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ABSTRACT 

In many industrial and domestic applications an electric motor is required to 

operate in the so-called constant power region. Constant power, when referred to 

an electrical motor, is characterised by a constant mechanical output power of the 

motor at any rated torque and speed. 

The mechanical output power of a motor is the product of its torque and speed. 

For constant power operation, this means that at low speed, a high torque is 

generated and at high speed a low torque is produced. Electrical Vehicles (EV), 

washing machines and most domestic appliances, milling machines and many of 

industrial applications operate in constant power operation region. 

In selecting a low cost and low maintenance variable speed direct drive system for 

constant power applications, three drive systems can be considered. These drive 

systems are Induction Motor (IM) drive, Switched Reluctance Motor (SRM) drive 

and Permanent Magnet Brushless Motor (PMBM) drive. 

Induction Motor drive systems have lower torque per volume and usually are over 

sized to generate sufficient torque at low speed. Switched Reluctance Motor drive 

systems have torque speed characteristics similar to pumps and fans and hence as 

the speed is increased the power is increased. Permanent Magnet motors have the 

higher torque per volume and the highest efficiency among other drive systems 

but are inefficient at high speed due to the constant airgap flux. 

Literature review reveals that induction motor at high speed operates better than 

other motors in constant power region while the PMBM is the best available drive 



for low speed torque, torque per unit volume and efficiency but there are two 

major problems associated with it: 

• The high cost of the motor due to the high cost of the permanent magnets. 

• High-speed inefficiency due to the constant magnetic field of the permanent 

magnets. 

To rectify these deficiencies and reduce the cost of the PMBM, a new design of 

bmshless motor is discussed for constant power applications. This motor is called 

Wound Rotor Bmshless Motor (WRBM) which has a wound rotor with no 

bmshes for electrical connection to the rotor winding. Instead, the power to the 

rotor is supplied by high frequency magnetic induction of power from the stator to 

the rotor. The ac voltage of the secondary winding is rectified with rectifiers that 

are attached to the rotor and which rotate with it. The converted dc voltage is used 

to supply the rotor winding to generate a static magnetic field that acts as 

magnetic field generated by permanent magnets in the PMBM. 

Despite the losses in the rotor winding, this motor is expected to have a higher 

efficiency at high speeds compared to PMBMs. It is anticipated that the material 

cost of this motor will be 40-50% less than the material cost of a PMBM, in the 

power ranges 500-2000 Watts. Also, because of a variable static magnetic field it 

can offer many operational advantages over PMBM. 

The primary work described in this thesis is in regard to the fundamentals of 

inducing power from a stationary object to a rotary object with a transformer with 

separated cores by a small air gap. The motor design and the ramifications and 

limitations of the power induction to generate the static magnetic field is also 

discussed. A basic motor design procedure for permanent magnet motors are 

described and power calculations for the PMBM and WRBM will be shown. 



Increasing the power level (that can be induced from a stationary to a rotary 

device in a bmshless motor) and sensorless detection of speed and position, are 

part of this work that have been patented by the author and supervisors. 

Discussion in this thesis is original and for this reason not many references were 

cited with similar technology except during the patent search and application. The 

major part of the literature review is related to the motor drive systems in order to 

consider all aspects of the motor design in the design of the WRBM. For example, 

it was necessary to find out that induction of the power from the stator to rotor can 

affect the performance of the motor in any way. Hence, because the technology 

discussed in this work is specific to motor drive systems, all aspects of the present 

motor drive systems will be considered. 



CHAPTER 1 

THESIS OVERVIEW 

1.1 INTRODUCTION 

Nowadays, electrical motors play an important role in all aspects of human life. 

With the advent of the energy crisis and greenhouse effect, the need for energy 

efficient systems is being emphasised by intemational conventions and standards. 

Motors are no exceptions and for many years a widespread move has been initiated 

to design more efficient motors and drive systems. Use of motors in Electric 

Vehicles (EV) that have benefits in reducing greenhouse effect and energy 

consumption, has resulted in more advances in the field of energy efficient motor 

design and drive systems. Further advancements have been achieved in the field of 

household appliances and industrial drive systems with the aid of cheap 

semiconductors and powerful microprocessors. Variable speed drive systems in 

many applications is an example of these advancements that use the full potential 

of the availability of the cheap semiconductors and microprocessors. In this 

chapter, after a short history about the motors and their related standards, some of 

the advances in the field of the motor drive systems and their application in 

household appliances are discussed. Then the problems associated with the drive 

systems that withhold further use of variable speed drive systems in domestic and 

industrial applications are discussed. Finally the summary of the contribution of 

this work and the organisation of this thesis is discussed. 

1.2 HISTORY 

Electrical motors have been developed for the past 165 years. From 1820-1887, 

Faraday, Pixli, Richie, and Henry experimented with the basic electromagnetic law 

and pioneered the electrical motor science. However, Davenport, a blacksmith is 



credited with obtaining a US patent for building an electrical motor. Independent 

work of Ferraris and Tesla were the most important contribution to the motor 

technology. Westinghouse acquired Tesla's patent and in 1892 he had a practical 

induction motor. In 1893 Chicago's worid fair, Westinghouse exhibited a 300hp-

two phase 220V induction motor powered by a pair of 60-500hp altemators. The 

first 3-phase induction motor (3kW, 1500 rpm llOV, 50Hz) was sold by General 

Electric in 1893 [1]. In 1891, Esson published the famous scaling relationship 

relating the airgap dimensions to the power rating. 

W=kD^ xLxn 

Where D is the diameter of airgap in inches, L is the length of airgap in inches, n is 

the speed in rpm, and W is the power rating of the motor and k is a constant. 

Since the invention of induction motor by Tesla in 1880, the cost and the size of 

the motors have dropped for the same output power. For example in 1890, a 5-hp 

motor weighed 1000 pounds and cost $900.00. In 1957 the same 5-hp motor 

weighed 110 pounds and cost $110.00 and nowadays a 5-hp motor weighs 50 

pounds and costs $50.00 [1]. 

Continuous improvement has been achieved over the years in the performance of 

motors and one factor has been the evolution of standards for electrical motors in 

as early as 1898. 

1.3 EVOLUTION OF STANDARDS 

In 1898, thermal classification of motors and in 1911 standards for limits of 

temperature rises were published. In 1929 the first motors based on NEMA 

(NATIONAL ELECTRICAL MANUFACTURERS ASSOCL\TION) standards 

were introduced with standard dimensions and operation characteristics [I]. 



Nowadays NEMA standards are the major standards for application of electrical 

motors in industry and will be referred to in the following sections. 

In recent decades, there has been a tendency towards the energy efficient systems 

and motors due to effects of energy crisis and global warming. 

Energy ACT (USA) in 1992 requires that the transition toward energy efficient 

motors had to begin by October 1997. Although there have been exceptions to 

many types of motors in this ACT [2], the trend in industry is towards energy 

efficient motors for all types. In this subject, Campbell [2] states that the ACT does 

not include vertical motors, motors slower than 900 rpm and other types which add 

up to a total of 30% of the motors. There have been many discussions about 

viability of energy efficient motors in industry in terms of cost vs efficiency that 

will be discussed in the next section. 

1.4 IMPORTANT DEVELOPMENTS IN PRESENT DRIVE SYSTEMS 

Recent important developments in motor drive systems are: 

• Energy Efficient Motor 

• Constant Power Operation 

• Adjustable Speed Drive Systems For Domestic And Industrial Applications 

• Sensorless Speed/Position Detection 

The summary of these developments are discussed in the following sections and 

their details in regards to all of the three important motor drive systems, Induction 

Motor (IM), Switched Reluctance Motor (SRM) and Permanent Magnet Bmshless 

Motor (PMBM) drive systems will be discussed in Chapter 2. The performance of 

the Wound Rotor Bmshless Motor in regard to these topics will be discussed in 

Chapters 4, 5 and 8. 



1.4.1 Energy Efficient Motors 

The term energy efficient motors apply to motors that operate at a higher efficiency 

at the specified operating condition. This operating condition is usually for full-

load but the specification for these motors is specified at 75% load. Bennett [3] 

defends energy efficient motors by arguing with the general perception that energy 

efficient motors are not reliable and states that the opposite is tme based on the 

following design criteria: 

1. Efficiency 

2. Power factor 

3. Winding life 

4. Speed-Torque characteristics 

5. Starting and load current 

6. Bearing life 

7. Mechanical endurance 

8. Audible noise 

9. Electromagnetic property 

10. Vibration 

11. Service factor 

12. Temperature rise 

The power factor in energy efficient motors is lower as trade off to efficiency. The 

winding life of the insulation, doubles for every 10° C reduction in operating 

temperature. With these details, design based comparison and a set of field data, 

Bennett [3] concludes that the energy efficient motors (EEM) are more reliable 

than standard motors (SEM). 



The factors discussed above in addition to other requirements are used later to 

predict and evaluate our Wound Rotor Bmshless Motor design and performance. 

Pillay [4] discusses the use of EEM instead of downsizing SEM. Based on his 

calculation of cost electricity and SEMs and EEMs, he concludes that the pay off 

period of upgrading motors to EEM in the petrochemical industry is more than 2-3 

years. 

In industry, traditionally gas turbines were used that nowadays are being replaced 

by energy efficient motors. The mechanical workhorse in petrochemical and 

irrigation are some examples. Rama et al [5] in a review compares the use of 

Adjustable Speed Drive (ASD) systems as a replacement to gas turbines in the 

petrochemical industry. The ASD offer 4-5% better efficiency, less maintenance 

and considerable less cost to drive due to lower cost of maintenance ($7.00-

$10.00/hp/year as compared with $65.00-100.00/hp/year). Ease of control and 

better performance are extra advantages of ASD compared with gas turbines. 

1.4.2 Constant Power Operation (CPO) 

In many systems that use a motor, constant power operation applies. Constant 

power operation in simple terms is related to an application that usually requires a 

high torque at low speed and a low torque at high speed. The governing CPO 

torque-speed characteristics have been illustrated in Equation 1.1 and Figure 1.2. 

Applications like Electric Vehicle (EV) machine tools are examples of constant 

power operation. 

Vector Controlled Induction Motor Drive systems (VCIMD) operate well in 

constant power region. However, the operation of Permapent Magnet Bmshless 

Motor (PMBM) systems at constant power region has power deficiencies at high 

speed [21-23]. Switched Reluctance motors characteristics also suit the 



applications that require higher order torque-speed relation. These applications are 

like fans, pumps and jet engine starters [24-25] although specific applications for 

low speed operation has been reported [26]. 

Constant power operation is also desirable in most of the household appliances, 

although for the case of washing machine torque-speed profile a higher 

peak/average torque is required. Hence, a motor drive system that could generate 

higher peak torque/average torque can be applied to a larger variety of appliances. 

The Wound Rotor Brushless Motor has the capacity to generate a peak torque that 

is normally more than the torque of a permanent magnet motor, because the 

problem of de-magnetization of permanent magnets does not exist. This is a 

distinct advantage for the WRBM over other motor drive systems. Manz et al [27] 

have discussed the issue of starting torque which has similar requirements to the 

applications with high peak to average torque ratio in terms of maximum torque 

capacity. This reference discusses the NEMA MG 1,12.54 standard in terms of 

methods of increasing starting torque or boost. One method is to increase the stator 

voltage while lowering frequency at start up to increase the torque. The ability of 

each motor drive systems in regard to their suitability to operate in constant power 

region will be discussed in the next sections. 

1.4.3 ASD For Domestic And Industrial Applications 

Adjustable Speed Drive systems (ASD) have been used in industry for the past few 

decades. However their use in domestic applications is a relatively new 

development in industry. The major problem with the use of ASD in domestic 

applications has been the tougher regulatory status for domestic appliances and the 

reliability of electronic drives which in a sense affects the major factor that is the 

cost of the appliance with ASD. As new technologies evolve and electronic 

components become cheaper and energy saving ACTs are introduced. 



manufacturers of domestic appliances are designing more electronic control in 

their products. 

These days the use of modem control systems like fuzzy logic is widespread in 

refrigeration and washing machines and other white goods. However, the use of 

motor speed control has been limited to SCR systems which generate considerable 

amount of line harmonics with very poor low speed performance. Only a few 

reputable manufacturers of white goods have come up with their own motor design 

(permanent magnet bmshless motor in cases that author has knowledge) to suit 

their specific product like a smart washing machine. 

What many appliances need is a direct drive system that replaces the pulley and the 

belt or the gearbox, to deliver sufficient torque at low speed and a specific high 

speed efficiently. 

At first glance in operation of the appliances that use a motor, it seems that the 

majority of these applications require a constant power system in which high-

torque is required at low speed and low torque at high-speed. But detailed analysis 

reveals that a more versatile system is needed which calls for a drive system 

similar to an extemally excited commutator type dc motor. For example, almost in 

every case a high peak to average torque is required. As it will be illustrated in the 

following sections, this characteristic mainly suits a permanent magnet drive 

system. But there have been other proposals like using an ASD with an induction 

motor with a pulley to achieve the low speed torque for domestic applications. 

Rajamani et al [16] has discussed the torque requirement of a domestic washing 

machine and used an induction motor drive system with pulley to generate a 

washing machine with ASD control systems. The references in his work clearly 

identifies the need for a motor drive system that is able to deliver a high to average 

torque ratio while being able to operate in constant power region. Table 1.1 is an 
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extract from this reference which illustrates the wash-spin speed requirements. 

Figure 1.1 is also an extract from a cross-reference in reference [16] and illustrates 

the torque-speed requirement of a washing machine with a belt driven dmm and 

pulley ratio of 14.5:1. 

Table 1.1 Wash-spin cycle in a domestic washing machine [16]. 

Wash 

Spin 

Drum speed (rpm) 

55 

800 

Motor speed (rpm) 

825 

12000 

Motor torque (N.M.) 

0.85 

0.15-0.2 

Rajamani et al [16] state that with a 14.5:1 pulley ratio the requirement of the 

torque-speed characteristics of Figure 1.1 can be met. In the commercial type of 

the washing machine, a universal motor was used and in the replacement an 

induction motor with ASD operating at 12000 rpm (field weakening region) for the 

spin cycle was used. The profile of the constant power region operation for the 

wash-spin cycle has been illustrated in Figure 1.2 [16]. 
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Figure 1.1 Torque-speed characteristics of a domestic washing machine [16]. 
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Figure 1. 2 Constant power operation torque-speed characteristics for wash-
spin cycle in a domestic washing machine [16]. 

The relation between the torque and speed in constant power region and the field-

weakening region is given by Equation 1.1 [16]. 

y , . 2 
0) 

Equation 1.1 

where Tx is the torque at speed CDX and Ty is the torque at speed o)y in the constant 

power region. 

In the field-weakening region the flux is reduced. One way to achieve field 

weakening is to keep the driving voltage constant while increasing the driving 

frequency. In constant flux region, the torque cannot be increased even if the 

voltage is increased. This is due to the saturation of the iron. At high frequencies, 

the torque can be increased by increasing the voltage but the losses become 

unacceptable. *" 

Kokalj [17] has addressed the problem that the commercial laundry machines are 

expensive and an ASD can reduce the cost of the system. The motor used in these 
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machines is a 2-18 pole motor that their speed can change from 340-3600 rpm with 

the aid of solid state switches that configure the windings. 

Harmer et al [19] describes the design of a permanent magnet motor for the 

washing machine for a direct drive system. In this work it is stated that the 

Neodymium-Iron-Boron (NdFgB) permanent magnets used in the design of this 

motor accounts for 72% of the total material cost for small quantities of supplies. 

This is a very good indication that the cost of the permanent magnets has been the 

major setback in the widespread use of high performance permanent magnet 

motors, in domestic applications. 

As an interesting development in the use of smart controllers in domestic 

appliances, it is worthwhile to note the work of Errikson [18] in turbidity sensing 

which determines the amount of detergents in the water. Also, the work of Maudie 

et al [20] in their investigation in types of smart pressure sensors in domestic 

appliances. To the knowledge of the author, there is at least one manufacturer that 

uses all of the above methods or similar, besides their intelligent permanent magnet 

drive system in a washing machine which has been in the market for the past 5 

years. 

1.4.4 Sensorless Detection Of Position And Speed 

Traditionally in motor drive systems and control applications, the position and 

speed of the motor are detected by optical encoders, tachometers and observers. 

The most common type has been the optical encoder that enables a very good 

accuracy for position detection. Almost since the evolution of these position 

detectors, there have been attempts to detect the position and speed of the motor 

with no sensors because of the extra cost, space and maintenance that the sensors 

bring to a drive system design. Almost any work and publication in any type of 

motor and drive systems is accompanied by many times research publications in 
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detection of the speed and position without a sensor. Examples are the speed and 

position detection in induction motors from third harmonic of the airgap flux [35], 

in permanent magnet motors from the back EMF [36] and in switched reluctance 

motor from the variable reluctance [37]. The availability of a sensorless detection 

is a distinct advantage in a drive system due to maintenance and cost factors and 

nowadays, there are many commercial products that have sensorless speed / 

position detection incorporated in their design. The issue of sensorless detection 

will be discussed in detail for each particular type of motor in the following 

sections. 

1.5 THE PROBLEM WITH EXISTING TECHNOLOGIES 

Usually the motive behind advancement in one field in a commercial environment 

is to reduce cost and improve performance. Application of variable speed drive 

systems in domestic and industrial environments follows the same mle. For 

example, use of a Vector Control Induction Motor drive system with oversized 

motor can be technically feasible for a washing machine but it is not cost effective. 

This is the major problem with application of variable speed drive systems for 

industrial and domestic applications. The details of the following discussion is 

given in Chapter 2 but the problems with present drive systems can be summarised 

as following: 

• High cost 

• Unbalance performance at high and low speed in terms of efficiency 

• Size 

• Reliability 

Almost all of the problems associated with present motor drive systems are related 

to these four items and every research in this field is basically focused to improve 

these items. For example, an induction motor has an excellent high speed 
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performance but its low speed torque is low. As a result the cost of the induction 

motor drive system is high and the size of the motor is excessive. In contrast, a 

Permanent Magnet Drive system has excellent low speed torque but it is inefficient 

at high speed. 

A bmshed dc motor is the best available motor that satisfies the performance 

needed for domestic and industrial applications. But the cost of the maintenance 

and generated RFI is unacceptable in many if not all applications. In modem 

industrial plants these motors, despite their excellent performance, are obsolete due 

to maintenance costs. Unfortunately, a cost-effective replacement has not been 

found that provides the same performance at the same cost as a bmshed dc motors. 

