back iron to avoid 

saturation during very high loadings (greater than 3x operating currents).  

The main parameters of the machine can be observed in Figure 4. 

 

Figure 4 : Key traction machine parameters  [10]  

   

1.3  Objectives  

This thesis will initially look further into the safety demands on electric drive  

systems and the organisations  designing them for  the automotive  industry 
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and will look at examples of where ISO26262 applies , specif ically what it 

requires of a designer  and how  fault detection and condition monitoring 

methods can be used in order to meet these requirements.  The thesis will 

then offer solutions to some  issues often faced by designers of electric drives 

within the autom otive industry.  

The first instance will be to review sensorless control methods which could 

be utilised should a failure occur in the rotor position sensing technology; 

these methods allow the rotor position to be derived by using the control 

circuitry to  interrogate the permanent magnet machine with high frequency 

signals or by monitoring parameters as part of a model based scheme. Some 

of these techniques will then be implemented in detailed simulations and  an 

initial position detection scheme will be im plemented  experimentally . The 

techniques could then  be used as a comparison to detect a fault within the 

standard angle measurement system and also to provide a substitute signal; 

allowing a safety critical system to operate in a back -up mode which would 

enable a user to safely bring the vehicle to a stop or even to drive it home 

or to a garage for service.   

The thesis will then focus on the electric machine itself. Two particular fault 

groups will be targeted; stator impedance variations and rotor magnet 

faults. The project will attempt to develop techniques to monitor the 

condition of these machine parameters enabling the early detection and 

diagnosis of such faults. Such detection  could enable the system to be 

brought to a safe state before a catastrophic  failure lead to a loss of control.    

A challenge of using rare earth permanent magnets is their varying 

performance and potential permanent demagnetisation at high 



 

Chapter 1 Introduction

 

 

11  

 

temperatures. This means that the temperature of the rotor is an important 

parameter to be  aware of if reliable, safe performance is to be maintained. 

This thesis will review current methodologies for overcoming this challenge, 

looking into estimation and measurement techniques to determine the 

temperature of the rotor magnets.  

It will then de velop a novel technique ;  firstly through simulation and then 

experimentally to monitor rotor magnet condition. This technique in 

combination with a commissioning and tuning process could be used to 

monitor magnet temperature  and so assist a suitable derati ng  strategy to 

protect them as well as offer a check against more permanent damage such 

as cracks.  

The second machine fault is a stator impedance variation; in the particular 

system on which this project is primarily focussed the machine is a delta 

wou nd permanent magnet machine with 8 parallel coils per phase. Due to 

the nature of its construction a possible failure mode in extreme conditions 

is for one of the connections to break causing a single open coil. This failure 

mode will be investigated through simulation to assess its impact and how 

detectable the effects are . 

In summary the key objectives are this work are  to ;  

1.  Investigate the impacts of safety legislation on electric drive 

developments and other electronic technologies within the 

automotive mar ket.  

2.  Review current literature and offer proposals of additional monitoring 

and fault detection methods which could be valuable in satisfying the 

above legislation.  
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3.  Demonstrate or develop these methods in simulation or 

experimental environments.  

The fol lowing sections of this thesis will refer back to these objectives, 

showing where each is addressed.  Throughout the thesis objectives 2 and 3 

are further broken down into detailed elements which will in turn satisfy the 

larger objective.  

The reviewing pha se (objective 2) will look specifically at;  

¶ Rotor magnet condition monitoring, considering both temperature 

and magnetisation fluctuations.  

¶ Rotor position estimation techniques to serve as a monitoring tool 

or back -up mode for a standard position sensor o r potentially to 

replace the sensor itself.  

The derivation and implementation phase (objective 3) will then comprise 

of;  

¶ Investigation of rotor position sensing techniques in simulation 

(chapter 3) and experimental validation of an initial position 

detection scheme  (chapter 6.3 )  

¶ Derivation of a novel rotor magnet condition monitoring scheme 

(chapter 4)  

¶ Experimental validation of the rotor magnet condition monitoring 

(cha pter 6.1 )  

¶ Investigation of a detection scheme for a stator winding fault 

identified during the machine developme nt (chapter 5)  
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1.4  Statement of originality  

This project is attempting to derive and off er solutions to specific issues in 

implementing an automotive electric drive system  in line with current 

automotive legislation and standards  (Objectives 1 and 2) . In the domain 

of functional safety it is essential to be able to detect, in real time, the o nset 

of certain faults and to be able to mitigate any unsafe reaction they cause. 

This detection must be carried out robustly and without affecting the 

performance of the machine itself. It also must meet the stringent guidelines 

around electronic componen ts within an automotive environment, perhaps 

most challenging being the electromagnetic compatibility standards 

demanded by most vehicle manufacturers  [11]  [12] . Finally they must be 

implemented on systems with relatively low microprocessor overhead; cost 

is a key driver within the automotive industry and so the re  is great pressure 

to implement simple, elegant and cheap solutions.  

In the spirit of safety engineering, this project will focus on faults  which 

could cause safety critical situations in a vehicle environment, so monitoring 

elements of a drive design which can have a direct influence its 

controllability.  The rotor elements of a machine (position and magnet 

condition) are two such areas ; the need to pass information from the 

rotating element to a stati c element in order to process it  make s the m  

inherently difficult to monitor. This thesis will explore the current state of 

the art and then through simulation and experimentation will explore 

possible solutions, both recognised and novel (objective 3).  

Current rotor magnet monitoring techniques rely on complex thermal 

models with high processing demands or requiring the knowledge of detailed 
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boundary and initial conditions, others interrogate the  machine using high 

frequency current or voltage injections which could dramatically affect 

electromagnetic compatibility  and audible noise emissions due to the 

additional ónoiseô injected. The novel solution offered in this thesis is tailored 

to an automo tive application where pre - commissioning and tuning are 

common place; an algorithm is developed to derive the rotor magnet 

condition in real time following an initial commissioning process.  

As described in Section 1.2  this  proj ect has close links with an industrial 

partner and ha s been carried out in parallel to the development of the hybrid 

drive machine on which much of this work is performed. During the 

development of the machine a particular fault was found following testing  

which lead to the work in chapter 5. The stator impedance fault  investigated 

within that chapter  is unique to the machine topology and so not previously 

investigated. The investigation carried out looks to firstly characterise  this 

failure mode and identify the impacts and potential detection methods.  

1.5  Thesis Layout   

In c hapter  2 this thesis  will first summarise the current literature and 

legislation  around the objectives outlined above  by d iscussing  the impacts 

and demands  of legislation  on the implementation of electronic and 

electrical drive technologies in the automotive industry. It will then go on to 

review current techniques for monitoring the temperature and condition of 

rotor magnets in permanent magnet synchronous mach ines.  Finally it will 

review sensorless control techniques which may be suitable for use in fault 

monitoring or back -up control modes for automotive systems.  
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The thesis will then go on to investigate fault  detection in electric drive 

systems in the follow ing chapters. Chapter 3 will focus on the simulation of 

a sensorless control technique which modifies the fundamental PWM 

excitation in order to extract information about the rotor position. Chapter 

4 explains the theoretical d evelopment of a novel rotor magnet condition 

monitoring technique; explaining the fundamental principles backed up w ith 

simulated results. Chapter 5 then investigates how a variation in stator 

impedance could be detected in real time; such a technique woul d allow a 

system to derate or to alert a driver that service is required before thermal 

runaway or another catastrophic failure mode could take hold. Next, the 

experimental conditions will be described. This work has been carried out in 

collaboration with commercial partners and using their hybrid drive 

machine, developed controllers and test facilities, detai ls will be provided in 

chapter 6 .  

Chapter 7 will explain the experimental implementation of the magnet 

condition monitoring technique and explain the  related tuning and 

commissioning process which would need to be completed on the final 

system.  It will then describe the experimental implementation of the 

sensorless control techniques and describe any further work required to 

commercialise and implement  the technique in an automotive product; 

highlighting any challenges which would still need to be addressed.  