As it is discussed in Chapter 2, neither of three major drive systems, IM, SRM and 

PMBM match the cost and the performance of a bmshed dc motor and this is the 

main problem with existing technologies. In Chapter 2, it will also be discussed 

that the closest drive system to a dc motor is a PMBM with two major 

disadvantages, the high cost of the permanent magnet and the inefficiency of the 

motor at high speed. A PMBM has the desirable low speed performance and the 

IM drive system has the best high speed performance. The main design objective 

of the Wound Rotor Bmshless Motor (WRBM) is to integrate the advantages of 

these drive systems into a single drive system similar to a bmshed dc motor but 

without the maintenance problems. 

1.6 THE AIM OF THIS RESEARCH 

The general aim of this research program is to design, implement and evaluate a 

novel type of bmshless motor drive system in the 500W-2000W power range. This 

motor drive system is principally similar to a PMBM but with two maj«r 

differences: 
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• Reduced cost due to the replacement of the permanent magnets with a wound 

rotor. 

• More control over the air gap flux density by electrically controlling the field 

flux. 

A 40-50% reduction in material cost is expected from the preliminary costing due 

to the fact that 70-80% of the material cost in a PMBM is because of the cost of the 

permanent magnets [19]. 

The control over the air gap flux will result in a motor that is suitable for constant 

power applications. Despite the losses in the rotor winding and the high frequency 

converter, a higher efficiency at high speed results. 

The summarized specific objectives of the research are: 

1. To investigate the requirements of power induction from a stationary object to 

rotary object. 

2. To increase the power levels that can be induced to suit a motor with 500-

2000W. 

3. To clarify the motor drive specifications in terms of torque-speed, cost, and 

efficiency. 

4. To design a motor and investigate the operation of the motor at different 

conditions. 

5. To design a sensorless speed, position and commutation control with their 

models for a complete motor drive system. 

6. To built a prototype of the motor and the drive for experimental data collection 

in regard to the power induction section. 

7. To evaluate the operational performance of the prototype. 

8. To generalise the design equations of the power induction and motor design. 
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1.7 METHODOLOGY AND TECHNIQUE 

The methodology in performing this research work is in the following sequence: 

Literature Review 

Preliminary Design Of The Motor Constmction 

Detailed Analysis Of Power Conversion To Rotor 

Modeling and Simulation Of Power Conversion To Rotor 

Experimental Analysis Of Power Conversion To Rotor 

Prototyping and Testing Of Power Conversion Section 

Preliminary Design Of PMBM 

Detailed Design Of PMBM 

Transformation Of PMBM Design To WRBM Design 

Prototyping And Operational Testing Of The Motor 

Design Based Comparison Between PMBM And WRBM 

An extensive literature review has been conducted to evaluate the operation of the 

WRBM-in every aspect of the design. Many important factors in the design of the 

motor is uncovered during the literature review, and state of the technology in 

regard to this field is investigated. An extensive literature review will make it 

possible for prediction of WRBM characteristics. 

In preliminary design of the motor constmction, the problems associated with the 

motor constmction are identified and examined in regard to the cost implications. 

It will be investigated that the added hardware does not render the performance and 

the performance-vs-cost criteria compared with other drive system in particular the 

PMBM. 
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The detailed design of the power conversion is one of the most important parts of 

this work. Hence, the validity of the design is investigated by extensive 

calculations and simulations. The details of the design are investigated by two 

different and independent methods like MATLAB and circuit simulation. In this 

way, only when similar results are obtained from two independent methods, the 

design is accepted thus increasing the confidence in the design procedure. 

After modeling of the power conversion to the rotor, further improvement and 

enhancements are possible with the aid of experimental results and fine tuning of 

the power conversion section of the drive system. 

When the experimental part of the power conversion is satisfactory and complies 

with the theoretical and simulation results, the prototype of the power conversion 

of the WRBM are constmcted and tested and experimental results are obtained. 

Further hardware simulations are performed to evaluate the sensorless position 

method by manually rotating the rotor and simulating motor operation. 

The preliminary design of the PMBM is investigated and the basic sizing of the 

motor is given. This process is a familiarisation process with the motor design 

concept. The same two independent design methods are followed to increase the 

reliability of the design. This preliminary design is followed by a detailed design of 

the PMBM that will be transferred to a WRBM- design with similar parameters. 

This methodology has the advantage that a design based comparison can be made 

with PMBM. 

After the above process is completed, a WRBM can be built and tested for 

operational performance. The detailed test of the motor is not the objective of this 

research work as it requires facilities that are not available, however an operation 



evaluation is possible that will be supported by cost, efficiency and performance, 

in comparison with the PMBM motor in the conclusion to this work. 

1.8 ORIGINALITY OF THIS WORK 

At present the field of motor drive systems lacks a versatile drive system that is 

similar to a bmshed dc motor with excellent performance and ease of control 

without its maintenance problem. Although nowadays the domestic drive systems 

seem to operate reliably based on universal motors, industrial drives have had 

problems with bmshed motors for many years because motors usually operate for 

long hours. On the other hand, lower weight and cost, increased performance, and 

low maintenance requires a new drive system in the domestic appliances area that 

has excellent low speed torque and wide speed range. The closest that the 

technology has come up to this goal is the PMBM drive system that has high speed 

inefficiencies. 

The contribution of this work to the motor drive system industry is to present a 

drive system that is cheaper than a PMBM drive system, but is more efficient at 

high speed. Although there has been some attempts to design a similar motor in the 

past, the fundamentals of the power conversion system and sensorless operation 

has not been presented before and there has not been any detailed design of the 

motor to what is called as WRBM (Appendix E, item 56). 

By designing the WRBM, a new drive system is presented that fills the 

technological gap that exists today in this area in terms of a versatile motor that can 

operate at any torque speed and at a reasonable cost similar to the existing 

technologies if not cheaper. 

The contribution of this work in the science of motor drive systems is divided in 

two sections: 
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1. Power conversion for generation of static magnetic field of the motor by means 

of the high frequency transformer. 

2. WRBM design based on PMBM design with a remanence flux density similar 

to the generated field in section 1. 

Section 1 includes Chapters 3-5 that are a major part of this work. Increasing the 

power levels that can be transferred from a stationary object to a rotary object with 

resonant method and sensorless detection of speed and position are original work 

and are protected by the Australian Patent described at introductory pages of this 

thesis. 

Section 2 includes Chapters 6-8 and describes the detailed design of the Wound 

Rotor Bmshless Motor (WRBM). Except for the generation of the airgap flux 

density, the design of the WRBM is similar to the design of a Permanent Magnet 

Bmshless Motor (PMBM). Use of the high frequency power conversion and the 

design methodology for the WRBM is also original work and is protected by the 

same Patent. 

1.9 ORGANISATION OF THE THESIS 

Chapter 1 includes the thesis overview. After a short history about the motors and 

evolution of motor standards, recent developments in this field are discussed. The 

problems associated in variable speed drive systems, improvements resulted from 

this work and the research methodology are also explained in this chapter. General 

issues regarding the motor drive systems are discussed with preliminary literature 

review in this area. 

Chapter 2 discusses general and specific issues of the common motor drive 

systems in more details. The performance of Adjustable Speed Drive systems are 
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examined in regard to existing standards like NEMA and basic issues in ASD are 

discussed. Induction Motor drive systems. Switched Reluctance drive systems and 

Permanent Magnet drive systems are discussed in this chapter. Methods for 

sensorless detection of the speed/position in each of the drive systems are 

discussed. Development of important technologies like smart domestic appliances 

and Electric Vehicle (EV) are discussed in details. Operation of each drive system 

in constant power region are discussed and compared. At the end of this chapter, a 

summary of the findings of the literature review is presented in a table and a target 

specification for the motor drive system is prepared as a design guide for the 

following chapters where the hardware design is discussed. 

In Chapter 3, the requirements and advantages of the new WRBM are discussed. 

The constmction of the motor is illustrated in details and basic parameters of the 

prototype motor selected for this task is explained. The prototype was built from an 

existing single-phase induction motor that is common in industry. 

In Chapter 4, the fundamentals of the induction of power from a stationary object 

to a rotary object with a transformer are illustrated. The power limits that can be 

induced within a design set of parameters will be explored and methods to increase 

the power levels are introduced and examined. This section is the most important 

part of the project and is supported by simulations and experimental results. 

In Chapter 5, sensorless detection of the position and speed is discussed in details. 

Different resonant modes that are described in Chapter 4 are re-examined in terms 

of their effect on sensorless speed/position detection. 

In Chapter 6 the basic design of a permanent magnet motor is described. Design 

objectives are explained and a chassis is selected for design of the permanent 

magnet motor. Later on this chassis is used in every design in this work including 

WRBM to compare them in terms of torque, speed and efficiency. Summary of 
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classical design methods and Finite Element Analysis methods are described in this 

chapter. 

In Chapter 7, the design of a permanent magnet motor with a magnet of low 

remanence flux density is described. Two different designs are explained based on 

the size of the magnets and the results are compared. 

In Chapter 8, because of the similarities between the PMBM with high remanence 

flux density magnets and WRBM design procedures, the design of these motors are 

described. Then the operation of each motor in constant power region is examined 

and the results are illustrated in tables. In this chapter it is demonstrated that the 

WRBM performance is better than what had been expected especially at high 

speed. 

In Chapter 9, the conclusion of this work is described and pictures of various part 

of the prototype motor is shown. Associated problems with the design of the power 

induction section and the design of the WRBM are described and 

recommendations are made for future work. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 GENERAL REQUIREMENTS ABOUT MOTORS 

The general factors in purchasing a motor other than torque-speed characteristics 

are discussed in this section. Particular emphasis is on the subjects that might 

affect the design of the WRBM. 

2.1.1 Common Enclosure Classification 

Motors are classified for the enclosures based on the following definitions [6]: 

1. Open Drip Proof (ODP) 

2. Weather Protected Type 1 (WPI) 

3. Weather Protected Type 2 (WPII) 

4. Totally Enclosed Air to Air Cooled (TEAAC) 

5. Totally Enclosed Fan Cooled (TEFC) 

6. Totally Enclosed Weather to Air Cooled (TEWAC) 

2.1.2 Altitude 

At high altitudes the temperature rise is higher than low altitude. The goveming 

Equation is [6]: 

Temperature rise at Altitude =Temperature rise at sea level {l4-(Alt-

3300)/33000)}. 
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2.1.3 Insulation Classification 

2.1.3.1 Temperature 

Usually a Class F insulation System with 80° C temperature rise is specified [2]. 

Higher temperature classes are not normally used because at higher temperatures 

the bearing fail. The maximum operating temperature is 155° C with shut down at 

170° C. The relevant standards are NEMA MGl (5) and ANSI CR50.41. 

2.1.3.2 Break-down Voltage 

NEMA requires a test voltage of 1600V with 0.1 microsecond duration for testing 

the insulation of the wires in a motor [7]. This test voltage is for motors that need 

to operate with Adjustable Speed Drive systems. For standard motors the 

amplitude of the test voltage is 1000 Volts for 2 microsecond. 

The method of stator winding affects the robustness of a motor to withstand 

higher breakdown voltage [8]. There are two major types of winding, Random 

winding (RW) and Distributed winding (DW). In random winding the winding is 

spread in a random way and there is a possibility that the two parts of the coil 

attach to each other while belong to start part of the coil and end part of the coil. 

In distributed winding the windings are distributed in a regular way and the 

possibility that the start of the coil contacts the end of the coil is less. Hence, 

generally, a RW has lower breakdown voltages compared with DW. Bennett [8] 

describes the standards associated with insulation systems in a motor. The part 30 

& 31 of MGl standard and IEEE117 are discussed. IEEE117 specifies standards 

for test procedures of the random winding motors at 100% relative humidity at 

40° C for 168 hours. 
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The length of the cable from the VSD to the motor also affects the breakdown 

voltage of the motor coil winding. High voltages as large as twice the supply 

voltage can be generated at the motor stator winding due to a phenomenon similar 

to the resonance in coaxial lines. This high voltage problem has been investigated 

by many [8][9][10][11] and will be discussed in the following section. 

2.1.4 Effect Of Cable Length 

Due to high frequency operation of a motor with ASD, single or multiple 

resonances can occur in the cable connecting the ASD to the motor, if the length 

of the cable and the frequency of operation are high. In many cases a few meters 

cable can generate a voltage peak as high as twice the supply voltage. The case of 

the a 670kW ASD for a subsea ASD [10] is discussed by Raad et al [10] for a very 

severe case of the long cable for ASD. The application is for a subsea pumping 

station for Vector Controlled Induction drive at 670kW and the distance of the 

motor from the supply is about 30km. The important findings in this paper are that 

a closed loop control mechanism was not possible because of the phase delays in 

the control loop. A voltage source inverter was better than current source inverters 

in generation high voltages. The start up required a boost voltage in order to 

compensate for the resistive drop across the cable. 

Output filters have been proposed by Finlayson [9] to reduce the effect of the 

cable length in an ASD. As the driving pulse of the ASD decreases (faster 

switching) beyond 0.05-0.1 microsecond, the motor winding acts as a distributed 

capacitor. In random winding, 40-70% of the terminal voltage falls across the first 

coil of a phase. This results in additional stress on winding insulation. Adding a 

filter at the output of the PWM inverter of the ASD results in an averaged drive 

voltage to be applied to the motor winding. Hence, the life of the insulation in 

motor winding is deteriorated by the high voltage impulses. The relation between 

the generated high voltage due to the cable length is: 
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V, = 
V,(R-Z) 

R + Z 

where V2 is the additional voltage on top of the supply voltage Vi, R is the load 

resistance and Z is the characteristics of the supply voltage cable to the motor. 

-I 
Motors above lOOHp have higher winding capacitance resulting in 1.7-1.8 times 

the supply voltage overshoot. Adding an output inductor adds 40-100% to the 

volume, and 50-70% addition to cost and 1-1.5% reduction in efficiency. The 

supply voltage to the motor is also reduced to 90%. Filters are added after the 

ASD. Additional filers can be added at the motor that reduces the efficiency by 

further 1%. Shielded cables or cables in conduits are used for EMI reduction. 

Inverters from 5Hp will normally require a 3% Inductor for cable length between 

30-150 meters. Inverters rated at 7.5-15Hp require a 3% inductor for distances 

100-200 meters and 20Hp and above inverters require 3% inductor for distances 

from 150-200 meters. 

Bennett [8] describes the calculation for cable length and its relation to the 

insulation tests. 

2.1.5 Bearing Classification 

The bearings are specified based on their life expectancy and operation 

temperature [2]. One common type specified in NEMA is LIO life expectancy in 

excess of 100,000 hours with 100° C operating temperature. 
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Bearing failure is the most common cause of a motor failure [12][13]. Perrin [12] 

has specified an equation for estimation of the bearing life based on the motor 

speed and dynamic performance of the motor. As expected the bearing life is 

inversely proportional to the motor speed. Later on, the effect of leakage current 

from the chassis to the ground through the bearing on the life of bearings will be 

discussed. The leakage current is particularly a serious problem in ASD systems 

where the high dv/dt of the switching drive voltage generates a current to the earth 

due to leakage capacitance between motor winding and the chassis through the 

bearing. This current generates electric discharges that cause the bearing to fail 

prematurely. Although there have been many solutions to this problem it is 

necessary to check the effect of this leakage current in any ASD design. 

2.1.6 Safety Classification 

Motors are classified for safety. The set of standards in USA are from. National 

Fire Protection Association (NFPA), National Electrical Code (NEC), and 

American Petrolium Institute (API). Occupational Safety & Health Administration 

(OSHA) specifies a quantity similar to normalised 8 hour average sound level 

which is called Time-Weighted Average Sound Level (TWA). This average is 

calculated as TWA= 90 + 16.6 Logio(D/10) where D is the total noise dose in %. 

Current law requires corrective action above 85dBA sound pressure and penalties 

above 90dBA sound pressure. IEEE standard 85 describes the measurement 

method. NEMA MG3 standard publication is also referred. 

IEEE RP-519-1992 addresses the effect of harmonics on the line by the motors. 

This standard limits the line distortion to 5%. 
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2.1.7 Coupling 

Different types of load coupling to the motor have been discussed by Hodowanec 

[14]. The value for axial force Fa has been specified in this reference as: 

2Tu 
F = 

P, 

Where 

T= The torque transferred through the coupling 

u = Coefficient of friction between sliding parts which is in 0.05-0.35 range 

Pd= Pitch displacement of coupling. 

It is stated that the bearing life is reduced if the axial force is high [14]. In the 

design of the WRBM, the tolerance of the axial movement of the rotor is 

important in the design of the transformer airgap and its effect on the resonant 

frequency of the drive circuit. The reason is that the rotary part of the transformer 

is attached to the rotor and its movement with respect to the stationary part 

(primary side) must be within a specified range for a practical design. 

Donner et al [15] have specified the general specifications of a motor, which can 

be referred to for further details. 
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2.2 MORE ON THE SUBJECT OF BEARING LIFE IN ASD 

In previous sections it was stated that bearing life is reduced by flow of stray 

electrical currents from the stator windings, through the chassis and bearing to 

earth. Due to high dv/dt of PWM inverters of the ASD, the problem is more 

severe in ASD systems but it can occur in standard motors which operate at mains 

voltage and frequency. 

There have been many research activities investigating in the effect of stray 

currents on bearing life [28] [29] and work has been reported to quantify the 

amount of leakage current from the chassis to the earth [30]. 

Busse et al [28] based on data from bearing manufacturers has reported that 8% of 

the bearing failures in ASD are due to so called bearing electrical current. In this 

reference it is also claimed that the soft switching is not reducing the failure rates 

contrary to the expectation that lowering dv/dt should reduce the leakage currents. 

NEMA specifies that the shaft voltage must be less than 1 v rms at 60Hz. 

The mechanism of the bearing failure has been described in this reference [28] 

and is summarized. At low speeds, the electrical resistance between the shaft and 

the chassis is low. Above lOORPM due to the oil lubricant film of 0.2-2um the 

impedance between the shaft and the chassis becomes capacitive while resistance 

increases. Hence, the voltage between the shaft and the chassis is increased until a 

voltage is reached when partial discharge occurs. This discharge passes a current 

that results in bumed dots on the bearing and results in premature failure. 

Generally if the current density levels are less than 0.4A RMS/mm , the bearing 

life is limited by mechanical failure. For current densities above this level three 

methods can be used to bypass or to block the bearing current: 
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1. Use of conductive lubricant has shown reduction in the mechanical life of the 

bearing. 