The thesis will then be drawn to a close with conclusions on the work 

presented and discussions around further work which is required in this area 

to enable and support the industry push towards further automation on 

roads around the world . 
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2  Review of C urrent Literature  

Road users face risks each and every time they take to the highways across 

the world. There were over 190,000 reported road casualt ies in UK alone in 

the 12 months to September ô14, over 12% of which were classified as 

óKilled or seriously injuredô (KSI) casualties [13] . It should be the 

responsibility of the authorities managing the roads, each individual  road 

user and also the designers and manufacturers of road vehicles to ensure 

that the risk to public road users is kept as low as feasibly possible.  

This challenge is met in two ways; first is through legislation which will allow 

the effectiveness of a design with respect to public safety to be measured 

and monitored, an example being ISO26262 Road vehicles ï Functional 

safety [5]  which will be discussed in the initial part of this chapter. The 

second is by research and devel opment of techniques which will allow unsafe 

faults within systems to be detected and where possible mitigated.  

2.1  ISO26262 Road Vehicles ï Functional Safety  [5]   

The aim of ISO26262 is to assist automotive organisations to avoid  these 

risks by setting appropriate requirements and processes to prevent systemic 

and random hardware failures leading to hazardous situations.  As described 

by Edwards in [14]  where the author discusses the application of ISO2 6262 

at a silicon and software level, legislation is driving a change in the way 

engineers must think about their designs and this also applies at a system 

and drive level.  It is accepted that random failure can happen in any system, 

no matter how well des igned. The standard sets out a process to assess the 
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effect and risk of each possible failure before setting requirements on how 

this risk is dealt with.  

In the introduction to the standard the authors state that  ISO26262  [5] ;  

a) Provides an automotive safety lifecycle (management, development, 

production, operation, service,  decommissioning) and supports tailoring the 

necessary activities during these lifecycle phases;  

b) P rovides an automotive -specific risk -based approach to determine 

integrity levels [Automotive Safety  Integrity Levels (ASIL)];  

c) Uses ASILs to specify applicable requirements of ISO 26262 so as to avoid 

unreasonable residual risk;  

d) P rovides requirements for validation and confirmation measures to 

ensure a s ufficient and acceptable  level of safety being achieved;  

e) Provides requirements for relations with suppliers.  

The remainder of this chapter will explain how the standard achieves these 

five points, and what it means for the design and management processe s 

for a compliant organisation.  

2.1.1  Scope  

The standard itself is delivered in 1 0 parts as shown in  Figure 5. The 

structure of the figure is explained  in detail in appendix A ; the numbering 

indicates the parts and chapters of the stan dard as a content table would.  

The first part of the standard acts as a glossary of terms to be used in the 

following parts which does not require much explanation in this thesis.  

Therefore, a detailed discussion of the standard will begin at part 2.  Part 10 
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is a guideline to the implementation of the standard and so will also not be 

analysed in detail in this thesis.  

 

Figure 5 : ISO26262 -  Content diagram. [4]  

 

The remaining sections of the standard describe in a high level of de tail how 

functional safety affects and must be considered across every aspect of a 

product design and also the designersô organisation. It describes tools which 

should be used to give an objective and measurable indication of the safety 

of an electronic sy stem, offering guidelines on how these tools are used to 

create requirements for sub -system design and how these should be passed 

through the project cycle and verified and validated before the product can 

be released and declared safe.  
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2.1.2  Conclusion  

This section has provided an insight into the rigour and detailed safety 

analysis required when attempting to implement any new design iteration 

within the automotive industry . The information above  and contained in the 

later appendix  was used as justification fo r the techniques  implemented in 

this work . Chapters 4 and 5  describe proposed method s of fault detection 

which could be offered to predict unstable behaviour and allow the system 

to react in a safe way to miti gate the unsafe action.  Chapters 3  and 7 

propos e a control method utilised to provide a safe system response to a 

collection of failures causing a loss of rotor position measurement.  These 

techniques can be used to reduce the number of hardware failure which can 

lead to ASIL D  rated  hazards as defined in part 3 of ISO 26262. Appendix A 

contains a detailed review of the standard and describes tools which can be 

used to assess, measure and qualify the above techniques and their 

contribution to the functional safety of an electric drive system.  

2.2  Rotor Magn et Temperature Monitoring  

The particular faults of interest for this thesis are related to permanent 

magnet synchronous machines; first being monitoring of the magnets 

themselves, secondly monitoring and back -up control for the rotor position 

sensing compo nents and finally a look at the detection of stator winding 

impedance variation which could be caused by short or open circuit 

connections in multiple series or parallel wound machines. The current state 

of the art for the detection and monitoring of the r otor elements will be 

covered in this section.  
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The condition of magnets in a PM SM is critical to the performance of the 

machine. The performance of a permanent magnet is defined by its 

temperature dependant B -H characteristic ( Figure 6). As the magnet 

temperature increases then the intrinsic coercivity (H) and the residual flux 

density will reduce. In [15]  it is shown that this has a direct effect on the 

maximum torque which can be developed by a PM SM.  

 

Figure 6 : Example B - H Curve from Arnold Magnetics for an NdFeB 
magnet.  [16]  

 

In normal operation, the residual flux density and intrinsic coercivity return 

to normal levels when the temperature fall s again. However, if th e 

temperature increases too much  (approximately 150 °C for NdFeB magnets) 

then this can drive the operating point of the magnets into the non - linear 

region of the B -H curve and cause a partial or total demagnetisation.  
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This makes the magnet temperature a very useful parameter for the control 

and protection of permanent magnet machines. Unfortunately, it is a very 

difficult parameter to measure during operation. The methods to obtain this 

measurement, or an estimation of it, have been q uite widely investigated in 

literature over recent years and methods can be separated into three 

categories. Firstly, methods which involve direct measurement of the 

temperature. Secondly, methods which involve some form of extra 

excitation of the stator c oils in order to extract information and finally, 

model based methods which run in parallel with the machine control in order 

to monitor the magnet condition.  

The following section s will describe some of the current methods in industry 

and research environ ments which can be used to obtain a rotor 

temperature.  

2.2.1  Magnet Temperature by Direct Measurement  

Direct measurement of the temperature of stator windings is fairly common 

in the production of rotating machines; this is done by way of thermocouples 

embedded within the slot along with the winding coil. This is often used as 

a measure of machine condition and de - ratings are calculated based on this 

measurement. It is however preferable, for reasons stated above, to have 

similar information about the temperature  of the rotor. For induction 

machines this is to aid calculation of the rotor time constant  [17] , and for a 

permanent magnet machine it is to calculate the maximum available torque 

and to avoid demagnetization  [15] .  
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It would be little effort to insert thermocouples into the rotor pack in contact 

with the magnets during manufacture. The obstacle lies in transmitting the 

information from the rotating shaft out to the power electronics.  

There are poss ible solutions to this problem, [18]  and  [19]  suggest the use 

of slip rings. This option could be effective in a laboratory environment given 

the low demands on space and maintainability, however in  operation and 

especially in harsh or difficult environments this is an extra component 

prone to wear which will reduce reliability and add cost and complexity to 

the machine.  

In [20] , [21]  and [22]  wireless transmission methods using different 

mediums  are presented . All of these techniques involve having circuitry and 

antennae on the rotating parts of the machine. This adds a lot of complexity 

during the build process a nd will also increase the difficulty in balancing the 

machine. This aside, the control electronics must also be equipped to receive 

the wireless transmission adding costs here too. And a final consideration is 

any interference with surrounding systems whic h may be relevant in 

aerospace, marine or automotive applications.  

In [23]  a contactless method of measurement is discussed using infrared 

sensors. Despite sounding like a simple solution the reality is actually 

extremely comp lex and can only ever give the rotor/end ring surface 

temperature meaning that for the case of buried magnets/rotor bars the 

temperature of the material of interest must still be estimated. In order to 

obtain actual temperatures from the IR sensor it must be very precisely 

located and focused so as not to see interference from surrounding surfaces. 