2. Use of a bmsh to short the shaft current to the ground. 

3. Increase insulation between the shaft and the chassis (i.e. using mbber 

enclosure for bearings). 

4. Use of a conductive shield at the airgap. This is particulariy suitable for ASD 

drives and has been reported to be effective, while not degrading the motor 

performance [28]. 

Chan et al [29] has recommended method 2 and 3 to prevent bearing failure from 

electrically induced currents. Ogasawara [30] has proposed a method by using a 

small transformer to reduce and dampen the leakage currents in PWM inverters 

and can be used in bearing current minimisation. 

2.3 EVALUATION FOR HARMONIC, EMI AND SUSCEPTIBILITY 

Similar to switched mode power supply in lighting industry, new standards are 

evolving in the area of ASD in terms of passing harmonics to the mains, 

generating EMI and susceptibility to extemal changes in mains like interference, 

sags and surges. IEEE519/1992 (only harmonics) and IEC77A/1993 specify 

harmonics and EMI limitations for ASD systems. Strangas et al has proposed line 

inductors between 0.8-3mH or using synchronous rectifiers for better performance 

in harmonic generation and withstanding sags. It is stated that synchronous 

rectification can reduce the total harmonic distortion to less than 1% for 20hp 

system. Other standard methods used in inverters like 6-12 pulse rectifiers and dc 

link inductors have been suggested to reduce line harmonics. Multistage switching 

methods have also been proposed [31] [32] to reduce harmonics, but they require 

complex electronics and are expensive. In these methods a number of dc voltage 

sources must be present and by switching on and off, each voltage source at 
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different stages, a close to sinusoidal input current is synthesized and hence the 

harmonics are reduced. 

The harmonic issue will be discussed later when the design of the WRBM is 

explained. Because a power supply is required for inducing power to the rotor, a 

synchronous rectifier can be used to generate two separate voltage sources besides 

inducing the power to the rotor. The advantages are that the drive of the stator 

winding becomes simpler, the harmonics are reduced, and the power factor is 

increased to close to unity. 

2.4 THE CASE OF CONTROLLER 

Nowadays, implementation of a control system for closed loop torque/speed 

control has been made easy by availability of dedicated high level languages, 

compilers and simulators. Microcontroller chip manufacturers like SGS-

Thompson and Texas Instmments (TI) market compilers that can implement 

control algorithms like fuzzy logic and traditional control methods on a compiler 

based system. From literature review however it seems that the majority of 

controllers are based on TI DSP chips which can perform significant amount of 

calculations per second. This enables the designer to design controllers with fast 

response time while performing many calculations like torque, speed and position 

by only detecting a few of motor parameters like stator phase voltage and current. 

Despite the availability of the powerful microcontrollers and DSPs, the reliability 

and accuracy of the controller depends on the accuracy of transducers, reference 

voltages and currents and other sections used in the design. Chung et al [33] has 

discussed the performance of a VCIM in regard to the scaling error and offset 

error. It is stated that the offset error causes oscillation at stator voltage frequency 

and scaling error results in torque oscillations at twice the stator voltage 

frequency. The high frequency torque ripple is filtered by the rotor inertia and the 
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low frequency torque ripple is removed by the PI controller. Offset error is due to 

the deviation from the set point due to deviation of the references and the scaling 

error is the error in ADC scaling. 

A fully digital controller has been proposed by Xiang et al for a SRM drive 

system [34]. There are two types of torque control systems based on average and 

instantaneous torque control. In vector control methods, using orthogonal two-axis 

model of ac motor, the instantaneous torque can be expressed in terms of 

instantaneous current. All vector control strategies and state-space based methods 

such as non-linear feedback control, variable stmcture control and adaptive 

control fall into the instantaneous control methods [34]. 

In the following sections, it is illustrated that the advantage of PMBM is that the 

output torque is proportional to stator current. This makes the control of a PMBM 

and similar motors like WRBM relatively simple for most domestic applications 

and many of industrial applications. However, when a high level of 

torque/speed/position accuracy is required, a proper control algorithm must be 

selected. 

2.5 COMMON MOTOR DRIVE SYSTEMS 

In this section the most common drive systems for domestic and industrial 

applications are discussed. The major benefits and shortfall of these drive systems 

are then explained and methods employed in the design of each system to enhance 

its performance are described. These methods are like sensorless speed and 

position detection and extraction of commutation pulses from inherent 

characteristics of the motor. 

The performance of each drive system at constant power region will particulariy 

be investigated and after tabulating the advantage and disadvantage of each 
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system, the best performing system for a common constant power application, 

traction or Electric Vehicle (EV) will be discussed. It will be illustrated that 

despite high speed deficiencies, a Permanent Magnet Bmshless Motor (PMBM) 

drive system is the best choice for such applications considering the low speed 

performance and cost of the system. Supporting evidence that has been collected 

from Intemet will be presented and finally in a separate section on EV, the current 

state of art technology and literature survey will be presented. 

At present three types of drive systems are considered in high performance 

variable speed drives in industry; Vector Control Induction Motor Drive, 

Switched Reluctance Motor Drive, and Permanent Magnet Bmshless Motor 

Drive. These drive systems are discussed in the following sections. 

2.6 VECTOR CONTROL INDUCTION MOTOR DRIVE 

Induction motors have been in the market for the past century and the fundamental 

theory of their operation is well known. Figure 2.1 illustrates the cross section of 

an induction motor with cage shape rotor and Figure 2.2 illustrates the equivalent 

circuit of an induction motor. 

Figure 2.1 Cross section of an induction motor 
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Figure 2. 2 Equivalent circuit of an induction motor 

The goveming equation relating to the operation of the induction motor is [38]: 

T = s 

^s^Ry^f^^x,+x,f 
S 

where 

T = The motor torque 

qi= Number of phases 

5 = Slip 

X}i = X] + Xf 

X2 = Rotor's reactance 

r2 = Rotor's resistance 

Z = /?, + yX, a r, + jx^ 

V = --^ V 

^s = 
poles 

y^ 

in parallel with jxf 

Thevenin's equivalent of stator voltage 
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Vector Control Drives for Induction Motors have been in the market for a few 

years. But the control of the torque and speed require complex algorithms. In 

these drives, during the standstill the motor parameters are extracted from the 

motor by measuring the current and voltage of the motor [39]. This process is 

called parameterisation. From the motor parameters, torque can be controlled by 

controlling voltage, current and frequency. This control mechanism in conjunction 

with a Fast Fourier Transform of the stator current results in sensorless speed 

control [40]. 

The desired constant power operation in this drive system is usually achieved by 

flux weakening method [83]. In this method the operation of the motor above the 

synchronous speed is permitted with reduced torque. To achieve all of the above, 

a very powerful calculating machine is usually required for high performance 

Vector Control Induction Motor drives. The result is that the controller becomes 

expensive akhough the price of the motor is relatively low compared to permanent 

magnet motors. Figure 2.3 illustrates the operation of induction motor in field 

weakening region to achieve constant power operation and the underlying 

equation for operation at constant power is: 

Torque,T (N.M.) 

Field weakening region 

- • CO Speed(rpm) 

Figure 2. 3 Operation of induction motor at field weakening region. 
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The main characteristics of an Induction Motor Drive System are; low cost of 

motor, high cost of drive, excellent field weakening operation but low speed 

torque deficiency. 

Low speed torque of Induction Motors are lower compared to Switched 

Reluctance Motors and Permanent Magnet Motors and usually inverter and motor 

oversizing is required for high torque-low speed application [41]. 

Another type of induction motor is doubly-fed and is also being investigated for a 

variable speed drive system [88]. In this motor, two separate phase windings exist 

where only one of them is fed by an inverter and the other winding is continuously 

supplied form the mains. This results in a motor drive system that is cheaper at the 

expense of lower speed range and difficulty in closed loop operation because one 

source of supplied energy is not controlled [88]. 

2.6.1 IM Sensorless Speed/Position Detection 

The main method in induction motor drive system for sensorless speed detection 

is by spectral estimation of the current harmonics [40]. 

Speed-related harmonics arise from rotor mechanical and magnetic saliencies such 

as rotor slotting and rotor eccentricity. They are independent of time-varying 

motor parameters and exist at any non-zero speed. Digital signal processing (DSP) 

and spectral estimation techniques can extract these harmonics and by processing 

them the speed of the rotor can be detected [40]. 

In an induction motor with large airgap that is used in X-ray machines, a method 

has been reported to detect the speed of the motor with no sensor [42]. The speed 

of the motor with large airgap is proportional to the phase voltage. The phase 
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voltage is intermpted for 5 cycles and the voltage is measured at 180 Hz. Also the 

rotor temperature that can reach 500 degrees in these motors can be measured 

form the increase in the resistivity of the rotor which results in phase difference 

between the voltage and the current [42]. 

2.7 SWITCHED RELUCTANCE MOTOR DRIVE (SRM) 

Switched Reluctance Motors have been investigated by industries and universities 

with great optimism and excitement despite that SRM power/volume is similar to 

induction motors. Similar to an induction motor, the rotor of a SRM has no 

winding and the operation of the motor is totally based on reluctance torque. This 

makes the cost of SRM comparable with induction motors. Figure 2.4 illustrates a 

typical SRM. 

Figure 2. 4 Cross section of a SRM. 

The goveming equation relating the operation of a SRM is [84]: 
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2 AO^ 

where 

Or = Rotor rotation angle between the position resulting in minimum and 

maximum inductances. 

Lmin = Minimum stator inductance 

Lmax = Maximum stator inductance 

L 
max 

The features of SRM that have recently attracted attention are, unipolar drive [43], 

simple constmction [44], and its fault tolerant nature [45]. SRM seems to be an 

evolution of IM and PMBM. The simplicity of the motor is similar to an IM and 

its drive and control is similar to a PMBM. 

SRM requires a position detector for the control of its commutation signals. 

Sensorless position detection algorithms have been reported for commutation 

control [46] [47] [48]. 

SRM have some known disadvantages. The vibration and audible noise are 

relatively higher in SRM than IM and PMBM [49] [50] [51] and more importantly 

its operation in constant power region is questionable. Figure 2.5 illustrates a 

typical torque-speed characteristic of a SRM and clearly indicates the inefficiency 

of the motor at high speeds for constant power operations because as the speed 

increases the torque also increases (unnecessary for constant power operation) and 

as a result the input power increases. 
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Torque (N.M) 

Base speed 

Speed (RPM) 

Figure 2.5 Torque-Speed characteristics of a SRM. 

It is important to note that the unipolar drive circuit proposed by many sources for 

SRM, requires high voltage transistors compared with standard half-bridge or full-

bridge converters used in commercial drives. The price of these transistors are 

high and one can conclude that there is no cost saving in SRM compared with a 

PMBM in terms of the drive circuit. 

In terms of the torque-speed characteristics, it seems that SRM can be an excellent 

drive system for fans, pumps and aerospace technologies [47] [52] [53]. In these 

applications a higher torque is required at high speed which is similar to the SRM 

characteristics. However, for the operation of SRM in constant power region, 

further research in this field is required. In any case, the information from web 

sites indicates that reasonable commercialisation of SRM will not take place 

before the tum of the century. 

Many variety of SRM have been investigated. A multiphase motor has been 

reported to reduce the cogging torque, reduce the harmonic losses, reduce the 

current per phase without increasing the voltage per phase, reducing current 

harmonics, increase reliability and torque/amp of the motor [54]. Increasing the 

phase numbers results in contribution of the higher harmonics in the generated 
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torque, i.e. in a 3 phase motor only the fundamental generates torque, in a 5 phase 

motor, the third harmonic contribute to the torque besides the fundamental. 

2.7.1 SRM Sensorless Speed/Position Detection 

Due to the saliency of the rotor in a SRM, sensorless detection of speed and 

position is less difficult compared to induction motor drive. Speed and position 

can be detected by the third harmonic component of the stator voltage when the 

machine is in saturation [55]. A resonant method has been proposed to detect the 

position of the rotor by the series resonance of the phase inductance, that is a 

function of angular position of the rotor [56]. The advantage of this method is its 

simplicity, robustness and inherent amplification in the detected signal because of 

its resonant nature. 

The present technology problems in the case of SRM are: 

• The modest position estimation accuracy. 

• Low estimate update rate and hence poor control performance. 

• Special switching in diagnostic mode and injecting high frequency signal for 

position detection which has been stated to be the common method [57]. 

A high accuracy, low and high speed sensorless speed detection algorithm has 

been described with a 2 degree resolution for a wide speed range. The method 

requires a relatively complex start up procedure to detect the initial position of the 

rotor [57]. 

A sensoriess position and speed SRM for a turbine starter has been described 

where the position of the rotor is extracted from the phase voltage and current and 

a look-up table with flux linkage information [58]. 

40 



Accurate position detection has been reported for the SRM for control 

applications [47]. The method is based on current measurement. The self and 

mutual inductances of the motor depends on the rotor position and hence the rate 

of change of current that is associated with the inverter switching depends on the 

rotor position. This method has been particularly proposed for low speed 

operation [47]. 

2.8 PERMANENT MAGNET BRUSHLESS MOTOR DRIVE (PMBM) 

Permanent Magnet Bmshless Motors have been well established in industry in 

terms of the knowledge of their fundamentals of operation. A major influence in 

its development has been advances in the permanent magnet materials. Higher 

remanence flux densities, better operational temperature and higher 

demagnetisation flux densities have resulted in high performance PMBMs, 

however at higher prices. In fact, the cost of permanent magnets in a PMBM can 

account for 70-80% of the material cost of the motor [19]. There are different 

types of mounting permanent magnets on the rotor [85]. Figure 2.6 illustrates a 

typical permanent magnet motor cross section. 

Figure 2. 6 Cross section of a PMBM motor. 
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A position detection mechanism is generally required for commutation control in 

a PMBM drive. Traditionally, rotor position has been detected by Hall effect 

sensors but many different sensorless detection methods have been developed for 

PMBM. The most widely used sensorless detection of speed is from the detection 

of the back EMF generated by the permanent magnets. This method is used in low 

cost commercially available motors (like small fans) but it has detection errors at 

low speeds [60]. Other methods have been reported for particular type of 

application based on current and inductance calculation [60][61] [62]. Torque 

control in PMBM is also easier to achieve compared to Vector Control IM drive 

and SRM drive. The generated torque T in a PMBM is directly proportional to the 

input current I from the following relation: 

T = KE.I 

where KE is the torque constant. This equation is for an ideal case where the 

magnetic heating, armature reaction and the effect of the stator inductance are 

ignored. With high performance Neodymium-Iron-Boron Nd-Fe-B material and a 

well designed PMBM, the relationship between the torque and the input current 

can be assumed to be linear [63]. 

The high efficiency, ease of control and excellent low speed torque capability of 

PMBM makes them very attractive in many medium power applications. At high 

power, the cost of the motor becomes very high due to the cost of the permanent 

magnets. PMBM above IMW has also been reported [64]. 

In practice there are many problems associated with a particular application that 

has made the dc bmshless motors less general purpose than induction motors. 

These problems have led some manufacturers of goods that use motors to develop 
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or to collaborate with the motor manufacturers in the development of application 

specific PMBM [59] [65] [66]. 

One major problem with PMBM which is similar to SRM but to a lesser extent, 

has been its lack of high efficiency operation at high speeds. This problem has 

been indicated by many sources for applications operating in constant power 

region [66] [67] [68]. 

Figure 2.7 shows a typical torque-speed relationship of a PMBM. Compared with 

a desirable constant power operation, the torque-speed slope is steeper. This sharp 

slope is due to the fact that the flux generated by permanent magnets is constant. 

Hence, the torque generated by the motor at high speed can be higher than what is 

needed by the load. The result is higher power consumption at high speeds. Many 

solutions have been proposed to reduce the airgap flux at high speed. Patterson et 

al [66] reported a mechanical mechanism to reduce the airgap flux in an axial type 

motor. Of course this method only works for axial motors where a physical 

separation of the rotor and stator is possible. 

At high speed Chan et al [68] reported a method to decrease the rotational EMF in 

phase decoupling PMBM to achieve constant power operation. Phase decoupling 

PMBM are made with physical separation of the magnetic flux of each phase and 

by reduction of mutual inductances between different phase windings. This 

method results in higher operational efficiencies and better controllability due to a 

separate flux path in each phase [68]. 
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Figure 2.7 PMBM torque-speed characteristics. 

In motors with high demagnetisation flux density permanent magnets, the airgap 

flux can be reduced by the increase in stator current to achieve higher speeds in a 

PMBM. This method is only suitable for the drives which operate with field 

weakening control method (i.e. Synchronous Permanent Magnet Bmshless 

Motors) [70][71]. 

It appears that there has not been a generalised solution for a basic problem in 

PMBM which is the constant airgap flux at different speeds. In dc commutator 

motors with field winding excitation, this problem does not exist because the field 

can be adjusted electrically. In series type dc commutator motor, when high torque 

is required, higher field current is automatically generated by the load. This 

increases the magnetic field intensity which increases the generated torque. In 

contrast, at high speeds, as the load torque decrease the armature current decreases 

and hence the field current is reduced. This results in less torque and less input 

power. This type of motor is ideal for constant power operation with a very simple 

control. 
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To match the performance of a commutator type externally excited or series 

excited dc motor, the static magnetic flux of the field has to be controlled. On the 

other hand for a low maintenance motor, a motor with no bmsh must be designed. 

These criteria were the primary reasons for the design of the Wound Rotor 

Bmshless Motor (WRBM) in addition to reducing the cost of the motor by 

removing permanent magnets. 

2.8.1 PMBM Sensorless Speed/Position Detection 

Similar to SRM, sensorless speed/position detection is easier to achieve in a 

PMBM compared with IM. There have been many publications related to 

sensorless motor drive systems for PMBM based on the type of the motor. 

French et al [72] describes the requirements of a direct torque control with 

sensorless detection of speed based on classification of torque in a PMBM as 

following: 

• Cogging Torque 

• Reluctance Torque 

• Mutual Torque 

For motors with low saliency, the first two items are negligible. Using harmonic 

analysis, parameters like machine parameter and rotor position can be calculated 

by two methods, FEA and determination of back EMF [72]. 

45 



The fundamental equations are: 

V=I.R + dcp/dt 

T=dW/de 

W = \(pdi 

Where V and I are measured parameters and R is the estimated value that can be 

refined in corrective loops during processing and measurements. Hence flux cp can 

be estimated from the integral of the above equation. Based on the relation 

between torque and co-energy direct torque control is achieved in a PMBM. The 

co-energy equation also incorporates the information about the position of the 

rotor and hence by measuring the phase voltage and current and stator winding 

resistance the torque and position can be calculated and controlled by control of 

voltage and current [72]. 