The colour, roughness and material of the measurement surface must be 
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known to enable accurate calculation of the emissivity of the surface so to 

calibrate the p robe and measurements correctly. This all increases cost and 

complexity requiring extra circuitry and signal processing as well as a stator 

housing designed to incorporate an accurately positioned sensor.  

The conclusions to be drawn from this are that dir ect measurement with the 

use of contact temperature sensors offer the benefit of high accuracy, but 

the added complexity required in the machine and control to extract this 

information from the rotating parts makes this impractical for most 

applications. T he use of infrared sensors eliminates this problem, while still 

giving a direct measurement. However this direct measurement is of the 

rotor surface, not the magnets and obtaining an accurate absolute 

temperature proves extremely difficult given the knowle dge and condition 

of the measurement surface which is required.  

2.2.2  Temperature Measurement by Enhanced Excitation  

Various sensorless control techniques have been developed working on the 

principle of saliency tracking  [24]  [25]  [26] . These techniques all rely on 

the extraction of information about the variation of the stator impedances 

with respect to the rotor angle. The pattern of the variation is known as the 

saliency pa ttern of the machine. A saliency pattern is caused by the effective 

uneven air gap of the machine and the change of magnetic saturation due 

to the location of the rotor flux vector. This rotor flux vector is set by the 

magnets in a permanent magnet machine , and so tracking the saturation 

caused by it will effectively track the magnet position forming the basic 

principle of these techniques.  
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If the residual flux density of the magnet was to reduce, as happens with 

increasing temperature, then the rotor flux  vector would also reduce. This 

change could then be detected as a small change in the stator impedances 

using similar techniques to those developed for sensorless control.  

It has been proven in [27]  that the resistive term of t hese high frequency 

impedances, known as the transient resistance, is also relevant in the high 

frequency response of a permanent magnet machine. This term is a 

measure of the stator resistance and also the induced currents in the rotor 

magnets and laminat ions and a profile of this can also be used to track rotor 

position.  

2.2.2.1  Temperature estimation using HF - injection  

One of the sensorless control methods is adapted in [28]  to give an estimate 

of rotor temperature based on the tempe rature dependant transient 

resistance calculations derived in [27] . The theory behind this method 

begins with a high frequency model of the machine (1).  

 

ὺ ͺ  ὤ ȢὭ ͺ  ( 1 )  

ὤ  Ὑ Ὦ ὒ ( 2 )  

Ὑ  Ὑ  Ὑ ( 3 )  

 

 

In this model, ὤ  is the high frequency impedance of the machine, made 

up of an inductance component Вὒ and a resistive component ВὙ (2) . Both 
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are made up then of a stator and rotor component defined by the subscripts 

S and R respectively  (3) . It is shown in [27]  that the resisti ve terms are 

temperature dependant, as is the magnetic field created by the permanent 

magnets as discussed in previous sections.  

ὙὝ  Ὑ ρ  ȢЎὝ ( 4 )  

Where   is the resistive thermal coefficient of copper in the case of stator 

resistance, the magnet for the rotor and T is the stator or rotor temperature.  

The inductive term also holds temperature dependant information as this is 

related to the magnetic field strength produced by the magnets which itself 

var ies with temperature.  

ὄὝ  ὄ ρ  ЎὝȢ Ὕ  ( 5 )  

With ὄ  being the residual flux density of the magnet at ambient and   is 

the PM magnetic field thermal coefficient. It can be seen that this 

relationship is non - linear,  making the inductance term more complex to 

work with. For this reason the resistive term has been used in  [28] . 

Taking the real term from (2)  and substituting for the temperature 

depend ent stator and rotor resistances gives an expression which can be 

rearranged to give the rotor temperature  (6) .  

Ὕ  Ὕ  
ВὙ  ȟ  Ὑ Ὑ ρ  Ὕ Ὕ

Ὑ 
 

( 6 )  

 

Rearranging and taking the real part of (1)  will give a valu e forВὙ  ȟ . The 

stator resistance must be measured with the rotor removed from the 
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machine at ambient temperature and the result recorded for use in (6) , and 

the rotor resistance can then be estimated by me asuring the total resistance 

and subtracting that of the stator.  

This method requires a high frequency excitation, either rotating or 

pulsating (a rotating injection is demonstrated in [28] ). The selection of this 

excitation, as with sensorless control, is a trade -off between estimate 

accuracy and the impact on machine performance. A larger amplitude signal 

is preferable to extract the most information from the machine and to 

maximise signal to noise ratios. The impact of this however is increased 

audible noise and possible torque oscillations and/or extra induced losses.  

The carrier frequency is also important; it must be high enough to not 

interfere with the machines current controllers or the fundamental 

performance but low enough so that the inductive term of the impedance 

doesnôt dominate too much.  

2.2.2.2  Temperature Estimation using T est Pulses  

Another method is first presented in [29] ;  this method uses test pulses 

which exploit the saturation level of the d -axis of a permanent magnet 

machine in order to extract the field strength of the magnet at the time of 

the test.  

The implementation of the method proposed by Ganchev et al requires 

accurate knowledge of the rotor position. The aim is to put a ver y large 

voltage pulse on the d -axis of the machine and in order to maximise both 

the accuracy and magnitude of this pulse it is sensible to choose an angle 

which is a multiple of 60 °. This is where the d -axis is aligned with one of the 
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6 active space vecto rs and as such the demanded pulse can be applied using 

just one switching state as shown in  Figure 7. 

 

Figure 7 : Test pulse switching s tates  

 

The next step is to oversample the current response to this pulse, enabling 

the calculation of  , which given knowledge of the applied voltage and 

when neglecting stator resistance and cross -coupling will give a direct 

measure of the d -axis increme ntal inductance of the machine (7) .  
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ὒᴂ 
ὺ

ὨὭ
Ὠὸ

 ( 7 )  

The incremental inductance depends on the level of saturation within the 

machine which itself is a very non - linear function of the d -axis current and 

the magnetic field set up by the magnets. The former is known due to 

oversampling during the voltage pulse and the latter is a temperature 

dependant parameter of the magnetic material.  

If a commissioning phase is carried out for each machine design, a look -up 

table (LUT) can be created to show the relationship betwe en  and the 

magnet temperature allowing for the saturating effects of the absolute level 

of d -axis current. This enables a temperature estimate to be obtained in 

operation without relying on the knowledge of machine parameters.  

In practic e, the  difficulty lies in applying and sampling the test pulse. It 

requires a supervisory controller to monitor and predict when the rotor angle 

will cross one of the measurement angles. It must then calculate when 

within the PWM cycle this will occur. Once the exact pulse required has been 

calculated then the standard vector control must be paused and a new 

modulation scheme implemented for the test PWM cycle.  

This requires a non -standard  PWM system to allow a single phase to be 

switched with a non -symmetric pu lse and also the ADC s to be sampled 

rapidly for the duration of the pulse. This implementation is very 

demanding, possibly requiring a change in DSP/FPGA peripherals and 

potentially additional hardware to enable the precise sampling of the current 

channels .  
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2.2.3   Temperature Estimation by Parameter Monitoring  

There are two basic theories behind all temperature estimation. One is to 

have a thermal model of the machine and populate this with thermal 

resistances and capacitances to give an estimate at different lo ads given 

estimated loss inputs and in some cases temperature measurement points 

using information from thermocouples within the machine. The second is to 

try to extract information about machine parameters and match this against 

the expected parameter val ues for different temperatures. The best fit is 

then the temperature estimate.  

This can be done for various parameters, the previous section looked at 

exploiting variations in the high frequency impedances caused by induced 

currents or reduced air gap flux  density. As discussed in that section, to 

extract this information requires an excitation of some form, be it high 

frequency sinusoidal injection or a modified PWM pattern. This is not 

desirable; this section will only discuss methods of parameter based 

temperature estimation using the fundamental response of the machine.  

2.2.3.1  Thermal Model Based Magnet Temperature Estimation  

Thermal models can be created of a system to make the thermal circuit 

analogous to that of an electrical circuit. As with an electrical circuit this can 

be of varying complexity ranging from a steady state model of 2 resistances 

up to an extremely complex model of a machine geometry taking into 

account all interfaces and conduction mediums.  