One method is to detect the rotor position from the back EMF voltage. In a 3-

phase system only two phases conduct at the same time. During this time the third 

phase winding can be used to detect the position of the rotor. In the process the 

differentiation of current is required in this method and noise is generated. 

Filtering reduces the noise but introduces a phase lag that becomes problematic 

particularly in the field weakening operation where a phase advance of conduction 

angle relative to stator winding is required. Also at low speeds, back EMF 

approaches zero so the detection becomes even more difficult [73]. 

Another method to detect the rotor position similar to SRM is from variable 

inductance. Since the rate of change of the phase current depends on the rotor 

position as a result of the phase inductance, the position information is inherent in 

the phase current. A variant of this method is the injection of a small signal in the 

third winding (during non-conducting period) and measuring the variation of 

46 



current as the inductane of the winding changes with rotor position [73]. Other 

sensorless speed/positions method include: 

• Embeded coil winding and coil. 

• Detection by conduction angle monitoring in the inverter. This method is 

errorous at low speeds. 

• Flux linkage measurement from measurement of voltage and current. 

• Observer systems. 

Observer systems by powerful DSP can estimate flux by integration and from 

measuring voltage and current of the windings and perform algorithms like 

Kalman filter in real time to compensate for the integration drift [73]. Similar 

method has been investigated by Ostiund et al [87]. It is important to note that 

sensorless position detection systems cannot detect the position at zero speed [87] 

for non-salient motors because the back EMF is zero. For salient motors the 

location of q-axis and d-axis can be found from variation of the inductance in q 

and d direction. However detection of d-axis cannot be obtained from machine 

model. The motor can be started with open loop control then the estimation 

control takes over but the direction of the rotation can be wrong which can be 

rectified by a two stage algorithm [87]. 

Apart from the method of bounding of the magnets on the rotor, there are many 

variants and types of PM motors [74] [75] [76]. Phase de-coupling method has been 

reported for the design of a fault tolerant motor similar to a SRM [76]. This motor 

is said to give better torque/weight ratio that a similar SRM. A doubly salient 

stmcture motor has been discussed by Liao et al [80] and it is claimed that by 

implanting permanent magnets in stator of a SRM better performance can be 

achieved in terms of efficiency, torque density and response time with a fault 

tolerant performance. Many axial motors have been reported that will be discussed 

in Section 2.10. 
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h is clear from literature survey that a universal algorithm and scheme is not 

available in sensorless detection of the position/speed in a PMBM. More 

importantly, the major problem seems to be the detection of the position/speed at 

low speed if the detection by back EMF is considered as a general method 

regardless of the motor type (i.e. salient or non-salient). It will be discussed that 

the WRBM has an absolute position detection capability regardless of the motor 

type that can operate at zero speed. 

2.9 COMPARISON OF COMMON MOTOR DRIVE SYSTEMS 

Based on the literature review so far, a summary of the benefits and shortfall of 

the described motor drive systems is illustrated in Table 2.1. The important factors 

in the comparison are, cost, low speed high torque operation, constant power 

operation and sensorless speed and position detection. 

Table 2.1 Comparison of different motor drive systems. 

TYPE 

IM 

SRM 

PMBM 

Cost of 

motor 

Low 

Low 

High 

Cost of 

drive 

High 

Medium 

Low 

Low speed 

torque 

Poor 

Medium 

Excellent 

Constant 

power 

operation 

Excellent 

Difficult 

Good for 

limited .speed 

range 

Sensorless 

speed/positio 

n detection 

Difficult 

Good 

Good 

Efficiency 

Medium 

Medium 

Good 

Suitability for 

EV application 

Good for very 

high power 

Only 

experimental 

reports 

Excellent for 

low-medium 

power 

As illustrated in this table, a PMBM drive system is superior to other drive 

systems except in cost of the motor and its operation in constant power operation. 

The high cost of the motor as discussed earlier is due to the cost of the permanent 
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magnets and the deficiency in constant power operation is due to the constant 

magnetic filed of the airgap. The WRBM particularly addresses these two 

problems by removing the permanent magnets and changing the airgap magnetic 

field electrically. 

2.10 ELECTRIC VEHICLE (EV) 

Perhaps the case of electrical vehicle is the most interesting and challenging area 

related to a motor drive system. With the global warming problem and foreseen 

energy crisis, there have been many research and publications in the field of EV. 

Besides, there have been many competitions for solar power cars around the world 

and Australia that has given rise to the level of expertise and knowledge in the 

field of EV. Many intemet sites particularly at different universities have 

extensive information about the specification and performance of these solar cars 

and very valuable information can be collected from these sites about the 

suitability of a motor drive systems for EV applications. 

Almost all of the solar cars observed in the internet sites used a permanent magnet 

motor for operation which is due to the excellent low speed torque, efficiency and 

ease of control. Some of the web sites regarding EV have been given in reference 

section. 

For other types of electrical vehicles, including commercial and high power 

traction vehicles there have also been many reports [66][77][78][79][81]. 

Steimel [77] has described the methods used in Europe in electrical traction. An 

example is Eurostar operating at 2 x 6100kW headcars with speed of 

300km/hour. This system is used in England, Belgium and France. The rotating 

field machine is desirable. Two methods are used, synchronous and induction 

machines. Permanent magnet motors are said to increase the cost of the motor by 
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20-30% and due to operational problem in the field weakening region are not 

used. SRM has only been used experimentally in one tram at the time of the report 

(1996). Induction motors are believed to be the most simple and robust motor 

drive systems for this type of application where a high power traction system is 

required [77]. The inverter technology has been based on GTO however smaller 

cars have used IGBT and BJT (up to 200kW). 

Caricchi et al [78] has stated that axial-flux permanent magnet motors have high 

torque/weight ratio. It is stated that the torque in an axial-flux motor is ; 

T = AR^' Equation 2.1 

where A is the motor parameter and R is the outer radius of the motor. The 

prototype motor can drive the motorcycle to a maximum speed of 50km/h. The 

motor has 8 poles mnning at 750RPM and a maximum torque of 30Nm. The 

permanent magnets were of Nj-Fe-B type with 1.2 T remanence flux density and 

900kA/m demagnetisation field capacity. A 3 phase inverter with IGBT with 45 

N.m. overload capacity resulted in 84% total efficiency at full load with a 96 volts 

battery voltage. The power rating of the motor was 2400W with 4.4N.m./kg 

motor/weight ratio. 

Majority of the motors for direct drive EV applications are from Axial Flux 

Permanent Magnet motors (AFPM) [66][78][80][81]. The advantage of the AFPM 

is its high torque density for direct drive systems. An AFPM motor has also been 

reported with counter rotating rotors [75] for ship propulsion. This type of 

propulsion is said to increase the efficiency by 15%. 

Despite better performance than a PM motor a AFPM has also the same problem 

with airgap flux and operation in field-weakening region for constant power 

operation. Patterson [66] reports an AFPM for a solar powered car that has a 
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variable airgap setting that can be changed for different speeds. Caricchi et al [81] 

has designed a two stage AFPM motor with two rotors that its stator winding can 

be phased in/out of operation by a contactor to make the motor operate at a higher 

speed range. The motor is water-cooled and its torque is proportional to the cube 

of its outer diameter similar to the Equation 2.1. Rhomboidal coil has been used as 

compared to trapezoidal coil to minimise end windings and hence to minimise 

copper losses. An efficiency of 93% has been reported with the capacity to mn 

under 100% over load condition. 

A two-stage hybrid rotor has been reported to address the constant power 

operation of the PM motor [79]. In this motor, the rotor has been separated axially 

into two sections with reluctance part and permanent magnet parts to achieve a 

constant power operation. 

From the literature review it is obvious that the most suitable motor drive system 

for direct drive (no gearbox) in EV applications is AFPM motors. However, 

similar to a PM motor for higher efficiency at high speeds a mechanism is 

required to reduce the airgap flux in an efficient way. A WRBM addresses this 

problem by adjusting the airgap field electrically. 

Before concluding the literature review, it is necessary to note that despite a large 

number of publications, no method similar to WRBM was found except during the 

patent application. In terms of inducing power from a stationary object to a rotary 

object that is essential part of a WRBM, no publications have been cited and the 

requirements for the design of the system including the motor drive systems are 

original. In the following chapters, particular emphasis is given to the power 

levels that can be transferred from a stationary object to a rotary object. The 

required power levels are based on the targeted specification for a suitable drive 

system for domestic and industrial applications. 
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2.11 SUMMARY 

In this chapter general requirements about motors and motor drive systems were 

discussed. The advances in motor drive systems for domestic applications were 

also discussed. The importance of operation in constant power region and 

sensorless speed and position detection in industrial and domestic applications is 

being recognised in industry due to cost reduction and the need for energy 

efficient motors and systems. 

Common motor drive systems were also discussed and more specific features of 

drive systems were investigated. These specific features are torque, speed, 

efficiency, peak torque and operation in constant power region. 

In the literature survey, the most important type of motor drive systems were 

briefly discussed in regard to their ability to operate in constant power operation 

region. Although each motor drive system has its benefits and disadvantages, the 

quest for a motor drive system that is cost effective and can operate in different 

torque-speed applications continues. The comparison between the drive systems 

that were described has been subject of many works [11][82]. Vegati et al [82] 

compares IM, SRM and PM motor drive systems in a design comparison for 

constant power operation and spindle drive applications and concludes that the 

PM motors, SRM and IM generate the maximum stalled torque /volume 

altematively. However, it is said that the PM motor is not suitable for spindle 

drive applications because of inability to operate in flux weakening region. 

An Induction Motor drive system utilises a simple and inexpensive motor but a 

very expensive drive system. IM drive system has poor low speed torque 

performance and low efficiency and usually the motor and its drive system must 

be over sized for high torque-low speed applications. 
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A Switched Reluctance Motor drive system has the simplicity of an induction 

motor constmction and relatively simpler drive system compared with an IM drive 

system. Although, this motor drive system has better low speed torque 

performance compared with an IM, its power/volume is not different with IM. 

SRM has a torque-speed characteristics suitable for pumps and fans. This 

characteristic is basically different from constant power operation characteristic 

and hence the operation of SRM in constant power region is not without problem. 

Permanent Magnet Bmshless Motor has a steeper slope of torque-speed curve 

compared with the slope of the desirable torque-speed characteristics of the 

constant power application. The result is that, at high speed the efficiency of the 

motor is reduced. The reason for the steep slope of the torque-speed curve is that 

the airgap flux of the permanent magnet is constant. Ideally, the airgap flux is 

required to be decreased at high speed-low torque and increased at low speed-high 

torque operation. The cost of the permanent magnets usually accounts for 70-80% 

of the cost of a PMBM. Hence, the advantage of the low cost PMBM simple drive 

system becomes void due to the high cost of the motor. To address the cost and 

high speed performance of the PMBM deficiencies, a wound rotor can be used as 

in commutator motors to generate a variable magnetic field. At present, a motor 

with wound rotor is less expensive compared with a PMBM with high 

performance permanent magnets for power ranges above 500 Watts. With the 

wound rotor, the air gap flux can be controlled hence a more suitable torque-speed 

torque will result compared to a PMBM. With the recent development of power 

electronic devices a new drive system based on the motor with wound rotor can be 

developed which solves the high speed deficiencies of the PMBM at high speed 

with reduced cost and increased performance. 
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CHAPTER 3 

WOUND ROTOR BRUSHLESS MOTOR 

3.1 THE WOUND ROTOR BRUSHLESS MOTOR CONSTRUCTION 

In this chapter the constmction of the WRBM and the block diagram of the drive 

system are described without the detailed design. The detailed design of each 

section will be discussed in Chapters 4 and 8. 

3.2 INTRODUCTION 

In Chapter 2 it was illustrated that a WRBM can address associated problems with 

a direct drive system that is required to operate in constant power operation. The 

literature review revealed that the optimum drive system is a PMBM drive system 

in terms of the low speed torque and the ease of drive and control. However two 

problems were associated with a PMBM system, the cost of the permanent 

magnets and the deficiency of operation at high speed due to constant magnetic 

field of the airgap. 

A WRBM is basically similar to a PMBM but it lacks the two problems associated 

with a PMBM drive system. First the cost of the motor is lower because the 

permanent magnets are replaced with a wound rotor and second the airgap flux 

can be varied electrically. In fact, the WRBM is comparable with a bmshed dc 

motor without its EMI and maintenance problems. The dc bmshed motor are the 

best performance type of motor with ease of torque and speed control that can be 

configured to suit many applications and load types. However, the wearing of the 

bmshes and the need for extensive maintenance has almost resulted in their 

extinction in industry. To match the performance of a commutator type extemally 

excited or serially excited dc motor, the static magnetic flux of the fleld has to be 
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controlled. On the other hand for a low maintenance motor, a motor with no bmsh 

must be designed. With the advances in power electronics and high frequency 

converters, it is possible to induce the power required for the static magnetic field 

of the rotor from a high frequency transformer. The primary of this transformer is 

stationary and the secondary of the transformer is attached to the rotor and rotates 

with it. The power is induced into the secondary and then it is rectified to a dc 

voltage. This dc voltage is used to generate the static magnetic field of the rotor 

that can be varied by controlling the current in the primary of the high frequency 

transformer. Hence, a wound rotor bmshless motor with characteristics similar to 

a separately excited dc commutator motor can be designed based on the principle 

of the magnetic induction of power to the rotor. 

3.3 CONSTRUCTION OF THE WRBM 

Constmction of the WRBM motor has been illustrated in Figure 3.1. 

Rotor mounted electronics 

Rotor HF transformer 

Stator 

Connection of the HF secondary to rotor 

electronics through the shaft of the rotor 

Figure 3.1 Construction of the WRBM. 
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As illustrated in this figure, there is no physical contact between the primary and 

the secondary of the HF transformer. The ac voltage generated in the stationary 

side by means of a switch mode power supply generates an ac voltage in the 

secondary side of the transformer that is attached to the rotor. The secondary 

winding terminal is connected to a pcb that has been mounted on the rotor. This 

secondary winding voltage is rectified by a bridge rectified and converted to a dc 

voltage that supplies the rotor winding with dc current hence generating static 

electric field that can be varied by controlling the primary voltage/current of the 

transformer. 

3.4 WRBM DRIVE SYSTEM 

The drive system of WRBM is similar to a PMBM drive system with the 

exception of the extra converter for rotor magnetic field generation. This converter 

can also be used for the control voltage of the drive circuit that is normally 

necessary. 

The strength of the magnetic field without the stator winding excited, depends on 

the dc current in the rotor winding, the number of tums of the rotor winding tums 

and the magnetic reluctance of the rotor in the magnetic path inside the motor 

chassis. The calculation for the generated magnetic field will be discussed in 

Chapter 8. 

The stator of the njp_tor can be single phase or multiphase. In Figure 3.2, the stator 

winding of a standard 3-phase wye connection has been illustrated. The motor can 

be ac bmshless (sinusoidal stator voltage, synchronous motor) or dc brushless 

(rectangular stator voltage). 
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Standard PMBM drive 

Rotor magnetic field power supply 

HF transformer 

240V 

Stator winding 

Rotor winding 

Figure 3.2 Simplified WRBM drive system. 

For different motors, the rotor may include many poles. The connection of the 

rotor poles can be in series or in parallel. In series connection, a higher power 

supply voltage must be induced with less current compared with a parallel 

connection. 

Like a PMBM a position detection mechanism is required in order to change 

commutation of the stator windings. Original experiment with the WRBM was 

performed in synchronous mode. It means that the motor speed was raised to the 

synchronous speed extemally and then the controller changes the speed of the 

rotor by changing the frequency of the drive. In this mode, no position sensor was 

required. However, experiments performed to generate the commutation pulses 

with no position sensor will be discussed in the following section. 
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3.5 SENSORLESS DETECTION OF SPEED AND POSITION 

The HF transformer used for power induction from the primary side to the 

secondary side has a core shape that has been illustrated in Figure 3.3. 

Primary core 

Secondary core 

a) aligned b) 90° angle 

Figure 3.3 Primary and secondary of the HF transformer. 

With this shape, the inductance of the primary winding varies between a 

maximum (Figure 3.3a) and a minimum (Figure 3.3b) value. As the secondary of 

the transformer spins with the rotor, the primary winding current varies slightly 

depending on the relative position of the primary and secondary core with respect 

to each other. Hence, the information about the rotor position is inherent in the 

primary winding current. This information can be filtered and amplified and used 

to identify the absolute position of the rotor, the speed of the rotor. As a result, the 

commutation pulses for the stator winding can be generated by measuring and 

processing of the primary winding current of the transformer. 

The circuit for detection of primary winding current of the HF transformer has 

been illustrated in Figure 3.4 and its simplified model in Figure 3.7. The primary 

current of the transformer It consists of two elements I^ and Ii (Figure 3.7). lm is 

the magnetisation current of the transformer and Ii represents the secondary 

winding current multiplied by the transformer turns ratio. By changing the 

frequency of operation the power to the rotor winding can be controlled and 
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variable static magnetic fields to the rotor can be obtained. As stated in previous 

paragraphs, lm changes at different rotor position and hence the total transformer 

primary current varies slightly with a change in rotor position. This means that the 

information about the rotor position can be obtained from It and the speed can be 

calculated from the variation of It with respect to time. 

The transformer current is converted to a dc voltage as shown in Figure 3.4. This 

circuit is basically a peak detector. 

DJL 

E. Vo 

Figure 3.4 Current transformer circuit. 

For a half-bridge configuration with 240V input voltage, the voltage Vj, applied to 

the transformer, can be defined as follows: 

r 153 V 

Vi(t) = i 

[ -153V 

when 

when 

0< t<12e-6 

12e-6< t< 24e-6 

This definition is equivalent to 153V , 42kHz frequency and 50% duty cycle 

pulse train. 
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Voltage Vo can be calculated based on the following equation: 

Vo=[(ItmxRi)/Nt-Vd] for R2XC, » F o 

where 

Itm = Peak primary winding current of the transformer 

Nt = Current transformer secondary tums 

Vd= Diode forward voltage drop 

Fo = Operating frequency 

Variation of primary winding inductance can be calculated from Equation 3.1. In 

this equation the magnetisation inductance Lm(6) can be defined as: 

f (Lr„ax-Lnun)-[(^-20)/n:] +L„un 0 < 6 < n/2 

Lm(6) = ^ Equation 3.1 

I -(L„uix-Lmin)-[(^-2 0)/7rI +Lmin 7l/2 < 6 < U 

Lm(0) is a periodic function of 9 with a period of TT. It(6) is also a periodic function 

of 0 with a period of n. It means that all of the information regarding the position 

of the rotor can be obtained from these equations. The information about the speed 

of the rotor can be calculated from d\f^)td^. 

Maximum and minimum values of magnetisation inductance Lm(0) can be 

calculated from Equation 3.1. If 0=0, Lm(0)=Lmax and if 0=;z/2, Lm(0)=Lmin-

A typical waveform of rectified lt(0) has been illustrated in Figure 3.5. 
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Voltage (V) 

dc offset 

one rpm 
>i* • 

Triangular ripple due to 

magnetisation current variation 

Time (sec) 

Figure 3.5 A typical voltage across R2 in Figure 3.4. 

The dc offset is due to the current in the load RL and no information about the 

rotor position exists in this value. However, the triangular ripple has all of the data 

about the rotor position. This ripple voltage must be separated from the dc voltage 

and amplified for maximum dynamic range. For a drive system operating from 60 

rpm to 3000 rpm, the frequency of the ripple varies from 2 Hz to 100 Hz. So a dc 

amplifier is required to amplify this triangular waveform. Figure 3.6 is the block 

diagram of the rotor position detection system based on TMS320C25 DSP. 

The commutation pulses are generated from the information about the relative 

position of the ferrite cores and based on the position of the magnetic poles of the 

rotor. Depending on the detection algorithm, there could be a phase shift between 

the actual commutation time and the corresponding transformer primary winding 

current. This phase shift between the control pulses and the triangle signal can be 

adjusted in software. 

The DSP continuously samples the transformer primary current. At the beginning 

a value is assumed for Lmax and Lmin based on the design criteria of the 
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transformer. These values are used to predict the transformer current. The relation 

between 0 and current is calculated and commutation pulses are generated based 

on the number of phases and poles. After the motor starts, values of lmax and lmin 

corresponding to Lmin and Lmax are measured and calculated dynamically for fine 

tuning the commutation pulses. 

To change the speed of the rotor, the frequency of the driving voltage is varied. To 

change the torque the magnetic field of the airgap is varied. The dc offset of the 

amplifier must be removed in such a way that it does not deteriorate the phase 

shift of the commutation pulse. Any transient in the motor operational condition 

must not affect the timing of the commutation pulses. An ac coupling in the 

amplifier could easily remove the dc offset but it generates phase shift between 

the commutation pulses and the triangular pulse and besides the triangular 

waveform frequency is very low (between 1-100 Hz). Hence the task is more 

difficult at different speeds different phase shifts are produced and large transient 

signals result as the signal is close to dc. The solution is to dc couple the amplifier 

and to remove the dc bias by level shifting and a subtractor that cancels out the dc 

offset by subtracting it from the referenced value for the speed or speed 

adjustment. 

As in many research works studied in the literature review, many sensoriess 

speed/position detection systems suffer from the same problem. The problem of 

extracting weak signals about the position and speed of the rotor in a wide variety 

of conditions from noisy environments. 

Improper mounting of the transformers on the stator chassis and the rptor can 

change the performance of the system. Misalignment of the primary and 

secondary cores results in a distorted triangular waveform with two maximums 

and two minimums. To solve this problem, the high frequency transformer must 

be mounted on the rotor shaft in such a way that at every orientation a uniform 
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gap is achieved. During the experimental work and prototyping, it was noticed 

that a basic attention in mounting the transformer can suffice and a very high 

precision mechanical stmcture is not essential. Besides with an efficient algorithm 

the presence of two maximum and minimums can be solved and the accuracy of 

the commutation pulse timing is not hindered. The mathematical model of the 

speed/position detection algorithm is explained in details in Chapter 4 in the 

sensorless speed/position detection section. 

Adj. powei 

HF transformer Rotor winding 

J W Y Y V 

M-

Level Shifting 

Current transformer 

Triangle waveform 1-lOOHz 

Display speed 

Display position 

Subtract 
dc offset 

amp 

Rotary section 

TMS320C25 
DSP 

Stator winding 
drive circuit 

Figure 3.6 Block diagram of the WRBM controller. 

The output of the amplifier signal and the input to the data acquisition section and 

the DSP generated commutation pulses are illustrated in Figure 3.6. It is important 

to note that the triangular waveform represents an absolute value for the position 
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of the rotor at each particular point irrespective of the motor operating condition. 

It means that for each point on the triangular waveform and considering its slope, 

there is only one position between rotor and stator poles. This is an advantage in 

control systems and means that the WRBM with sensorless speed/position system 

can be used in servo systems with closed loop control without extemal 

components. The position control can be achieved by measuring and processing 

the primary winding current of the HF transformer. 

3.6 HIGH FREQUENCY (HF) TRANSFORMER 

The most important part of the system is the high frequency transformer that is 

used to transfer power from the stator (stationary) to the rotor (rotary). The HF 

transformer has different characteristics to a standard transformer. Due to the 

separation of the primary and the secondary windings and cores, the leakage 

inductance is high and the magnetization inductance is low. For a given power, a 

higher supply voltage to the transformer is required if the leakage inductance is 

high. Also, for a given power, a higher supply current results if the magnetization 

inductance is low. The overall effect is that not only limited power can be 

converted from the primary to the secondary but also the power factor and the 

efficiency of operation is low compared with a standard transformer. The model 

of the HF transformer and the simplified circuit of the power conversion is 

illustrated in Figure 3.7. 

C1 
Rs 

(^Jruvi 

LL 
DL 

. I* - . I' 

lm -p' 

J Lm i 

f 

^Pk^ 

1 1 L_ 
RL 

Figure 3.7 HF model and the power conversion simplified circuit. 
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In this figure the parameters are: 

Vs= Equivalent of the half-bridge converter representation 

LL = Leakage inductance transferred to primary side 

Lm = Magnetization inductance transferred to primary side 

Rs= Ohmic resistance of the primary and secondary windings transferred to 

primary side 

Ci= Resonant capacitor 

Ti= Ideal representation of the HF transformer 

Dl = The bridge rectifier mounted on the rotor 

RL = Ohmic resistance of the rotor 

From Figure 3.7 it is cleariy observed that if the impedance of the leakage 

inductance is high and the impedance of the magnetization inductance is low, the 

output voltage across the rotor winding RL is reduced. 

A novel method has been implemented to counter the effect of the leakage 

inductance and considerable amount of power has efficiently been induced from 

stator to the rotor of a prototype motor. This method involves operating the 

converter in resonance. There are two resonant modes. One is when the resonance 

is between the series capacitor Ci and leakage inductance LL and the second 

resonant mode is between Ci and an inductance equal to summation of LL and Lm-

In Chapter 4 the detailed analysis of the circuit of Figure 3.7 is discussed the 

advantages of operating the converter at either of these resonant frequencies are 

discussed. It will also be demonstrated that by adding the resonant capacitor, the 

only limitation in transferring power from the primary to secondary of the HF 

transformer is the thermal limitation of the transformer. 
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In Chapter 4, it will be illustrated that adding the resonant capacitor also increases 

the amplitude of the triangular waveform hence it will be easier to amplify the 

triangular waveform and remove the dc offset in the current detection circuit of 

Figure 3.4. The reason is that a lower gain amplifier is required and for a given 

supply voltage the saturation of amplifier is less likely to occur as compared with 

the case that the signal was weak. 

3.7 SUMMARY 

In this chapter the operation of the WRBM and the requirement of the drive 

system was discussed. The operation of the sensorless speed/position detection 

was also explained and the major difficulties in the operation of the system were 

discussed. The implementation of a WRBM requires: 

1. A drive system similar to a PMBM drive system. 

2. A resonant converter to reduce the effect of the leakage inductance of the HF 

transformer and to increase the power levels that can be delivered to the 

secondary. 

3. A current measurement system for measurement of the primary winding 

current of the transformer and calculation of the position/speed of the rotor. 

4. An amplifier and level shifter to generate a triangular waveform from the 

small variations in the primary winding current of the transformer due to 

changes in the magnetisation inductance. 

5. A DSP or data processing unit to calculate the absolute position of the rotor 

from the triangular waveform and to generate the commutation pulses of the 

stator winding. 
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It is worthwhile to mention that most of the above items are available in a 

standard PMBM drive system and hence they do not present extra cost other than 

the mounting of the transformer on the rotor and stator. 

The detailed discussion about the design of each sub-section is discussed in the 

next chapter. This discussion includes the analysis of high frequency transformer 

model in Chapter 4, analysis of sensorless speed and position detection in Chapter 

5 and the detailed design of the WRBM in Chapter 8. 
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CHAPTER 4 

HIGH FREQUENCY POWER CONVERSION 

4.1 INTRODUCTION 

In this chapter the requirements of power conversion in a transformer with 

stationary primary core and winding and the rotary secondary core and winding is 

discussed. This type of transformer is a gapped transformer and as discussed in 

previous chapter, such a transformer is characterised by low magnetisation 

inductance and high leakage inductance. The result is that, a higher source voltage 

is required for conversion of a given power and the efficiency and the power 

factor of the transformer are lower. 

In the following sections, the model of the transformer is discussed and the 

maximum power that can be transferred to the secondary for a given supply 

voltage is discussed. It will be demonstrated that by driving the transformer in 

resonant mode the maximum power transfer can be increased dramatically. There 

are two different resonant modes that will be discussed in detail in terms of the 

advantage of each mode. The performance of the transformer is examined by 

circuit simulation, solution of the characteristic equation of the circuit by 

MATLAB and experimental tests. 

4.2 TRANSFORMER MODEL OPERA TING A T HIGH FREQUENCIES 

The model of an ordinary transformer operating at high frequency is illustrated in 

Figure 4.1. There are many different topologies in switch mode power supply 

technologies and some of them like forward converter and fly-back converter 

topologies require an airgap for operation. These types of topologies can utilise 

the inherent gap in the transformer for transferring power to the secondary but 

because of poor coupling between the primary and the secondary windings, the 
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fly-back energy can be excessive and snubbing circuits are required to reduce the 

stress of the switching components. Other topologies like half-bridge and full-

bridge do not require a gapped transformer and can retum the energy back to the 

dc link by means of flywheel diodes and hence are preferred. For this reason, it is 

assumed that the desirable type of the transformer is a non-gapped transformer. 

The half-bridged topology is used because of simplicity and lower number of 

switching component. Although the type of topology does not affect the overall 

model of the transformer but the desirable values for the model vary substantially. 

For example, in a non-gapped transformer, a high magnetisation inductance and a 

low leakage inductance is required. While in gapped transformer technologies, 

especially fly-back, the transformer is regarded as an inductor/transformer for 

storing/transferring energy rather than a transformer for power conversion. 

• 

• 

Rs 
1 1 1 I'­

LL 
d 

— i 

1 

• 

11 
y r 

Figure 4.1 Model of a high frequency transformer. 

In this figure, Ti is an ideal transformer, Rs is the series resistance, LL is leakage 

inductance and Lm is magnetisation inductance that are transferred impedances to 

the primary side. The leakage capacitances are ignored. 

The operating frequency considered is about 50kHz and generally a non-resonant 

operation is assumed although a resonant method is described later. In very high 
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frequencies resonant converters the effect of parasitic elements must be included 

in the transformer model. 

With the above requirements and assumptions about the operating frequency and 

the type of conversion topology, the transformer of Figure 4.1 is in fact the model 

of a transformer operating at mains voltage and frequency. This model applies to 

the frequency of interest with the same design objective, to increase the 

magnetisation inductance and to reduce the leakage inductance. There are rare 

exceptions to this design objective in occasions that transients are important but at 

this work this design objective is used as target. 

Design parameters are as following: 

• Operating frequency, 50kHz 

• Supply voltage, 240V 

• Converter topology. Half-bridge 

• Conversion power, 100-300W 

The power conversion level is an estimate based on the target specification 

presented in previous chapter. This power level will be revised in the following 

chapters when the motor design is discussed. 

With the basic requirements stated above, for a standard transformer, Lm is in the 

tens of millihenry range and LL is in microhenry range. These values are for the 

case that the windings of the primary and the secondary are sandwich on top of 

each other and around the center pole so that the majority of the magnetic flux 

lines pass through both windings. Sometimes for safety reasons it is required that 

the primary and the secondary windings are separated in a form that is usually 

called split-winding method. In this case, the magnetisation inductance does not 
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vary considerably but the leakage inductance increases. In the following section 

the factors affecting the leakage inductance are discussed. 

4.2.1 Magnetisation Inductance 

The magnetisation inductance is defined as the primary winding inductance that is 

shown in the Equation 4.1. 

Lm=pANp /lm Equation 4.1 

where Lm is the magnetisation induactance, p is the magnetic permeability of the 

magnetic material, A is the cross section of the core, Np is the primary winding 

tums, and U is the length of the magnetic path. 

4.2.2 Leakage Inductance 

For sandwich (concentric) winding, the leakage inductance is defined as [86]: 

LL=poN2pV/l̂  Equation 4. 2 

Where, 

P" is the air permeability, Np is the primary tums, V is the volume between coils 

of the transformer and 1 is the length of the magnetic path that includes the 

primary and secondary windings. From this equation it is clear that the leakage 

inductance is independant of the magnetic circuit of the transformer. For split 

winding this equation is not accurate because the flux and the energy stored in the 

airgap between the windings cannot be calculated from Ampere's Law as it has 

been the case for Equation 4.2. The parameters V and 1 are also undefined for the 
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split winding. Leakage inductance is related to the flux that passes through one 

winding and not both hence for split winding the distance between the windings 

and the shape of the magnetic cores are important. The analysis is complex and 

varies for different shape of transformers and windings. 

The transformer parameters can be measured by open circuit and short circuit 

tests. This method is common when inductance and resistance values can be 

measured directly by an instmment. Using a resonant circuit, for very low values, 

magnetisation and leakage inductance can be measured by measuring the resonant 

frequency for various resonant capacitance. 

For instance while measuring low values of leakage inductance, the secondary is 

short circuited and a resonant circuit is set up to give two frequencies (/} and /2) 

for two different capacitances (C/ and C2). Then the leakage inductance is 

calculated from Equation 4.3 [86]: 

L, = •'^ ^ •'^ Equation 4. 3 
('^7lfj2)\C,-C,) 

A direct method was used in our measurement that gives enough accuracy as the 

inductance values were considerably large (in the hundreds of microhenry range). 

4.3 DESIGN CRITERIA REVISITED 

The ratio of the magnetisation inductance to leakage inductance for a concentric 

winding is: 

Lm/LL= pA iVpoV lm Equation 4. 4 
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From Equation 4.4 it is clear that the ratio of the magnetisation inductance to the 

leakage inductance is independent of the turns, h is restated that it is desirable to 

increase this ratio hence a transformer core with high permeability must be used. 

Reducing the space between the windings and spreading the winding area 

(increasing 1) also increases the ratio while increasing the magnetic path reduces 

the ratio. In the following sections the effect of the low magnetisation to leakage 

inductance that is the characteristics of the transformer for power conversion to 

rotary secondary from stationary primary is discussed in details. 

4.4 CHARACTERISTICS OF A TRANSFORMER WITH HIGH 
LEAKAGE INDUCTANCE 

In previous sections the desirable characteristics of a transformer were described. 

In this section the characteristics of the transformer used for power conversion 

from a stationary (primary) core to a rotary (secondary) core are described. It is 

found that a transformer with high ratio of magnetisation inductance to leakage 

inductance is desirable for better efficiency of the transformer. For a sandwich 

winding, the lower the reluctance of the magnetic path the better will be this ratio. 

This mle is correct for the split winding although the analysis generally requires 

Finite Element Analysis (FEA). The dependency of length of the overlapping 

winding of primary and secondary that is important in sandwich winding is not 

meaningful in split winding. 

In summary, for a split winding for conversion of the power from the stationary 

core to rotary core, a wider center pole, a shorter magnetic path and high 

permeability is desirable. It means that a core shape that is flat and wide is 

desirable. However, the limitation of the number of turns is also a factor that must 

be considered. Driving the transformer at very high frequencies is desirable in 

reducing the turns but there is a compromise in terms of the cost of the switches 

and also the radiated EMI. 
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The core type that was selected for the prototype was from RM series from Philips 

that has been illustrated in Appendix A. This type of core has another advantage 

in sensorless detection of speed and position that will be discussed in the 

subsequent chapters in details. 

In general, when the windings/cores of the primary and secondary of the 

transformer are separated the leakage inductance is increased and if there is an 

airgap between the cores, the magnetisation inductance is reduced. 

4.4.1 HF Transformer Model 

The transformer that is used to induce power from a stationary to a rotary object is 

characterised by the high leakage inductance and low magnetisation inductance 

compared with an ordinary transformer. Figure 4.2 illustrates the simplified model 

of a high frequency transformer. The leakage inductance is high because the 

primary and secondary windings are separated and the magnetisation inductance is 

low because of the air gap between the cores and windings. The result is higher 

switching currents and a more reactive power characteristic of the transformer. 

Vs(t) 

Figure 4.2 The model of high frequency transformer. 

Vs(t) = Equivalent pulse waveform of the half-bridge converter. 

Rs = Equivalent series resistance of primary and the secondary windings that is 

ignored in calculations because of small value. 
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LL = Equivalent leakage inductance of the primary and the secondary windings. 

Lm = Equivalent magnetisation inductance of the primary, 

ni = Primary tums. 

n2 = Secondary tums. 

RL = Load resistance 

4.4.2 Non-Resonant Circuit Analysis 

The transformer in Figure 4.2 is suitable for power induction from a stationary to 

a rotary object if the source voltage is high and the required power is low. This is 

illustrated by the maximum power transfer mle, which requires that the source and 

the load impedances must be equal. Hence, 

RL^CD 

R + L^CD 
L^Q) 

or, 

+ 
1 

m 

where 

R 
\n.) 

R 

is the load resistance transferred to the primary. 
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For special case when Lm»LL then R=LLCO. Hence for a given transformer 

characteristic the maximum power transferred can be calculated. 

In the experimental circuit for LL=300UH, Lm=450uH, F=42kHz, and hence the 

maximum power that can be transferred from a source with 240V rms is for 

R= 106.2 ohm. The power P = VR^/R = 147 VA. 

The circuit of Figure 4.2 has the advantage of being inherently current limited (i.e 

when R=0). The peak short circuit current is: 

sc T 

and hence Lc=3A. 