Each circuit parameter has to be given a value, either the thermal resistance 

or capacitance. These values must be calculated from known thermal 

coefficients and the components geometry. Accurate estimation of these 
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parameters is very difficult and often requires several iterations through 

experimentati on or finite element modelling to fine tune the system model.  

The authors of [30]  propose a very simple model, reducing the system to 2 

nodes. They are able to do this because of the inclusion of thermal 

measurement of the stat or core in operation and so can keep this point as 

the input to their model avoiding the need to simulate transfer to the cooling 

circuit. The parameters for the model are then determined experimentally 

by running the machine through a commissioning proces s. This process is 

carried out once per machine design providing each machine is produced 

identically and the placement of the stator core measurement is also the 

same for each machine.  

 

Figure 8 : Proposed thermal model with two  thermal nodes, i.e., 
permanent magnets p, stator winding s; the stator core temperature is 

an input quantity to the model [23]  
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The other sources for the thermal model are the losses, which must be 

estimated using loss models in the case of copper losses  (Ps) or look -up 

tables based referencing machine current levels and operating speed for 

iron losses (P p). This method then gives an estimate of temperature of the 

stator windings and of the permanent magnets which match the measured 

values within +/ -  5°C during operation.  

This method however assumes a constant average temperature across the 

winding and magnet geometry and does not account for hotspots. The error 

is also greatest during transient periods, which is when temperatures are 

most likely to chang e quickly and go to dangerous levels.  

More detailed models are presented in [31]  and [32] . These models offer 

estimates at more points within the machine geometry but in order to do 

this they requi re the calculation of more detailed thermal resistances and 

capacitances for example the magnet to rotor core interface amongst others 

must be defined. These models also require the more localised calculation 

of losses. In [30]  there were only two  loss inputs to calculate as all iron and 

magnet losses were input to one node and all copper losses to another. 

However in more detailed models the iron losses must be broken down into 

each component of the machine geometry and input t o the correct nodes.  

A s teady state error compared to a finite element model of below 7 °C is 

demonstrated in [32] ;  however transient performance is not discussed. The 

authors of [31]  use the therma l model as an input to a look -up table which 

gives explicit limits and deratings for field weakening operation to ensure 

that the machine is working at a safe operating point for the magnets.  
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The computing effort required for a complex model can be quite intense and 

to parameteris e the models will involve accurate finite element analysis or 

detail experimental investigation to give confidence in the estimates. 

Another issue with the thermal models is their lack of accuracy under 

transient conditions, when temperatures can be most erratic. However, 

once a model is satisfactorily developed and tuned then it will work for all 

machines of the same design without the need for calibration.  

2.2.3.2  Temperature Estimation by Rotor Flux Observation  

 The rotor flux of a PM m achine is depends on the size, position and state 

of the magnets on or in the rotor. For a given machine, the state of the 

magnet is the only variable parameter and this state will change based on 

the temperature or damage to the magnet. Therefore the roto r flux contains 

information about the temperature and condition of the magnets.  

In [33]  this relationship is investigated by use of a fourth order extended 

Kalman filter. The resulting rotor flux is then analysed to give an in dicator 

of magnet demagnetisation. The author begins with the standard dynamic 

machine equations in the rotating reference frame.  

ὺ ὙὭ ὒ
ὨὭ

Ὠὸ
ὒὭ 

( 8 )  

ὺ ὙὭ  ὒ
ὨὭ

Ὠὸ
 ὒὭ  •  

( 9 )  

Then to allow for a non -sinusoidal  flux density the rotor flux  linkage • is 

separated into its d and q  axis components. This means (8)  and (9)  can be 

rewritten as (10 )  and (11 ) . 
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If it is assumed that the rotor fl ux linkage is constant for short time periods, 

and the equations are rearranged then the set of state equations (12 )  -  ( 15 )  

can be obtained.  
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These equations are the n evaluated using the extended K alman filters and 

the rotor flux linkage information is extracted. This model is still dependant 

on inductance and resistance valu es and so is susceptible to variations in 

these parameters.  

In order to then estimate the temperature the flux linkage and loading 

conditions could be fed into a predetermined look up table containing the 

expected flux linkage at a certain loading for a ra nge of temperatures and 

so giving an estimate of magnet temperature.  
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2.2.4  Conclusions  

Knowledge of magnet temperatures is an extremely useful piece of 

information when controlling a permanent magnet machine, especially when 

the machine is to be operated in the  flux weakening region.  

In operation it is clear that a direct measurement is impractical. A lot of the 

methods needed to extract the temperature from the rotating shaft can be 

expensive, unreliable and require extra maintenance so increasing the 

lifetime  costs of the machine. It is for these reasons that direct 

measurement is only an option for calibration and not for use in a final 

commercial product for automotive applications.  

The remaining options all have their own positive and negative points. A 

th ermal model can give a very good estimate in steady state conditions 

given accurate knowledge of the thermal resistances of the components 

within the thermal circuit or an extensive calibration scheme producing a 

large look up table. The models are however  susceptible to error given 

unknown initial conditions or in some cases a cooling failure or other 

anomaly within the machine. A thermal network model is not exceptionally 

difficult to implement however and is worth consideration.  

The methods involving so me form of enhanced excitation do arguably offer 

the most reliable estimate across the operating range. The obvious downfall 

for these techniques is the added complexity to the machine excitation. 

Given the potential for a rotating sinusoidal injection to be implemented for 

initial rotor position detection, it does seem sensible to investigate the 

extraction of magnet temperature information using the technique 

presented in [28]  using the same current responses at low and zero s peed. 
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This could give the initial conditions for a thermal network or other 

integrator based model.  

The method likely to be preferred for most of the operating range is one 

similar to that presented in [33] . This requires work to be carried out to 

obtain a temperature estimate from a flux or back -emf estimator as stated 

above, but this work is possible and the potential is for a very reliable 

estimation. Especially given the addition of a stator resistance estimate 

based on the accurate knowledge of the winding temperatures from 

embedded thermocouples. This model based approach also mirrors the high 

speed position estimation and so seems a sensible approach.  

2.3  Sensorless Rotor Position Measurement  

The idea of implementing vector c ontrolled electrical drives without the need 

for position or speed sensors has been extensively researched. The resulting 

techniques can be categorised into two main groups. The first are based on 

extracting information from the machine about inherent sali encies which 

can then be exploited to ascertain the rotor position. The second group is 

made up of techniques rely on observers or machine models in order to 

estimate the rotor speed and position. This report will look at examples from 

both groups, going o n to describe a complete sensorless control scheme for 

IPM machines in more detail.  

2.3.1  Saliency Based Sensorless Control  

The methods which rely on saliency tracking all have some form of 

modification to the exciting signals; be it the addition of a high freq uency 

signal or a modification of the fundamental PWM wave. This means that 
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these techniques lend themselves to low and zero speed operation to allow 

easy separation of the exciting signals from the fundament al electrical 

machine frequency  [34]  [35] . 

2.3.1.1  The Principle of S aliency  

In order to understand the control methods it is important to know the 

principle of saliency. The simplest definition is that a machin es saliency is 

the variation in the rotor i mpedance seen when referring this to the stator  

as the rotor turns. This can be caused by air gap variations, material 

properties or material saturation. In the case of an interior permanent 

magnet machine the dominant saliency is caused by the magnets bur ied 

within the rotor; this effectively extends the air gap along the axis where 

the magnet is located due to the material having a relative permeability 

near to 1 ( Figure 9).  
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Figure 9 : Buried PM machin e showing d and q axis. Effective air gap 

extension visible along d - axis  

 

The variation in the air gap will mean that the inductance along the d -axis 

is less than that along the q -axis;  this variation is measurable from the 

machine terminals as the rotor turns. For the case of an IPM machine the 

dominant saliency, caused by the buried magnets, occurs at twice the 

fundamental el ectrical frequency. Equation (16 )  shows the matrix of 

inductances in the Ŭȁ frame for an int erior permanent magnet machine.  
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( 16 )  

This means that the angle between the poles can be tracked however 

whether the  pole is a north or south is still unknown ï this means an initial 

position scheme is necessary for a saliency tracking sensorless control 

system.  