The power and short circuit current has been calculated for a voltage source of 

240V rms. In practice, depending on the power conversion topology used this 

value changes. For instance if the rectifier filtering capacitance is high, the dc 

supply voltage will be 240V2 = 340V. For a half-bridge converter the peak voltage 

of the harmonic associated with this dc voltage is 2ln x 340 =216V or the rms 

value of the fundamental is 216/^2 =153V for a nominal 240V input. Hence, the 

output power delivered is less, if a half bridge converter is used. In simulation 

study, 153V has been used because the prototype uses a half bridge converter 

topology. 

4.4.3 Resonant Circuit Analysis 

To reduce the effect of the leakage inductance a capacitor is inserted in series with 

the leakage inductance and the converter is operated at the resonant frequency of 
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the capacitor and the leakage inductance. The simplified schematic of the circuit is 

illustrated in Figure 4.3. 

Rs LL Lm nl:n2 RL 

i-H H rVAAAA/" 

Vs(t) îl Vo 

Figure 4.3 Simplified schematic of the high frequency transformer with the 
resonant capacitor. 

The output voltage of this resonance circuit is given by Equation 4.5. 

Solving the circuit of Figure 4.3 yield: 

vSs)-
[R + LJ] 

RLJ 1 
•Vis) 

{R + LJ) cs 

or 
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VXJ'O) Equation 4. 5 

where 

0).^ = 
m L C 

m 

0), -
' ~ { K ^ L , ) C 

0)r = 
1 

L,C R = R 

and 

<l--Ka, 

Equation 4.5 are solved for different Q values using Matlab programs and the 

results have been plotted in Figure 4.4. The source code of these programs have 

been given in Appendix D. 
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Figure 4.4 Ulustrates the vohage gain IVoCico)/Vs(JQ)l for different values of Q 

(Q=l-5). It can be observed that a voltage gain of 5 can be obtained for Q>5. 

From Equation 4.5 it can be concluded that if Q is low, to maximise the load 

power, the operatmg frequency must be close to OL- If Q is high to maximise the 

load power, the resonant frequency must be close to cOf 

Running the inverter close to CDL ensures a unity gain for Q>0.1. In other words, 

the effect of the leakage inductance LL can be minimised if we operate the circuit 

at the resonant frequency of the LL and C. 

X 1 0 

Figure 4.4. VQA Ĵ ratio for different Q. 
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The relation between output power versus load resistance can be observed from 

Figure 4.5. In this figure, dual mode for maximum power transferred is clearly 

iUustrated. If the converter is operated at COL for low resistance values a higher 

power can be converted while for high resistance loads the curves for maximum 

power transfer is at the vicinity of ©t-

2 5 0 0 

RL high (at 26kHz) RL low (at 42kHz) 

/ 

< 
> 

2 0 0 0 -

1 5 0 0 

1 0 0 0 -

5 0 0 

x l O 

Figure 4.5 Maximum output power vs load resistance for different Q. 

Circuh of Figure 4.3 does not have inherent current limit if the operating 

frequency is close to ©L- It can be observed from the following equation that at 

co=G)L, the short chcuh current is very high and h is only hmited by resistance of 

the switching circuit. 

/ SC 

VS(JCD) 
f 

1 -
V 

CO 

Ceo 

COr J 
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Inherent current limit characteristics is sometimes desirable in converter design 

because the maximum converter current is limited and fast electronic circuits are 

not necessary to limit the peak current during a fault or at start up. It can be 

observed from the above equation that a small deviation from the resonant 

frequency can limit the short circuit current to a safe limit while considerable 

power transferred to the secondary. 

4.5 BASIC CIRCUIT SIMULATION 

Using an electronic circuit simulator, the simplified schematic of the circuit of the 

prototype that has been illustrated in Figure 4.6 was simulated. A sinusoidal 

waveform (V3) equal to 153V rms has been used for simulation that is similar to 

the nominal fundamental voltage of a half-bridge converter. 

0.5 O 
47 nF 

330 iiH 

icon 

Figure 4.6 Simplified schematic of the prototype transformer. 

In this figure, the model of the prototype transformer consists of an ideal 

transformer with nl:n2 primary and secondary winding tums ratio with the 

leakage inductance LL and the magnetising inductance Lm transferred to the 

primary side. In the prototype Lm=450uH and LL = 300uH. The equivalent series 

resistance of the primary and secondary windings is Rs=0.5 ohm and the resonant 

capacitor is C=47nF. 



With nl=n2, the ac analysis for R=84-420 ohms (Q=l-5) in increments of 84 ohm 

are illustrated in Figure 4.7 which is similar to the solution of Equation 4.5 by 

Matiab that has been illustrated in Figure 4.4. 

5-

u 
13-

P 
i-

le-H)04 2e4{)04 6e+004 3e4{)04 4e€ )4 3e^04 

Frec[uency(Hz) 

Figure 4.7 Ac analysis of the circuit of Figure 4.6 for Q=l-5 

7e4{)04 

The transient response for lOOusec interval are illustrated in Figures 4.8-4.11 for 

frequencies below fiX(0iJ2n), close to fL and above fL (25, 40 and 55kHz) and 

R=8.4a (Q=0.1) to R=420 Q (Q=5). From these figures, it can be concluded that 

for Q>1 a voltage gain larger than unity is associated with the circuit of Figure 4.6 

if the operating frequency is close to ©t. However, for low values of Q or R<10Q, 

a close to unity voltage gain is achieved only if the operating frequency is close to 

the fL. For these Q values, operating above or below fL results in attenuation in the 

output voltage. In Figures 4.8-4.11, the corresponding waveform can be found 

from the period or peak of the waveform (i.e. 26kHz waveform has two peaks). 
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Figure 4.8 Transient response of the Figure 4.6 for Q=0.1 and fL=25, 40 and 
55 kHz. 
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Figure 4.9 Transient response of the Figure 4.6 for Q=l and fL=25,40 and 55 
kHz. 

0.3 0.3333 0.3667 

Time (mS) 

0.4 

Figure 4.10 Transient response of the Figure 4.6 for Q=3 and fL=25,40 and 
55 kHz. 
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0.3 0.3333 0.3667 

Time (mS) 

0.4 

Figure 4.11 Transient response of the Figure 4.6 for Q=5 and fL, 40 and 55 
kHz. 

4.5.1 Half-Bridge Circuit Simulation And Experimental Results 

So far the simulation of the basic circuit has been based on the half-bridge 

converter fundamental component of the voltage and current and the effect of 

harmonics have been ignored. In this section the simulation of the circuit used in 

experiment is illustrated. The simplified circuit of the half-bridge converter is 

illustrated in Figure 4.12. The circuit parameters are as before but the ac voltage 

source is replaced with switches and dc voltage source simulating a half-bridge 

circuit. 

For safety reasons experimental results were obtained at low voltage particularly 

when isolation transformer and variac were not available for isolating the 

electronic circuit boards from safety earth. 

Simulation was unstable and 1 ohm resistor had to be used in high voltage side. 

Another one ohm resistor was required to measure the primary current of the 
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transformer in simulation. Parameters of interest are transformer current and load 

voltage. 

m n 

Figure 4.12. Half-bridge circuit used in simulation. 

The simulation transient analysis and the experimental results for this circuit are 

shown in Figure 4.12-4.16. As illustrated in these results, the waveform of the 

load resistance voltage is like rectangular pulses with large rise and fall time and 

the transformer current is triangular waveform in case of non-resonant operational 

mode. However, the waveforms change toward a sinusoidal shape when the 

circuit operates in resonant mode because of the resonant nature of the circuit. 

In the resonant case, the 1 microfarad capacitor acts as a dc blocking capacitor. 

When its value is changed to resonant capacitor value it acts as a resonant 

capacitor. For the non-resonant case the value of the capacitor is increased and 

this capacitor only acts as dc blocking capacitor. 
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Figure 4.13. Primary winding current of the transformer a), and the load 
voltage b), non-resonant circuit, simulation result. 
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a) 85.1mAA^olts, 0.5V/Div. 
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b) 2V/Div. 

Figure 4.14 Primary winding current of the transformer a), and the load 
voltage b), non-resonant circuit, experimental result. 
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Figure 4.15 Primary winding current of the transformer a), and the load 
voltage b), resonant circuit, simulation result. 
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Figure 4.16 Primary winding current of the transformer a), and the load 
voltage b), resonant circuit, experimental result. 
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Current of the transformer was measured with a current transformer with 1:40 

ratio and across a 470 ohm resistor hence one volt across the resistor corresponds 

to 40/470 = 0.0851 A or 85.1 mA transformer current. To calculate the current 

only multiplication of the voltage by 85.1mA is required for scaling. For example 

for Figure 4.14a, the peak transformer current is 1.5 Volts (3 Div. ) multiplied by 

85.1mA or 127.6mA that is similar to simulation value in Figure 4.13a. 

These results show that the experimental results are similar to the simulation 

results and the circuit performance that was predicted by two method of driving 

characteristic equation and circuit simulation are correct. The schematics of the 

converter and the motor drive section have been illustrated in Appendix B. 

4.6 SUMMARY 

In this chapter the requirements of converting power from a stationary side to a 

rotary side by means of a transformer was described. Because the winding of core 

of the transformer are separated the leakage inductance i? high and magnetisation 

inductance is low. Running the transformer in resonance with a capacitor reduces 

the effect of leakage inductance and reducing the airgap increases the 

magnetisation inductance. 

In general, a design methodology can be employed based on the following 

parameter definitions: 

1. Define the required power level and the supply voltage/current requirement. 

2. Define the physical size of the enclosure and the cooling method. 

3. Select the type of the transformer based of the estimated core and copper 

losses. 

4. If the power levels are low, select non-resonant method. 
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5. If the power levels are high, select a resonant mode. 

6. Select an operating frequency and fixture. 

7. Select an airgap and the tolerances. 

8. Estimate and measure the leakage and magnetisation inductance and the 

tolerances. 

9. For resonant mode, select high secondary voltage and cot resonant frequency 

(high Q) or select low secondary voltage and COL resonant frequency (low Q). 

For the winding of the rotor, a high secondary winding voltage requires many 

tums with low current and series connection between the poles. A low 

secondary winding voltage requires lower tums with higher currents and 

parallel connection of the rotor poles. Usually, a very high current/low voltage 

power conversion in the secondary is more troublesome than high voltage/low 

current power conversion because of the transformer copper losses. 

10. Change the design parameters like tums ratio and wire size to minimise core 

and copper losses. 

11. Select the Q of the circuit and the value of the capacitance. 

12. Design the variable frequency controller to change the power levels that can 

be transferred to the rotor winding by changing the operating frequency. 

In this design procedure the details of the design have not been discussed. These 

details are like the fault protection circuits, the details of the cooling system, short 

circuit level and the type of the converter (i.e. voltage mode vs current mode). 
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CHAPTER 5 

SENSORLESS SPEED/POSITION DETECTION 

5.1 INTRODUCTION 

In Chapter 4 the basic requirements of power induction from the primary to 

secondary of the transformer with high leakage inductance was described. In this 

section the method used for sensorless detection of the rotor poshion whh respect 

to stator is described. In this method, by measuring and processing the transformer 

primary current the position of the rotor with respect to stator is calculated and 

from the rate of change of the angular position, the speed of the rotor is also 

calculated. Because the position estimation method operates based on the absolute 

position of the rotor with respect to stator, the commutation pulses for driving the 

stator winding can be generated. The principle of the operation of the sensorless 

speed/position detection were described m Chapter 3. In the foUowing sections, 

the details of the sensorless speed/poshion algorithm are described. 

5.2 PEAK DETECTOR CIRCUIT 

The transformer used for the conversion of the power from the primary to the 

secondary is of RM series from PhUips. The shape of this transformer has been 

illustrated m Figure 3.3. Because the transformer has different magnetisation 

inductance at different angular poshion between the primary core whh respect to 

the secondary core, the position of the rotor with respect to the stator can be 

calculated. The magnetisation current variation resuhs in a triangular waveform m 

the transformer primary wmding (Figure 3.5) that can be amplified and used to 

detect the rotor speed and position. 
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In practice, the transformer current is converted to a dc voltage as shown in the 

circuh of Figure 3.4. This circuh is basically a peak detector. Restating the 

calculation of the peak-detector circuh, the transformer current can be converted 

to voltage Vo and is equal to: 

^ " " i ^ °̂' ^20 »7//. 

where 

Itm = Peak primary winding current of the transformer 

Nt = Current transformer secondary tums 

Vd= Diode forward voltage drop 

fo = Operating frequency 

There is a dc offset due to the current in the load RL and no information about the 

rotor position exists in this value. However, the triangular ripple has all of the data 

about the rotor position. This ripple voltage must be separated from the dc vohage 

and amplified for maximum dynamic range. For a drive system operatmg from 50 

rpm to 3000 rpm, the frequency of the ripple varies from 2 Hz to 100 Hz. So a dc 

amplifier is required to amplify this triangular waveform. Figure 3.6 is the block 

diagram of the rotor position detection system based on a high speed Dighal 

Signal Processor TMS320C25 DSP. 

The commutation pulses can also generated from the information about the 

relative position of the ferrhe cores and based on the poshion of the magnetic 

poles of the rotor. There is a phase shift between the control pulses and the 

triangle signal that can be adjusted m software. During the motor operation, the 

DSP contmuously samples the transformer primary current. At the beginning a 

value is assumed for Lmax and Lnun based on the design criteria of the transformer. 
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These values are used to predict the transformer current. The relation between 0, 

the angular poshion of the rotor and transformer primary winding current has to 

be calculated and commutation pulses wUl be generated based on the number of 

phases and poles. After the motor starts, values of lmax and lmin corresponding to 

Lmin and Lmax are measured and calculated dynamicaUy for fine tuning the 

commutation pulses. 

5.3 METHOD 

By measuring the primary winding current of the transformer (stationary core) the 

position and the speed of the rotor can be detected. The equation goveming the 

relation between the current and the magnetisation inductance Lm(9) is 

v(t)=i(t).z(0) where v is the source voltage from the converter and z(0) is the input 

impedance of the circuit of the Figure 3.7 and is defined by: 

LrSiR + LAe)S)+RL(0)S . ^ , 

In Equation 5.1, assuming the rotor winding resistance is Rw then: 

R = n, 
yrijj 

R„ 

Hence, 

R + LAO)S 
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The variation of the transformer current whh respect to the magnetisation 

inductance is: 

dl -V(S)R^S 
Equation 5.3 dL^ LJ0)S{{R + L,S)+RL,Sy 

Also 

dl dl dl^iO) de 
'd¥~-lIJej'~d0~''d¥ Equation 5.4 

Where T is the DSP data acquishion sampling time. Combining Equation 5.2, 

Equation 5.3, and Equation 5.4, 

dl -V{S)R'S de 
1¥ ~- ^ Lje)SiR,L,S),RL,S)^' JF ^ ' 5 " " ^ " " '' ' 

The term d9/dT is proportional to the angular velocity of the rotor and k is the 

differential of the inductance Lm with respect to 0 and from Equation 3.1 is equal 

to: 

k = 
^ (̂ .ax - ^ în) for 0 < ^ < y Equation 5. 6 

In practice, dl/dT is the change in the measured current at two sampling intervals. 

The value of k is known and hs sign can be determined at anytime because the 

controUer can detect the rate of change of the primary winding current by 
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evaluating the current samples. Hence, the angular velochy of the rotor co=d0/dt 

can be calculated by solving the following differential equation: 

k,d+ ^-^i^max=0 Equation 5.7 

Where 

dl -ViS)R'S 2AL 

dT [S^L,^ + RS + Lj^SR) ^ 

The term dl/dT represents the variation of the transformer current for a given load 

resistance R. In the DSP algorithm dl=l2-li and dT=T2-Tj and they correspond to 

the sampled current at two time mtervals. Hence, the parameter dl/dT is known 

and Equation 5.7 becomes a first order differential equation of 0. From Equation 

5.2ifR=oothen 

V{S) 
1{S) = 

{L,+ LJ0))S 

and by replacing Lm(0) from Equation 3.1, the relation between the transformer 

current and the position of the rotor can be calculated from: 

1{S) = _^. Equation 5. 8 

[ ^ t + [ ( ^ m a x - ^ n , i „ ) ^ + ^ m i „ ] ] 5 
L L tv max min z _ minJJ 

7[ 

Also for special case where R=QO (no load) the variation of current is inversely 

proportional to the angular velochy co. This is illustrated from Equation 5.5 when 

R->oo or differentiating of I(S) versus 0 and combining whh Equation 5.4: 
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dl -V{S) 
JF~- SiL^^L.fkco Equation 5.9 

This equation indicates that by measuring the transformer current rate of change 

the speed of the rotor can be calculated. 

5.4 SOLUTION 

MATLAB program can be used to calculate the maximum transformer current 

variation for different rotor position. The solution to differential equation 5.7 wUl 

not be necessary as the values for the rotor position can be obtained from a look­

up table after the maximum and minimum of the triangular waveform (Figure 3.5) 

are obtained. 

MATLAB programs for calculation of the maximum variation of the transformer 

current as a result of magnetisation changes are given in Appendix D. With a 

given transformer parameter described in Section 4.4.2 and various load 

resistances, the variation of the primary winding transformer current has been 

plotted m Figure 5.1. In this figure, for a load resistance equal to the impedance of 

LL or 84 ohms, for the given transformer parameters, the variation of the 

transformer current with respect to the variation of the magnetisation inductance 

Lm is positive. For effective resistances above 84 ohms the variation of the 

transformer current is negative. 

The higher is the variation of the transformer current whh respect to variation of 

the magnetisation current, the better is the speed/poshion detection. As illustrated 

m Figure 5.1 the variation of the transformer current due to variation of the 

magnetisation mductance is very smaU because of low load resistance values. 

Later on h wiU be Ulustrated that the variation of the current is higher for higher 
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effective load resistance. The effective load resistance is the rotor winding 

resistance transferred to prhnary side. For instance if the rotor winding resistance 

of one pole is 1 ohm with 70:50 tums ratio R wUl be 70 /̂50^=1.96 ohms. In 

practice the rotor wmding is muhiphed by number of poles if they are connected 

m series. 
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4.2 4.4 4.6 
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Figure 5. 1 Primary winding current vs magnetisation inductance Lm for 
various effective resistance from 40-100 (highest to lowest) ohms 
with increments of 10 ohms. 