2.3.1.2  Saliency Extraction using Fundamental PWM E xcitations  

A machine saliency manifests as a variation in the mac hine inductance; 

which can be measured by applying a voltage step and measuring the 

current response as can be seen from equation (17 ) .  

ὠ ὒ
ὨὭ

Ὠὸ
 

( 17 )  

As part of a standard PWM excitation scheme thousands of these step 

voltage changes are applied each second and one technique is to use these 

steps to calculate the inductance and so track the variation  around the 

machine.  

The principle is extremely simple and reliable; however the implementation 

brings about several challenges.  

2.3.1.2.1  Current Derivative Sampling  

Assuming  that V s is maintained fixed and stable then e quation (17 )  show s 

that the derivative of the current is directly  proportional to the inductance  

parameter containing rotor position information as described above.  Most 

industrial or automotive power electronic systems  would not measure the 

derivative of current as standar d owing to the fact that it is not a required 
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variable for standard control techniques . This means that either an extra 

sensor must be added or a modification must be made to the sampling to 

allow the derivative to be calculated by sampling the current imm ediately 

before the voltage step and then a defined time afterwards and dividing by 

this time. The challenge here is that several samples must be taken on all 

phases at precise instants within each PWM cycle; usually requiring a 

change to FPGA or DSP perip heral programming or design.  

2.3.1.2.2  Minimum Pulse W idth  

The second challenge to overcome is that of parasitic inductance and 

capacitances along the transmission line. These cause the current to óringô 

immediately after a step voltage is applied as can be seen in  Figure 10 . The 

problem this causes is an extension of the time between samples before the 

derivative can be accurately calculated as the ringing needs to subside (in 

the order of 5 ȉs depending on machine and parasitic parameters).  
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Figure 10 : Current waveform during PWM transients  

 

Sometimes the time a certain vector is applied is too short to allow this 

ringing to subside sufficiently to take a reading.  These pulses must then be 

extended and compensated for by applying a voltage in the opposite 

direction later at another point in the PWM period in order to bring the mean 

effect back to the demanded values and not to affect the fundamental vector 

control.  Care must also be taken to account for the effects of dead time  

when applying the vectors and sampling the waveforms.  

2.3.1.2.3  Creating the Position Signals  

In each PWM cycle there will be two derivative measurements from active 

switching vectors available; which  two depends upon the angle of the 
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requested voltage vector. This voltage vector  will lie within one of 6 60 ° 

sectors, and the equations required to extract a position signal from the 

derivatives of each sector can be found in  Figure 11 . Once extracted the 

signals P a, Pb and P c can be transformed into the static Ŭȁ frame using the 

standard equations. The angle between P Ŭ and P ȁ will then yield the saliency 

position, and from this the speed can also be calculated. More detailed 

information and calculations for this technique can be found in [36] . 

 

Figure 11 : Position signal extraction from a delta wound machine  

 

2.3.1.3  Saliency Extraction using H igh Frequency I njection  

The saliency can also be extracted by a high frequency voltage signal. When 

this signal is applied at the machine terminals the current response is 

modulated by the machine impedance. This impedance, dominated by the 

inductance due to the high frequency, will vary as the machine rotates and 
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so will have a similar appearance to that of a resolver sin or cos output. 

Then with some signal processing the speed and position can be found.  

The use of a high frequency signal, much higher than the fundamental 

machine frequency, means that the estimation method can be implemented 

alongside a standard vector contr ol scheme. The exciting signal can be 

simply added to the voltage demand prior to the PWM module, and the HF 

response can be filtered from the currents prior to the frame rotations in 

order to not affect the current controllers.  

2.3.1.3.1  The HF-Response  

The respon se of PM machine to an exciting si gnal can be seen in equation 

(18 ) ; this shows the exciting voltage is made up of the resistive voltage 

drop across the stator windings, the inductive response to the change of 

current and a term p roportional to speed and the rotor flux.  

ὠ Ὥ ȢὙ ὒ
ὨὭ

Ὠὸ
•Ȣ  

( 18 )  

If the exciting signal (V Ŭȁ) is a pair of high frequency sinusoids, as in 

equation (19 ) , then the current response can be desc ribed by equation (20 )  

where V Ŭȁ and Ȓi are the injection voltage and frequency. This equation 

ignores the back -emf term due to the low motor speed and also the resistive 

term is neglected because the inductive term is so dominant  at high 

frequencies.  
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( 19 )  
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( 20 )  

Equation (20 )  can be separated into a positive (21 )  and negative (22 )  

sequence current. The interesting position informat ion clearly appears in the 

negative sequence.  
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( 21 )  
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( 22 )  

Looking at the amplitude term of the equations also highlights an interesting 

engineering trade -off; the amplitude of the signal is proportional to the 

amplitude of the injected voltage and inversely pr oportional to the 

frequency. This means that to get a clear position signal the injected 

amplitude should be high;  however this would clearly mean more noise and 

losses in the machine. It also shows that ideally the injection frequency 

should be low, but l ow frequencies will be more difficult to filter from the 

fundamental current waveform and can interfere with current controllers. A 

low frequency would also bring into question the assumption that the 

inductive term is dominant over the resistance and so c ould complicate the 

estimation algorithm itself. It can also be seen that the amplitude will go to 

zero for a non -salient machine, or in fact a salient machine driven into 

saturation where L d = L q.  
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2.3.1.3.2  Extracting the Position Signal  

Processing the current re sponse in order to extract the rotor position is 

where most of the complexity lies in implementing an injection based 

sensorless scheme. This is the area where there is the largest variety of 

techniques in literature depending on the test machine and contr ol circuit 

as well as the choices of the individual implementing the design.  

The main principle is to isolate the negative sequenc e of the HF current 

response (22 )  by filtering the fundamental currents and the positive 

sequence t erm. Once the negative sequence is isolated then this can be 

tracked by using one of a variety of demodulation techniques. One possible 

implementation of this can be seen in  Figure 12 . 

 

Figure 12 : Diagra m of a position and speed demodulation system  

 

The HF response is isolated by use of a band pass  filter working on the 

measured currents in the stationary Ŭȁ frame. The next step is to take the 

cross product of the HF response with a signal recreated to h ave the same 

phase as the HF response. This is done by using the estimated rotor position 

and the actual injection signal phase. The result of this cross product is the 
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angular error between the measured negative sequence current, containing 

the actual rot or position information, and the signal recreated using the 

estimated rotor position. Therefore this error is effectively the error between 

the actual rotor position and the estimate used in the phase recreation. A 

low pass filter removes noise from the er ror, giving a more stable speed 

estimate and a PI controller will ensure that the speed has zero steady state 

error. The integral of the speed forms the rotor position estimate which is 

fed back into the cross product. The whole system operates as a phase -

locked loop would and with well - tuned gains and filters will provide a stable 

and accurate speed and position estimate.  

An improvement can be made to this demodulation process by incorporating 

some knowledge of the mechanical system and the power output of  the 

machine in a mechanical observer. In Figure 13  a mechanical observer 

monitors the developed torque from the machine and using the inertia can 

then give an estimate of the acceleration, speed and position of the rotor as 

the m achine operates. Here the error term from the cross -product feeds 

into this observer through a PID controller, acting as a fine tuner for the 

overall observer and ensuring that the rotor position is accurate.  

 

Figure 13 : Mechani cal observer with position error feedback tuning  
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This demodulation technique offers improved dynamic performance by 

taking into account the produced torque and system inertia during 

operation. It does however require knowledge of these parameters which 

can both vary during the operation of the drive. The PID controller will work 

to cope with these variations, and the system does still operate well even 

with poor knowledge of the inertia and applied torque.  

2.3.2  Model Based Sensorless Control  

Model based contro l methods ten d to operate by estimating the b ack -emf 

component of the machine response. This is quite intuitive, as the back ï

emf is created by the rotor flux crossing the winding coils, therefore 

knowledge of the location of the peak emf will give the loca tion of the rotor 

magnets. The reliance on the back -emf provides one of the weaknesses of 

the method, estimation is impossible at low and zero speeds, where the 

back -emf is low.  

This section will focus on the model reference adaptive system (MRAS) 

shown i n Figure 14 . This is where two different models give an estimate of 

the stator flux vector, these estimates are compared and an error term is 

calculated which is then fed back to the adaptive model with some 

adjustment mechanism e nsuring this error is controlled to zero. Each model 

will be explained, followed by the adjustment mechanism.  
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Figure 14 : MRAS system block diagram  

 

2.3.2.1  Reference Model  

The reference model will give an estimate of the stator flux i ndependently 

of rotor position, so is not susceptible to error in the position estimation, it 

is however susceptible to other inaccuracies. The basis for the model is the 

integral of the stator voltage in the Ŭȁ stationary frame (23 ) . It is possible 

to obtain a very rudimentary position estimate by simply taking the arc tan  

of this flux vector; but the calculation is reliant on accurate knowledge of R s 

which varies during operation, and is also subject to integrator drift meaning 

that the estimate would be quite inaccurate.  

• ὠ Ὥ ȢὙ Ὠὸ 
( 23 )  

2.3.2.2  Adaptive Model  

The second model must rely on one of the required outputs, so in this case 

it is to be calculated in the rotor reference frame and therefore needs the 
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esti mated rotor position in order to transform the stator current and voltage 

values to their dq equivalents and then the reverse transform for the flux 

estimate to be compared with the reference model.  

• • ὒὭ ὮὒὭȢὩ  ( 24 )  

The adaptive model also relies on machine parameters which can vary within 

operation, on this occasion it is the d and q inductances. The closed loop 

system however is still able to provide an accurate e stimate with a quite 

large error in Ld and Lq.  

2.3.2.3  Adjustment Mechanism  

The adjustment mechanism can take many forms with varying complexity. 

The theory is very simil ar to that described in Figure 12  and  Figure 13 , the 

only difference being that the controller or observer is being driven by the 

angular error between the two stator flux vector estimates. For the ease of 

implementation and code repetition, if designing a complete sensorless 

control scheme it is  logical to use the same implementation for both 

injection and model based control.  

2.4  Conclusion  

This chapter has reviewed a particular piece of legislation which is driving a 

need for intelligent fault monitoring, detection and diagnostic techniques 

within  the automotive industry. A comprehensive review of this standard 

has shown how such techniques must be designed into a product, driven by 

an analysis of failure modes, in order to mitigate unsafe system reactions 

which could put public road users at risk.   
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The second part of the chapter has then focussed on a particular part of the 

electric machine; the permanent magnets. It has looked at current methods 

to monitor the condition of these magnets in order to react to potential faults 

and hazards caused by o ver temperature or demagnetisation. Current 

literature can be divided into three main categories; the first reliant on 

thermal measurements which are difficult to achieve in a compa ct and cost 

restricted system, the second  set is focussed on various therma l models 

requiring knowledge of initial conditions or settling times to ensure accuracy  

and the third utilise various injection methods to interrogate the magnetic 

circuit within the machine in order to extract magnet information. These 

techniques all suff er from a need for expensive  and complex sensing 

technologies, high processing demands or high frequency excitations; all 

undesirable characteristics when designing an automotive system.  

The final part of this chapter reviewed current literature regarding  

sensorless control techniques. There is an overwhelming amount of material 

and research available in this field;  however there still remains a huge 

challenge regarding rotor position estimation at low and zero speeds in an 

application where electromagneti c compatibility is so stringently regulated. 

Some authors have specifica lly looked to reduce audible noise  [37]  [38]  

however these techniques do not address the wider spectrum and high 

frequency har monics which could cause issues in emissions at much higher 

frequencies.  

Therefore; work is still required in these areas in order to develop algorithms 

which are fully compliant with the automotive industry demands. The 

remainder of this thesis will go o n to further investigate the issues around 

sensorless control; creating a tool which could be used to assess the impact 
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of transient excitation schemes on motor phase currents in simulation and 

then later implementing a scheme which may be acceptable at po wer up in 

an automotive system to confirm the correct operation of a traditional 

position sensor.  

A novel solution to the magnet condition monitoring question will be 

developed. This is an algorithm which can provide information about the 

magnets wi thout expensive components  or processing overhead; this 

technique will be derived and proven in simulation and experimentally.  
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3  Simulation of a  Sensorless Control  

System Based on Fundamental PWM 

Transient Excitations  

A simulation of a sensorless control scheme using the fundamental PWM 

transients is described in this section. The aim is to create a model which 

acts as closely to a real DSP controlled drive system as possible whilst 

ignoring the power converter non - linearity . The model is created in 

MATLAB/Simuli nk and is based around three C -Script blocks. The first 

contains a space vector pulse width modulation (SVPWM) generation 

algorithm incorporating a minimum pulse width and compens ation scheme 

similar to those  documented in [39]  [40]  [41] . The second is designed to 

simulate a current derivative sensor. The third is used to extract the position 

signals from the current derivatives. The remainder of the model is a 

standard vec tor control loop controlling a permanent magnet synchronous  

machine. The model control s the direct axis current (i d)  to zero and so does 

not simul ate any field weakening or maximum torque per amp (MTPA)  

scheme. Another scheme could easily be introduced if required using 

standard vector control modelli ng techniques as the SVPWM  and position 

estimation blocks are independent of the control implemented ar ound them. 

Figure 15  shows a block diagram of the simulated control system.  
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Fi gure 15 : Block diagram of the simulated control system  

 

The speed and current controllers are based on standard control theory, 

with a current or torque loop inside a speed loop . There are independent PI 

controllers for i q and i d and as stated above i d is controlled to zero . The 

assumption made that i q is proportional to the generated torque. This 

assumption means that the output of the speed co ntroller can be used as 

an i q demand given knowledge of the motor torque c onstant (k t).  

The final bloc k in the feedback path in Figure 15  is actually made up of two 

independent blocks. It contains the position estimation C -script block 

described above and also a mechanical observer and controller to ensure an 

accura te position esti mate as described in [36] .  

3.1  SVPWM Generation B lock  

This block has been designed to simply take in a three phase voltage (v abc) 

demand and output the actual terminal voltages seen across the machine 

windings. By effectively incorporating the power electronics into the SVPWM 

generation this method does not model the effects of dead time , DC -Link 

voltage (V dc) variations and any non - linearity  associate d with the inverter 

switching.  



 

Chapter 3 Simulation of a Sensorless Control System Based on Fundamental 

PWM Transient Excitations

 

 

53  

 

The SVPWM  generation is calculate d in real time, by firstly transforming the 

three phase demands Vabc  into  a static two phase demand V Ŭȁ .This can be 

converted to a demanded angle and amplitude, effectively a voltage vector 

which fits on the space vector plane.  

 

 

 

Figure 16 : Left: The space vector plane with all vectors and sectors 

highlighted. Right: A voltage demand in sector 1 and the vector 
sequence applied to achieve it  

 

The plane is made up of six 60 °  sectors separated by six active  vectors (V 1 

to V 6), an d two zero  vectors ( V0 and V7) as shown in  Figure 16 . Any voltage 

demand can be made up of two active  vector s and by app ropriately placing 

the two zero  vector s a recognizable PWM pattern can be achieved which will 

gi ve the demande d voltage vector. Figure 17  shows the approximate PWM 

waveform for the  demand shown in  Figure 16 . 
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Figure 17 : A symmetrical PWM waveform constructed from active and 

zero vectors  

 

These voltages are then applied to the terminals of a SimPower interior 

permanent magnet machine using co ntrolled voltage source blocks in order 

to obtain the required mechanical response.  