Figure 5.2-5.4 Ulustrates the variation of transformer primary winding current for 

different effective load resitances. From Figure 5.2 the variation of the 

transformer current with variation of Lm is 1.978-1.971=0.006A. It means that if 

the current transducer has a 1:1 ratio the amplhude of the triangular waveform is 

about 6mA compared whh 1.97A total transformer primary current. This accounts 

for 0.3% of the current which is smaU and hence an amplifier is required. If the 

analogue-digital converter (ADC) has a voltage range of 10 vohs then for a fuU-
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scale signal detection an amplifier with the transhnpedance of 10V/6mA=1.67 kQ 

is requhed to give a peak-peak triangular waveform of lOV. 

In ordmary transformers, as the magnetisation current mcreases, the prhnary 

wmdmg current decreases. In non-resonant chcuh the same relationship exists for 

high load value resistance. However, for low load resistance because of the 

leakage inductance the rate of change of current is poshive (Figure 5.2) but the 

change m current is very low. In resonant case because of the shift from natural 

frequency of the chcuh for high Q circuits, large variations in transformer current 

can occur with positive or negative rate of change. 
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Figure 5. 2 Variation of the transformer current vs Lm for R=10 ohms. 

In Figure 5.3, the variation of transformer current for 100 ohms effective load 

resistance has been illustrated. In this figure the variation of the transformer 

current is 1.22-1.18=0.04A or nearly 6.7 times more than the case when R=10 

ohms. This current accounts for 40mA/1.2A=0.033 or 3.3% of the total current 

that is 10 thnes the case when R=10 ohms. For lOV peak-peak triangular 
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waveform at the input of the ADC waveform the requhed transhnpedance is only 

250 ohm. 
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Figure 5. 3 Variation of the transformer current vs Ln, for R=100 ohms. 

Figure 5.4 Ulustrates the variation of the transformer current vs magnetisation 

inductance for R=1000 ohms. In this case, AI=0.18A or about 20% of the total 

current of the transformer with transimpedance of 56 ohms. This comparison 

demonstrates that the detection of the rotor position with detection of the 

magnetisation current variation is best suhed when the rotor winding resistance is 

high. The trade off is the amount of power that is converted to the secondary that 

wUl be considerably less in the case of R=1000 ohms compared with the case 

when R=100 ohms. Whh the same transformer parameter, in Section 4.4.2 h was 

illustrated that for a given supply vohage when R is 106.2 ohms the maximum 

power is deUvered to the load. Hence, in this case the choice of rotor winding 

selection is 106.2 ohms if the maximum power (147VA) needs to be converted to 

the secondary. 
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Figure 5. 4 Variation of the transformer current vs Lm for R=1000 ohms. 

This discussion in this section is only an Ulustration about the sensorless operation 

and the values described are example and can vary for different transformer and 

motors. Also when a motor with an airgap flux denshy similar to that of a ferrite 

magnet is requhed, the maximum power conversion might not be very critical in a 

given design and hence higher resistance values for the rotor can be selected. 

The discussion in this section can be extended to the design of a sensor based on 

variable mductance for detection of poshion when power need not to be 

converted. In this case replacing the effective resistance whh an open chcuit wUl 

give the maximum variation of the current whh respect to angular rotor position. 

5.5 COMMUTATION PULSE GENERATION 

The variation of Lm whh respect to the angular position 0 is linear and hence the 

position detection can be simplified by re-scaling the above graphs for different 
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angular position. For example, for 0=0°, Lm = 450pH and for 0=90°, Lm=330pH 

hence the angular poshion 0=45°occurs when Lm=390pH. 

By measurmg the transformer current and calculating the inductance value from 

the current, the angular poshion 0 can be calculated. Whh this method, the 

electrical poshion of the rotor poles whh respect to the electrical position of stator 

poles is identified. Whh pole numbers and phase numbers know in a design, the 

commutation pulses can be generated only by measuring the transformer current 

by an ADC, calculatmg Lm and 0, and settmg the output port of the DSP. 

5.6 VARIABLE TORQUE ADJUSTMENT PROBLEM 

The speed of the motor can be changed by changing the frequency of the stator 

winding drive voltage. The torque of the motor can be separately changed by 

changing the magnetic field or maintaining the operating frequency and increasing 

the stator voltage. Changing the airgap flux can be achieved by increasing the 

current in the stator winding. In this case, the total current in the rotor winding is 

variable and the detection of the small changes of the transformer current becomes 

difficult. For instance, if the rotor winding current for a given torque is 2A, to 

double the torque the rotor winding current becomes 4A. Because the triangular 

ripple is only a few percent of the total current, the amplifier saturates due to a 

change in current that is much higher than its intended input signal (in mA range). 

The problem is due to the fact that the triangular waveform frequency is low (as 

low as 2Hz for 50rpm) and must be dc coupled to the amplifier. The current 

transducer cannot differentiate between the current from the load (rotor winding) 

and the magnetisation current. The solution to this problem is to level-shift the 

reference vohage that is used to adjust the rotor wmding current and use the same 

control vohage to shift the reference of the ampHfier. This method reduces if not 

ehminate the dc bias due to the load current variation with a dc amplifier with 
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variable dc offset adjustment. The schematic of the proposed circuh has been 

illustrated in Appendix B. Block diagram of the mterconnection of amplifier whh 

the resonant converter has been Ulustrated in Figure 3.6. 

5.7 SPEED CALCULATION 

The speed of the motor can be calculated by comparing the rate of change of the 

current values in two samples in a defmed interval. For instance for the 

transformer parameters of Figure 5.3 and for two samples that have been taken in 

10msec interval, if Ii=l.18 and l2=1.22A (maximum and mmimum values). 

AL=(450-330)xle-6, AI=0.04mA, AT=le-3 Sec, Ae=7i/2 rad, and hence from 

Equation 5.4, the angular velochy of the rotor can be calculated: 

a>= = — - — = \51 Rad I sec 
AT lOE-3 

Hence the speed is (157x60)/(27r)=1500 rpm. In this example, the maximum and 

minimum values of Lm have been selected that results for maximum angular 

position difference of 90°. The gain of the amplifier wiU cancel out in this 

calculation. In practice, the values of different transformer currents for different 

angular positions and for a given effective resistance R (rotor winding resistance 

transferred to primary) can be calculated from a look-up table. Ahhough a DSP 

processor has sufficient calculation power to calculate the speed and position 

based on the equations described in this chapter, a cheaper microcontroUer can be 

used by aid of look-up tables for speed/position calculation. 
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5.8 RESONANT CIRCUIT 

In this section sensorless detection of the resonant circuit of Figure 4.3 wUl be 

discussed. As discussed m Chapter 4, the resonant circuh resuhed in higher power 

levels to be induced to the secondary by reducing the effect of the leakage 

mductance. It is necessary to emphasis that the discussion in this section does not 

take into account that the rating of the transformer for heat and saturation and the 

rating of the switching transistors can exceed for case studies presented. The 

reason is that this discussion is not hmited to the type of transformer used and 

bigger transformers can be used which can operate in acceptable operating 

temperature and current. 

The MATLAB programs m Appendix D are used to calculate the transformer 

current at different conditions. The difference with non-resonant mode of 

operation is that by changing Lm, the natural resonance frequency of the circuit is 

also changes and in most cases larger variation is obtained by variation of Lm. 

There is no practical way and no benefit in dhferentiating the variation of current 

due to magnetisation inductance and/or change in natural resonant frequency of 

the circuit that contribute to transformer primary winding variation. The reason is 

that the parameter of interest is the change in current vs poshion. 

Figure 5.5 Ulustrates the variation of transformer current due to variation of Lm for 

effective load resistances between 40-80 ohms. 

104 



4.5 

3.5 
Q. 
E 
< 

2.5 

3.2 3.4 3.6 3.8 4 
Henry 

4.2 4.4 

XlO 

4.6 
-4 

Figure 5. 5 Primary winding current vs magnetisation inductance Lm for 
various effective resistance from 40-80 (highest to lowest) ohms 
with increments of 10 ohms, resonant mode. 

Comparing this figure with Figure 5.1 it can be noticed that the current levels are 

higher that is due to the use of the resonant method and neutralisation of the effect 

of LL. Figures 5.6-5.8 iUustrate the variation of the transformer current due to the 

variation of Lm for effective load resistance values, 10, 100 and 1000 ohms. In 

theses figures also the substantial increase in the transformer current is observed. 

In Figure 5.6 h is Ulustrated that the transformer current can be increased to a 

level that can damage the transformer and the mverter and a current limhing is 

required. Also the variation of the current due to the variation of Lm has increased 

to 1.3% compared with 0.3% in case of non-resonant method. 

The rate of change of the transformer current whh respect to Lm for various 

operating conditions is usually negative when the effective load resistance is high. 

This is not a problem in the estimation of the position and speed because the 
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transformer parameters and the rotor winding resistance and hence the effective 

load resistance are usuaUy known. 
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Figure 5. 6 Variation of the transformer current vs L,„ for R=10 ohms, 
resonant mode. 
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Figure 5. 7 Variation of the transformer current vs Lm for R=100 ohms, 
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In Chapter 4 the analysis of the resonant circuh was described in detaUs. In that 

discussion h was demonstrated that there are two mode of operation in resonant 

mode. If the operating frequency is close to the resonant frequency ©L, the 

resonant frequency of LL and C, maximum power transfer occurs when the 

effective resistance R is low. In the second mode of operation, if the operating 

frequency is close to ©t, the resonant frequency of C and an inductance equal to 

Lm+LL maximum power transfer occurs when the effective load resistance R is 

high. 
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Figure 5. 8 Variation of the transformer current vs Lm for R=1000 ohms, 
resonant mode. 

In Figures 5.1-5.8, the operating frequency was selected at COL that is 42kHz. 

Figure 5.9 Ulustrates the variation of the transformer current when the operating 

frequency is close to Qt that is 26kHz. By comparing Figure 5.8 and Figure 5.9 h 

is illustrated that when the effective load resistance is high (R=1000 ohms), if the 
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operating frequency is ©t, the power conversion is high. With variation of Lm, the 

transformer current varies approximately 6 fold when operatmg frequency is close 

to ©, compared to only 0.35 when the operating frequency is close to COL- Higher 

converted power confirms the discussions in Chapter 4 about the operating 

frequency of the inverter for maximum power conversion. 
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Figure 5. 9 Variation of the transformer current vs Lm for R=1000 ohms, 
resonant mode, operating frequency of 26kHz. 

5.9 SUMMARY 

In this chapter, the fundamental of sensorless speed and position detection was 

described. The calculation by MATLAB program indicates that operating at 

higher load resistance values resuh in higher variation of transformer primary 

current. The variation of the primary winding current of the transformer in all but 

one operational condition is minor and does not cause any ripple in the torque. But 

it generates enough variation that can be used to detect the position and speed of 
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the rotor. The exception is when the operating frequency is close to total resonant 

frequency oot, in this case the variation of current in transformer current can be 6 

times when Lm changes from minimum to maximum value. In this mode also the 

power delivery is maximum and a voltage higher than the supply voltage can be 

obtained that is not generally required in application related to the WRBM. 

A variable rotor winding current with wide dynamic range is not generally 

desirable because the amplifier is a dc amplifier and any change in dc offset 

results in saturation of the amplifier. This is particularly problematic if the 

commutation pulses are generated by sensorless operation. This problem can be 

solved by simultaneous torque and amplifier adjustment to change the amplifier 

dc offset whenever the torque is changed. 

The experiments regarding sensorless detection of speed were simulated by a 

triangular waveform and the commutation pulses for a 2-phase motor was 

generated with the DSP controller. The program for finding the maximum and 

minimums and commutation pulse generation has been illustrated in Appendix C. 
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CHAPTER 6 

MOTOR DESIGN METHODS 

6.1 INTRODUCTION 

In this chapter, the fundamentals of Permanent Magnet Brushless Motor (PMBM) 

design are discussed. Two methods are common. Classical Method (CM) and 

Finhe Element Analysis (FEA) method [63]. In CM, the electromagnetic 

equations related to the motor are calculated from the mechanical dimension of 

the motor by approximation. In FEA method, a graphical tool is used to draw 

exact motor dimension. The motor drawmg is divided in sections called mesh and 

electromagnetic equations are appUed to each mesh, then the overaU performance 

of the motor is calculated by processing vector mathematics on the meshes. 

In this chapter, each method is described m regard to the design of PMBM and 

then a particular motor lamination is selected that wUl be used throughout this 

work to compare the performance of a PMBM and a Wound Rotor Brushless 

Motor (WRBM). 

6.2 COMMON DESIGN OBJECTIVE 

There are design methodologies common in CM and FEA. In one design, the 

torque-speed requhement of the motor and an approxhnate enclosure is given, 

then the mechanical and windhig specification are required to realise the motor 

design. In another approach, the lamination dimension is known and general 

rough design Ulustrates if the motor can be designed to comply whh the required 

toque-speed specification. Then the number of poles, the rotor shape and the rotor 

windmg are calculated. This method is generaUy the preferred method, because 

existing induction motor laminations that are produced in large quanthies can be 

110 



used in order to reduce the cost of the design. This method is used throughout this 

chapter and next chapters so that: 

• An existing lamination is used for low cost commercialisation. 

• A design-based comparison can be made between different designs 

• The cost of prototyping is minimised. 

Following the above requirements, a single-phase induction motor (Figure 6.1) 

was selected with the following dimensions: 

Stator inside diameter, ID = 82 mm 

Stator outside diameter, OD =140 mm 

Number of slots, SN = 36 

Depth of Slots DS = 17 mm 

Width of slots WS = 8 mm 

Teeth space TS = 2 mm 

Teeth width = 5 mm 

Length of lamination stack, Lstî  =30 mm 

Lamination type = Commercial grade 

In the prototype, the cage rotor of the motor was removed and a set of metal bars 

were welded. The shaft was machined to make the necessary route for the 

connection of the power conversion transformer to the rotor mounted electronics 

and winding. The objective of the prototyping was to evaluate the power induction 

from the stationary side to the rotary side and to investigate the performance in an 

environment with high permeability. The details of the motor and particularly the 

high frequency transformer constmction will be described in Chapter 8. 
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Figure 6.1 Stator dimensions (in centimeter) for design of PMBM. 

This stator wUl be used in aU design steps discussed hereafter in order to meet the 

objectives that was discussed earher in this section. 

6.3 CLASSICAL DESIGN METHOD 

Software programs have been developed for design of the PMBM motors that do 

not necessarUy use FEA although they include FEA [63] [85]. In these programs 

the main engine of the program is a calculator with graphical user interface. 

SPEED^ is a program that is used to perform the motor design similar to an 

interactive calculator. It is supported by a database of different shapes that makes 

the design and development faster. But the annual subscription to access the 

database is relatively expensive. 

SPEED is the registered name of a software developed by Galskow University for motor design. 

112 



In this section, a step by step design procedure is explained that has been 

researched and developed by referring to publications in this field [63] [87]. 

During the design, the foUowing subjects are discussed: 

• The requhements of the motor drive system for domestic applications are 

restated and a specUication is written as target specUication. 

• Properties of permanent magnets and different magnetic materials are 

discussed. 

• The dimensions of the stator in Figure 6.1 are used to estimate the suhabihty 

of this motor to comply with the specification (h is also called sizing). 

• Step by step procedure is mtroduced to design the winding, rotor and pole 

numbers with a given permanent magnet type. 

The detaUed design of the motor is given in Chapter 7 based on a permanent 

magnet selection and ahgap flux. Then the rotor with the permanent magnet is 

replaced whh a rotor with wound rotor of a WRBM. After the motor is designed 

whh CM, the same design will be evaluated by FEA. 

6.3.1 Motor Specification 

In this section, the target specUication is discussed. The objective of this work was 

to find an alternative for the existing motor drive system that is high performance 

and low cost for domestic and mdustrial applications. 

In Chapter 2 the requhements of the ideal motor for use in domestic environment 

in particular and m industry in general was summarised. Ahhough there are many 

apphcations with higher power than 500-lOOOW in household goods, this range 

was select for ease of prototyping and in order to compare different motor designs 

(i.e. PMBM and WRBM). 
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The requhement of the motor is tabulated in Table 6.1. This table basically 

represents the same findings that were presented in Chapter 2 without the details 

m order to proceed with approximate design first. 

Table 6. 1 Preliminary specification of the variable speed drive system for 
domestic applications. 

1 

2 

3 

4 

5 

6 

Power 

Drive type 

Torque 

Speed 

Efficiency 

Cost 

Description 

Power ratmg 500-lOOOW 

Direct drive preferably, use different puUey ratio to 

increase torque 

12 N.M. direct drive, 1 N.M. whh pulley'' 

50-1200 rpm direct drive, 800-12000 rpm with puUey^ 

Above 80% 

Comparable or less than PMBM 

If the direct drive system cannot be achieved with the mechanical dimension 

outlined in Figure 6.1 a puUey can be added to increase the low speed torque. This 

matter wUl be discussed in detaUs durmg the design, but at this stage having a 

direct drive is not assumed to be essential. Especially, when by adding pole 

numbers the ratio of the low speed torque and high speed can be changed at the 

expense of higher manufacturing cost. 

Refer to Table 2.1 
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6.3.2 Permanent Magnet Materials 

In the design of PMBMs, different types of permanent magnets can be selected 

dependmg on the minimum torque requirement, the diameter of the motor, the 

operating temperature, the locked rotor condhion and more important the cost of 

the motor. 

FoUowing are the parameters of a permanent magnet that need to be considered in 

design of a PMBM: 

6.1.1.1 Remanence Br 

The value of flux density with no applied external field (H=0) is caUed 

remanence. Under identical parameters that wUl be discussed in the foUowing 

sections, the higher is the Br the better is the permanent magnet. Typical values for 

Br are 1-1.3 Tesla for sintered Nd-Fe-B (Neodymium-Iron-Boron) at high levels to 

0.35-0.43 Tesla at low levels for ferrite. Other materials like Alnico at 0.6-1.35 

Tesla and sintered Sm-Co (Samarium-Cobalt) at 0.7-1.05 Tesla. Considering other 

parameters like temperature variation, coercive force, and maximum operation 

temperature, it seems that Nd-Fe-B is the most suitable magnet for motor 

apphcations despite that Nd-Fg-B is inferior to other types in some aspects. 

Another disadvantage of the Nd-Fe-B is its cost in comparison with Ferrite 

permanent magnets is high. 

6.1.1.2 Temperature 

Temperature affects permanent magnets by changing its magnetic remanence 

and/or intrinsic coercivity. Ferrites tend to irreversibly demagnetise at their lowest 

temperature hmit and the Nd-Fe-B at their highest temperature limhs. Samarium-
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Cobah (Sm-Co) can operate at temperatures up to 250°C. Alnico magnets operate 

even at higher temperatures. Curie Temperature is the temperature at which the 

magnetisation is reduced to zero. In case of Na-Fe-Co and Sm-Co, the Curie 

temperature is lower than the temperature that these magnets change their 

characteristics. Hence, beyond the Curie temperature these magnetic materials 

loose theh magnetisations permanently. 