This block in combination with the speed and torque control loo ps and a 

current and position sensing feedback loop would make a standard vector 

controlled system; where this model differs is in the remaining two C -Script 

blocks which in turn selectively sense current derivatives and using this 

information calculate th e rotor position.  
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3.2  Derivative Current Sensing  

In  practical experiments the measurement of current derivatives can be 

made using a Rogowski coil  [42] . This is a reasonably simple device, a wire 

wound toroid through which a conduc tor is fed through. The voltage seen 

across the coil is then proportional to the rate of change of the current 

flowing in the conductor fed through it. This voltage can be calculated from 

(25 ) . 
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( 25 )  

Where A  is the area of one turn, N is the number of turns, µ 0 is the  

permeability of free space, l  is the leng th of  the winding and d i/d t the rate 

of change of current in the conductor.  

This however would be difficult  to simulate accurately within Simulink and 

so it was decided to implement a simpler method. The chosen technique 

takes two separate samples of the current and divides the difference 

between them by the time between the samples. In practi ce this method is 

difficult to implement due to the required frequency and precise timing of 

current sampling, however in simulation this can be overcome. Using this 

simplified method means that the effect of sensor bandwidth can easily be 

highlighted by changing the time b etween samples and analysis of this could 

easily be carried out because of the fact that each block is completely 

independent of the rest of the simulation.  



 

Chapter 3 Simulation of a Sensorless Control System Based on Fundamental 

PWM Transient Excitations

 

 

56  

 

3.3  Position Estimation  

The position estimation block is an implementation of the techniques 

described in [25] , [39] , [36] , [43]  and [44] . It is a standard technique to 

extract position estimation from current derivat ives, carried out in 

simulation using the third C -Script block. The technique obtains the position 

by calculating the inductance profile of the mach ine in real time using the 

di/dt  measurement  as shown in chapter 2.  

Once the correct equations have been se lected, current derivatives sampled 

and the three phase position signal calculated the  final task carried out by 

this C -Script block is to convert the three phase position information  into a 

two phase Ŭȁ resolver sign al. This can be processed by a  mechanical 

observer in the final Simulink block to extract the electrical and mechanical 

position and speed.  

3.4  Simulation Results  

The final model can simulate a closed loop sensorless c ontrol s ystem based 

on the di /dt  method of position estimation. The design of the model means 

that it can be easily adapted for different machines and even for different 

vector extension and compensation schemes. Figure 18  shows a speed 

response to a stepped speed demand from 0 to 30 rad/s followed by a load 

step in load  illustrating  the agreement between estimated  and real speed 

and position.  

This model could be paired up with a suitable finite element package 

allowing investigations int o the saliency profiles of various IPM designs; 
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immediately being able to assess effective they would be under a PWM 

transient excitation scheme.  

 

Figure 18 : Simulation results showing the actual and estimated position 
and speed  of a machine subjected to a stepped speed demand followed 

by a load disturbance  
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3.5  Conclusions  

While the techniques simulated above may not be suitable for use in an 

automotive system due to the additional current disturbance inevitably 

created by the modi fication of PWM switching edges, the model developed 

in this chapter could be used to help further the understanding and 

development of fundamental PWM transient excitation based sensorless 

control methods. There is also an area of research into the magnet ic design 

of permanent magnet machines specifically to support sensorless control  

[45]  [46]  [47]  [48] ; this model linked to a suitable finite  element package 

would enable that work to be carried out in simulation and to compare the 

closed loop performance of systems using several machine topologies before 

prototyping.  
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4  Development of an innovative Magnet 

Condition Monitoring  Scheme  

This chap ter will describe the development of a novel magnet condition 

monitoring scheme specifically for an interior permanent magnet motor. 

This scheme does not require any physical measurements of the rotor other 

than a standard position measurement which is als o essential for accurate 

closed loop control. It also does not require the injection of high frequency 

signals or modification of the control switching patterns as many of the 

techniques described earlier in this thesis.  

The first part of this chapter des cribes the theory behind this method; 

deriving and defining the equations which will be solved in real time to 

derive a measure of the magnet condition. The chapter will the go on to 

describe the simulation of this method, demonstrating the robustness to 

variations in several parameters and external conditions. The 

implementation of the scheme is then described in chapter 7.  

4.1  Derivation of Magnet Condition M onitoring 

Model  

4.1.1  Back - EMF Estimation  

The first step to estimating magnet temperature is to derive the m achine 

back -emf. This is basically the voltage across the stator windings induced 

by the magnet flux linkage. This quantity is not directly measurable while 

the machine is on load because of the  voltage drop across the wi nding 
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impedance  due to  load current s. This is clear when looking at the machine 

phasor diagram ï shown in Figure 19  in motoring mode.  

 

Figure 19 : Phasor diagram of a PM synchronous machine  

 

This means that the use of a sensor or  the con troller demand variable  

directly is not an option. The steady state voltage equations of a PM machine 

in the rotating d -q reference frame are given in equations (26 )  and (27 ) . It 

can be seen that the back -emf term only appears in the q -axis equation  
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(27 ) ; this can then be extrac te d by rearranging into equation (28 )  and 

solving.  

ὠ  ὍὙ  Ὅὒ  ( 26 )  

ὠ  ὍὙ  Ὅὒ  Ὁὑ ȟ  ( 27 )  

Ὁ  ὠ  ὍὙ  Ὅὒ  ( 28 )  

Isolating  the back -emf term requires accurate knowledge of the q -axis 

current (I q), the phase resistance (Rs) and the q -axis terminal voltage Vq. 

The current can be taken from the Iq ref measured values, the terminal 

voltage can be taken from the Vq reference sent to the PWM module and 

the resistance can be measured a t the machine terminals.  

4.1.2  Back - EMF to Temperature  

Once an accurate Back -EMF estimate is obtained then extraction of the 

temperature is possible. The Back -EMF term, in its simplest definition, can 

be seen in equation (29 ) . This sho ws the speed constant (K emf ) multiplied 

by the  electrical rotational frequency. This shows that the back -emf will vary 

due to any  changes in both the speed constant  and the rotational speed. 

Therefore the back -emf will be divided by the rotational speed to  yield the  

machine constant K emf  ï this will allow speed independent identification of 

the temperature.  

Ὁ  ὑ   ( 29 )  
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The final stage is to determine the machine temperature from the speed 

constant. Theoretically this can be calculated by use of finite element 

simulations or analytical equations however these method s both make 

assumptions and linearise certain effects to make the calculations practical. 

Therefore the preferred method is to create a look -up table or curve fit of 

this data based on experiments. Gathering this data is relatively simple;  the 

machine can be operated under load, with measurement of the rotor 

temperature. As the machine heats up through operation the load and 

control can be removed and the back -emf measured with the machine at 

rated speed using a dynamometer. This data can be recorded at var ious 

temperatures and so a plot of back -emf Vs temperature can be created. 

Dividing the back -emf value by the rated rotational speed will then give a 

plot of the speed constant Vs temperature.  

4.2  Simulation of Magnet Condition Monitoring  

Scheme  

The implement ation of  the above method was carried out firstly in 

simulation which will be described in deta il in this chapter. This involved the 

creation of a temperature dependant machine model within 

Matlab/Simulink ; the creation of this model forms the first sectio n of the 

chapter . Once this had been created, the temperature observer was then 

added to the model ; described in the second section  and the third section 

presents a series of simulations which were ran to ensure the system 

worked on an idealised system. In vestigation of the robustness to 

parameter inaccuracy was also investigated and reported within this section.  

The final section goes on to show the conclusions drawn and the main points 
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of learning to be carried forward to the physical implementation of th e 

estimation observer.  

4.2.1  Temperature Dependant M achine Model  

The basic model is current fed, based on the d -q voltage equations (26 )  +  

(27 ) . These equation s have  two temperature dependant parameters, the 

fi rst is the stato r resistance and the second is the speed constant. A separate 

block was created for the calculation of each of these parameters and fed 

into the main model;  these blocks will be described in their corresponding 

subsections.  

The demands to the main model come in the form of Id and Iq references 

with ideal control and power supplies assumed. This enables the easy 

application of various load levels and flux weakening currents.  These 

demands are passed to the main machine model along with the speed , 

speed constant and temperature dependant resistance. The output is then 

in the form of the terminal voltages and the rotor position which can be used 

to transform back to the 3 -phase currents and voltages.  

4.2.1.1  Resistance Calculation  

The windings of the mach ine are made from a standard copper wir e. The 

resistance of the wire  can be calculated quite simply using (30 ) .  The change 

in length and cross section due to temperature is negligible, and so the only 

thermally sensitive parameter  is the resistivity ɟcu. This deviation can be 

assumed to be linear across th e range of interest ( -40 to 200 °C) and it 

follows that the change in resistance can also be assumed to be linearly 

proportional to the temperature of the copper.  
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( 30 )  

One of the properties given for electrical materials is the thermal coefficient 

of resistivity; this value shows the percentage change in res istivity per 

degree centigrade/K elvin, for copper K cu = 0.003862. Therefore the 

var iation in re sist ance can be extracted using (31 )  where R 0 is the initial 

measured resistance at temperature T 0, K cu is the thermal coefficient of 

resistivity of copper and T winding  is the current winding temperature. This 

equation  is implemented inside the resistance calculation block, receiving 

the current winding temperature and outputting the revised winding 

resistance.  

Ὑ Ὑ ρ Ὕ Ὕ ὑ  ( 31 )  

4.2.1.2  Kemf  Calc ulation  

The calculation of the speed constant is a complicated non - linear equation 

derived from the machine geometry, material properties, and temperatures. 

For most situations this can be assumed constant once calculated or 

measured for the desired operat ing point of a machine, however these small 

variations contain vital information about the temperature of the magnets.  

In attempting to simplify the relationship certain assumptions can be made; 

for example high loading conditions will affect the flux lin king the magnets 

and the stator windings due to saturation of the stator iron ï therefore 

reducing the induced voltage and so the speed constant. This can be 

assumed linear for the range of operation as saturation does not occur in 
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this machine until extre me overload conditions, which is proven 

experimentally in the following section.  

It can eventually be shown, and experimentally proven, that for the required 

range of operation of this machine the speed constant has a linear 

relationship to temperature. T his is because the only variant that has a 

substantial effect on the constant in this range is the magnet residual flux 

density ï a parameter which is directly related to the temperature of the 

magnet through (32 ) . Where Ŭbr is th e thermal coefficient of residual flux 

density.   

ὄ ὄ ρ Ὕ Ὕ   ( 32 )  

It can therefore be said that the speed constant will have the same 

relationship with temperature and so the change in s peed constant can be 

calculated using  (33 ) . 

ὑ ὑ ρ Ὕ Ὕ   ( 33 )  

4.2.2  Magnet Temperature Observer Model  

The temperature observer has been implemented in the sa me Simulink 

model following the theory described earlier in the chapter. There is a 

separate parameter file which describes the machine and initial parameters 

for the temperature dependant terms which can then be called anywhere in 

the model.  

The observer  takes the form of two blocks. The first extracts the speed 

constant; taking in the voltages and currents in the rotating reference frame 

along with the rotational speed. T his block then outputs the estimated back -
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emf for observation and also the speed con stant to pass forward to the 

second observer block.  

The second observer block then converts the speed constant into a magnet 

temperature estimate. As previously stated, the analytical link between the 

speed constant and the rotor constant is very complex , however for the 

range of operation this relationship can be approximated to a linear equation 

relying only on the coefficient of residual flux density and one measured 

initialisation point.  

4.2.3  Simulation Results  

With the operation of the model confirmed a s et of tests can be carried out 

to gain an understanding of the accuracy and robustness of the observer. 

Each test will be described in the following sections.  

4.2.3.1  Constant Temperature O peration  

The first test will confirm that the observer and model are worki ng correctly. 

With all temperatures fixed the machine is taken through a test schedule 

where the speed ramps from standstill to rated speed where the load will 

step to rated current before dropping off and the machine is brought back 

to standstill. The res ults are shown in  Figure 20 ; firstly the speed plot, the 

second plot shows the load current and the back emf estimate from the 

observer and the final plot shows the temperature estimate against the 

actual setting of the magnet tem perature.  
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Figure 20 : Constant temperature test. Top: Rotor speed, Middle: 
Measured Iq and Bac k - EMF Estimate, Bottom: Actual magnet 

temperature and observer m agnet t emperature  

 

It is immediately obvious that there is an error i n the estimate during the 

load transient period;  this is expected as the current derivative term has 

been neglected from the observer equations. This is to avoid the need for a 

differentiator in the real world application due to the additional noise it 

wou ld bring to the estimation due to fluctuations in the steady state 

currents.  

4.2.3.2  Heat Run S imulation  

The aim of this test is to mimic the conditions seen in a standard end of line 

heat run test. The load and speed are constant rated values but the winding 

and magnet temperatures are increased. The simulation allows this gradient 

to be increased to save time, but the model stability and results are still 
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representative. The winding temperature and the actual and observed 

magnet temperatures are displayed in  Figure 21 . 

 

Figure 21 : Heat run test. Top: Constant Speed and Load. Bottom: Actual 
winding temperature, actual magnet temperature and observer magnet 

temperature.  

 

4.2.3.3  Stator R esistance Sensitivity Test  

This te st will show the tolerance of the method to the variation in stator 

resistance which can be seen between machines in production. The R 0 term 

inside the machine model is varied from that in the observer by +/ -  10% of 

the nominal value and simulated at full load at 90 °C magnet temperature 

and 100 °C winding temperature . The error in temperature is plotted against 

the error in Rs in  Figure 22 . 
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Figure 22 : Stator resistance sensitivity test. Magnet temperature error Vs 

% error in Rs  

 

The plot shows that with a 10% resistance error the magnet temperature 

estimate will vary by less than 2%.  This highlights the difference in 

magnitude between the resistive and inductive terms at the operating speed 

of the machine, allowing  this method to be relatively immune to stator 

resistance error.   

4.2.3.4  Voltage D emand I naccuracy Test  

The voltage used in the observer is actually the q -axis  voltage  demand  at 

the input  to the PWM block.  In an ideal drive system t his is representative 

of the v oltage at the  motor winding.  However , when considering the drive 

on which this technique  is to be implemented  there are several var iable 

voltage drops between the internal  signal and th e voltage  actually applied 

across the motor winding s. These drops are c aused by the non - linearity of  

the switching patterns and current shaping, the on -state IGBT resistances 
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and the resistive and inductive voltage drop across the long (up to 3m) 

phase connection harness.    

The aim of this test is to ascertain what effect thi s variation will have on the 

temperature estimation. This is simulated by simply scaling the  Vq value in 

the observer model. This does not replicate exactly the effects described but 

it will give an idea as to the sensitivity of the estimate to a variation  in the 

Vq voltage from the demanded value.  

Figure 23  shows the observer and actual magnet temperatures for a 

simulated heat - run. The different series on the plot are the actual magnet 

temperature as well as the estimated temperat ure when the voltage is 

scaled by + and ï 3%.  

 

Figure 23 : Voltage error sensitivity test.  

 

The plot shows that a small error in the estimate of the Vq terminal voltage 

has a dramatic effect on the overall temperature sensing. A d iscrepancy 

between the demanded value and the actual value seen by the machine is 
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unavoidable; however this error can be compensated for within the 

experimental implementation.  

4.2.3.5  Current S ensing Error Test  

In the real system the current measurements for the inverter come from 

the LEM measurements and the analogue to digital converters. These 

measurements must be scaled and have the offset checked to ensure 

accurate representation of the machine current. It is very possible that there 

may be slight inaccuracie s in this measurement and critically between 

different sets of power electronics.  

This test is designed to show how susceptible to th ose inaccuracies the 

observer is. It is simulated in a very similar way to the voltage test;  the 

current fed into the obse rver is scaled slightly from that which is going to 

the machine model . This error varies from -5% to +5% of the q -axis current  

and the results of this test can be seen in  Figure 24 . 

 

Figure 24 : Current s ensing error test.  














































































