6.1.1.3 Magnet Energy Product 

The value of BrHk that is referred to (BH)max is sometimes used to evaluate 

permanent magnets. The BrHk product is the value of remanence Br muhiplied by 

the knee value of the magnetising force and is a measure of flux generating with 

strength to withstand an external Magneto Motive Force (MMF). 

In the design of PMBM, BH value must be considered in calculation of the 

maximum field that can be generate in any condition (usuaUy fauh condition) in 

order not to demagnetise the magnets. 

6.1.1.4 Selection Of Magnets 

Depending on the torque-speed requirement, assuming parameters like Curie 

temperature and demagnetisation are acceptable, magnets with different 

remanence can be selected to suit the design. For instance, if a direct drive system 

is designed and the outside diameter of the motor cannot be increased then a 

magnet with high remanence (Nd-Fe-B) is requhed. However, if the motor is 

requhed to operate at higher speeds and the torque at low speed is increased with 

the aid of pulley or gearbox, then a Ferrite type magnet can be used. In cases that 

large axial motors can be used, also Ferrite magnets can be used due to their low 

cost. As illustrated in Table 6.1, two choices of design exist to achieve the target 

specification, dhect drive and puUey. For this reason, the choice of magnet 
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selection wiU be explored better when the detailed design of the motor is 

described in the foUowing sections. 

6.4 SIZING 

Sizing is referred to the estimation of the motor dimension approximately for a 

given torque-speed requhement. Sizing is usuaUy the first step in designing a 

motor or motor drive system. Due to saturation of hon at high magnetic field 

within a volume of hon, the maximum amount of torque generated in a motor 

depends on the diameter of the motor and the length of the lamination stacks. Also 

due to the temperature rating of insulation and Curie temperature of the permanent 

magnets, the amount of heat generated in a motor also depends on the volume of 

the motor and the rate of heat dissipation. Hence, two common terms have been 

defmed in regard to motor design to quantify the amount of flux and heat 

generated in a motor, that is basically core/copper losses. The term used for 

estimation of the maximum flux is called magnetic loading and the term used for 

the maximum heat is called electric loading. A universal equation is used to define 

the torque generated m a motor based on its relation with electric and magnetic 

loadmg. This methodology has been used both in textbook references [63] [85] and 

also joumal publications [19] for design of PMBM. This method has been adapted 

and developed here to design the PMBM motor and WRBM whh the same 

dimensions. 

It is generally accepted that for micro-power to 20MW motors the foUowing 

formula applies when calculating the maximum torque that can be delivered by a 

motor [19] [63]: 
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7Z 2 
^ r stk L L Equation 6. 1 

where 

T - Output mechanical torque 

Dr = Rotor diameter 

Lstk = Rotor stack length 

EL = Electric loading 

ML. = magnetic loading 

6.4.1 Electric Loading 

Electric loading is a measure of how much current a given motor can carry in its 

copper without exceeding the temperature rating of the motor and insulation. 

Electric loading is expressed in terms of Amp/Meter and is: 

Total - amp - conductors '^fnNpj ^ ,. ^ ^ 
El = = — Equation 6. 2 

Airgap - circumference TUD^ 

where: 

m = Number of phases 

Nph = Number of conductors in a phase winding 

/ = Phase current 

A typical EL value for a small motor is about 10-20 kA/m. 
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6.4.2 Magnetic Loading 

Magnetic loading ML is a measure of how strong the ahgap flux can be before 

saturation occurs in hon and is [19]: 

M,= A-^^'^Se-flux ^ B Equation 6.3 
Rotor - circumference , L 

t-iry, 

Where 

Br = Permanent magnet remanence 

jUr - RecoU permeability 

Lm = Magnet thickness 

Lg = Airgap thickness 

Typical values for jUr is 1-2 and the ratio of Lm/Lg is about 4-8 that results in a 

typical magnetic loading 0.7-0.8 of the remanence flux denshy. The higher the 

ratio of Lm/Lg , the higher is the ahgap flux but the more expensive is the cost of 

magnets. 

A typical ML value for smaU motor is about 0.5-1 Tesla. In slotted motors, the 

flux denshy m the teeth is twice as the ahgap. Hence, to prevent the saturation of 

the iron, the ahgap flux density is limited to 0.9T. 

As an example, assuming EL= 15000 A/m and ML=0.7T, the torque generated by 

the motor with dimension Ulustrated in Figure 6.1 is: 
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71 . 
T = -x0.082'x0.03xl5000x0.7 = 3.3Â .M 

2 

It Ulustrates that whh the motor dimensions selected, the motor cannot achieve 12 

N.M. torque without the aid of pulley or gearbox. 

Sizing can be achieved by simUar method with different definhions: 

TRV = Torque per unit rotor volume. 

a = Ahgap shear stress that is the tangential force/unit of rotor surface area. 

In general. Equation 6.1 can be re-written as: 

T = KD^ L̂ ^̂  Equation 6. 4 

where K is the output co-efficient [63]. 

By definition. 

Torque 
TRV = 

Rotor -Volume 

Hence as T in Equation 6.4 is proportional to the rotor volume, then: 

TRV = 2a and K = -c7 and K^-TRV 
2 4 

Different types of motors, depending on theh cooling have different TRV, K or a. 
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Table 6.2 illustrates some typical values for different types of motors with 

different 77?V values. 

Table 6. 2 TRV values for different motors [63]. 

MOTOR TYPE 

Small, totally enclosed (Ferrite) 

Totally enclosed (Nd-F^-B) 

Integral-hp Industrial motors 

High-performance servomotors 

Aerospace machines 

Large liquid-cooled machines 

TRV, KN.m./m^ 

7-14 

14-42 

7-30 

15-50 

30-75 

100-250 

With the values in Table 6.2, using ferrite and mid-point (10.5 kN.m./m ) TRV for 

small motors result in a motor with a torque equal to: 

T = 0.785 X TRVx 0.082^ x 0.03 = 1.7 N.m. 

Using Nd-Fe-B and the mid-point (28 kN.m./m^) TRV results in a torque equal to: 

T = 4.4 N.m. 

That is relatively similar to 3.3 N.m. calculated earlier. These figures are 

approximate and illustrate the best torque that can be achieved with a given rotor 

dimension. It is important to note that increasing the rotor diameter can increase 

the torque substantially due to square power of the diameter in the torque 

equation. In Chapter 2 it was illustrated that the toque generated by axial motors is 

proportional to the 3.5 power of the diameter. Hence, for many direct drive 

applications, an axial type motor is used. 
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It is clear that the motor selected cannot be used in a dhect drive system to supply 

12 N.m. torque. However, with a puUey, enough torque for a top-loading washing 

machine or other household appHances can be produced. Using pulley to increase 

torque is a cheap ahernative for dhect drive PMBM because ferrite permanent 

magnets can be used that are cheaper than Nd-Fe-B magnets. 

6.4.3 Current Density 

Another measure of how a motor is capable of current conduction without 

overheating is the current denshy. Current denshy J is defined as: 

/ = El 

„.„ . ^ Slot_width _, , 
Fill _ factor x -^^^ ;—;- x Slot _dept Slot _ pitch 

The current density simply iUustrates the amount of current that can be packed in 

the slots. FUl-factor is constant that is related to how packed the winding are in 

slots. Different motors have different current densities. Table 6.2 Ulustrates typical 

current densities: 

Table 6. 3 Typical current densities. 

TYPE 

Totally enclosed 

Air-over Fan-cooled 

Liquid Cooled 

A/mm2 

1.5-5 

5-10 

10-30 
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As an example, the current denshy for the motor in Figure 6.1 assuming electrical 

loadmg of lOA/mm, fill-factor of 0.4, 17mm slot depth and 2mm/5mm slot-

width/slot-pitch (Figure 6.1), the current density is: 

J = 3.1Almm^ 
O.AxO.Axll 

The details of the case study motor design including the detailed calculation and 

description of different fiU factors wiU be discussed in Chapter 7. 

6.5 FINITE ELEMENT ANAL YSIS (FEA) 

Finite Element Analysis is a method used in calculation and design of problems 

that cannot be solved by classical methods due to the complexity of the geometry 

and parameters involved in the design. FEA is used in many engineering fields 

like, electromagnetic, electrostatic, fluid mechanic, thermodynamics and structural 

engineering. 

In the field of motor design, FEA is weU established method and can generate 

accurate calculation of the motor parameters like torque, flux, current and 

mductance. FEA method involves division of the motor cross-section into smaller 

sections called finite elements. Each element is solved depending on the type of 

problem with solution of differential equations and from Maxwell, Laplace, 

Poissen and Helmholtz equations in terms of a vector potential. The complete 

solution of the problem invplves vector solution of individual elements in final 

part of the solution (post-processing phase). 

Every FEA consists of three sections, preprocessing, solution and post-processing 

that wUl be described in the following sections. 
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6.5.1 Preprocessing 

Preprocessing is the phase that the problem is presented in a model or geometry 

with characteristic of each section of the model defined. In general, preprocessing 

consists of 

• Problem definition 

• Geometry definhion 

• Property defmition 

• Mesh generation 

In problem definition, the type of analysis is usually specified. For instance, the 

solution of static magnetic field m an iron core, or solution of a system involving 

electrostatic. 

In geometry definition, a graphical editor is used to draw and define the exact 

dimension of the design. FEA can be 2D or 3D and hence the graphical editor is 

2D or 3D. The geometry of the design is divided into enclosed sections that have 

different property. For mstance, the iron in a motor lamination and the ahgap are 

enclosed geometries that have different properties. The geometry definhion 

mcludes definition of vertex, edge, area or volume (in 3D) that could have 

different properties at boundaries of each section. 

Property defmhion involves assignment of electrical or magnetic property to each 

section defined in the geometry defmition phase. Vertex, edge, surface and 

volumes (3D) are assigned a property that includes parameters like, permeabiUty, 

resistivity, vector potential, and current density. 
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In the mesh generation phase, the geometry of design is divided in elements that 

have the property of the material that are enclosed in a boundary. These elements 

are solved for different parameters like magnetic fiux and the complete solution is 

obtained by vector solution of individual elements in the solution phase. 

Figure 6.2 Ulustrates a screen capture of the QuickField FEA software material 

property generation m an example of field analysis of a permanent magnet. In this 

figure, in the left hand side of the window, the attributes to each geometry section 

(surface) that has been Ulustrated m right hand side is highUghted. 

J Magnl pbm ronlnea magnetcu 

^ Geometry Hagril mod 
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Figure 6. 2 Assignment of material property in model generation 
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In the left hand window of Figure 6.2 different geometric properties are 

Ulustrated. These properties include Body label (2D surface). Edge label (line) and 

Vertex label (point) that could have different material properties like magnet, air 

or steel. 

Figure 6.3 Ulustrates the mesh presentation of the example in Figure 6.2. In this 

figure, the outside mesh property is ah (ie. relative permeability of 1) and the 

surfaces included in this figure are permanent magnet and steel. The stimulating 

force is the magnetic flux of the permanent magnets. 

Steel Permanent magnet 
WOWl^^WMIAUV^AAAAAAAJUtAA 

Figure 6. 3 Mesh generation for Figure 6.2 example. 
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6.5.2 Solution 

In this phase the solution of the design is obtained from the solution of the partial 

differential equations generated in the mesh generated phase. The algorithm is 

based on minimisation of the energy function that is the stored potential energy in 

the field [63]. This solution is usually transparent to the designer and involves 

complex mathematical algorithms like Newton-Raphson to solve a set of 

nonlmear algebraic equations about the parameter of interest. The solution is 

usuaUy in terms of array of data that can be plotted and analysed in the post­

processing phase. 

6.5.3 Post-Processing 

In the post-processing phase, the data coUected in the solution phase is displayed 

in a graphical presentation that enables the design engineer to visually observe the 

area of the design that have potential problems. The type of graphical data that can 

be observed are hke, flux plots, flux densities, vector plots of flux, contour plots 

of the flux, calculation of torque, force and inductance. 

FEA is usually a timely process and in many cases the increased accuracy of the 

resuh compared to classical methods may not justify the cost and time. In 

particular, a FEA is usuaUy performed on a particular design and geometry while 

the classical methods or interactive programs that operate based on classical 

methods can be used whh any geometry. However, the FEA are becommg more 

versatUe and user friendly and the gap m development time is being reduced. 

Figure 6.4 Ulustrates a contour plot of the flux in the permanent magnet problem 

in Figure 6.2 and Figure 6.5 Ulustrates the magnetic field intensity plot of the 

same example. 
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Figure 6. 4 Post-processing contour plot of Figure 6.2 example. 

Further to these plots, the post-processing is usually equipped whh software tool 

to measure the field intensity at any point or calculate the inductance of a winding 

and other parameters that are of interest in a design. 

Graphical representation makes it easier to identify the problem area quickly and 

to change the design parameters if necessary before a complete analysis is 

performed. 
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Figure 6. 5 Magnetic field intensity plot of Figure 6.2 example. 

6.5.4 FEA Software 

ANSYS is a FEA software that is capable of analysis in different field of 

engmeermg. Although hs graphical edhor can perform 3D model generation, due 

to hs generalised design, the learning time for the features was more than other 

FEA programs. 
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QuickField is another FEA program that was evaluated on a personal computer 

and was found to be more specific and easier to work whh. 

In QuickField, the graphical editor is basic but the program accepts the import of 

complex graphics in dxf (AUTOCAD) format. This feature made h easy in 

generating the geometry of the design with versatile programs in minimum time. 

6.6 SUMMARY 

In this chapter the basic methods used in motor design were described. The 

methods described are the Classical Method (CM) and Finhe Element Analysis 

(FEA) method. In classical methods, the sizing of the motor was described that 

enables the designer to estimate the suitability of a lamination and motor body to 

provide the requhed torque output. 

The basics of the FEA was described in this chapter and despite adequate 

accuracy of the classical method in one design, FEA can be used to further verify 

or enhance a design. FEA is usuaUy used for detaUed design of a motor and hence, 

the analysis for the motor that has been selected in the prototype wUl be 

performed in the foUowing chapters where the detaUed design is described. 

In the sizing that was performed on the motor of Figure 6.1 which has been 

selected for the prototypmg, h was found that the motor cannot supply the 

requhed torque set out m the specification of the target motor. The target torque m 

the'specification was 12 N.m. and the torque that could be achieved by the motor 

of the Figure 6.1 was about 3-4 N.m.. This does not contradict with the objective 

of this study and as h had been proposed, the prototype for evaluation purposes of 

a system could deliver better performance over conventional motors as described 

in the target specification. In this chapter h was iUustrated that by doubhng the 

diameter of the motor, output torque can be increased 4 times. Hence, the design 
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objective can be made with selection of different lamination. But designing the 

motor based on the lamination of Figure 6.1 wUl continue for a number of 

reasons: 

1. By adding a pulley that is relatively cheaper alternative to increasing the motor 

diameter, the required 12 N.m. Torque can be obtained. 

2. Although the losses were not included in the sizing, the sizing has been 

selected based on the lowest performance category of the motors. By selecting 

different rotor lamination and sUghtly higher flux density and more efficient 

coohng, a higher output torque might be achieved. This wiU be revealed in the 

detaUed design. 

3. The objective of the design in this chapter is a generalised investigation of 

different suhable altematives to the present systems like SRM and PMBM and 

the issues related to commercialisation shall be commenced after the 

completion of this work. 

The detaUed design with the lamination of the stator in Figure 6.1 wUl be 

discussed in the following chapters. 
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CHAPTER 7 

MOTOR DESIGN WITH LOW AIRGAP FLUX DENSITY 

7.1 INTRODUCTION 

In chapter 6 the basic motor design method and sizing was described. In this 

chapter and Chapter 8 two cases are discussed in regard to the specific 

requirements of the motor for domestic and industrial applications. In this chapter 

first a PMBM motor is designed that operates whh lower ahgap flux denshy and 

can be used whh a puUey to provide the requhed 12 N.m. torque. Then a WRBM 

is designed that provides the same torque and the performances are compared for 

important parameters hke peak torque, speed range and efficiency. A design 

similar to the design with the low airgap flux is described whh exactly the same 

stator lammation but with higher airgap flux denshy that can operate at higher 

torque and lower puUey ratio as a comparison. The objective of this design 

methodology is to investigate the suhabUhy of the WRBM in regard to the ahgap 

flux density. 

The motor design m this chapter and Chapter 8 based on Classical Method is 

reinvestigated by a simplified FEA, both for low and high ahgap flux denshies. 

The designs described m this chapter and Chapter 8 are not by any means a design 

that can lead to a production umt but they are rather designs for investigation to 

discover the advantages and disadvantages of the WRBM. The detaUed design 

that is usuaUy used in a motor design requhes further analysis in line whh 

experiments that are beyond the scope and resources of this work. 
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7.2 PERMANENT MAGNET (PM) MOTOR DESIGN 

7.2.1 Sizing 

In Chapter 6, it was found that the maximum torque that could be achieved whh a 

motor simUar to that of Figure 6.1 was 3.3 N.m. and that a pulley was requhed to 

increase the torque to 12 N.m. that had been specified in our target specification. 

That design was based on the maximum magnetic flux that we could assume in 

the ahgap m order not to saturate the teeth of the stator lamination. 

Assuming that the puUey ratio is 1:10, we can design a motor with lower airgap 

flux density that uses ferrite for its rotor. In Table 6.2 it was Ulustrated that with 

the motor of Figure 6.1, using Ferrite for the magnets, a PMBM can be designed 

to supply 1.7 N.m. torque. With 1.7 N.m. and a puUey ratio of 1:10 there is 

enough margin to obtain 12 N.m. torque. Later on it is necessary to change this 

ratio because if the ratio is high, the motor speed is increased and the core and 

inverter switching losses increase. This iteration procedure is normal during any 

design and is discussed here to clarify the steps that are taken and trades off exist 

in selecting the suitable motor parameters. 

Whh 1:10 ratio, and 1200 rpm for spm, the motor highest speed must be 12000 

rpm. Later on, it is Ulustrated that this frequency is high and swhchmg and core 

losses can increase. However because the ahgap flux is low and the motor 

operates in constant power region, we proceed with 1:10 ratio and 12000 rpm 

speed. 
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7.2.2 Phase Numbers 

Phase numbers are usually a compromise between the cost of the drive and the 

utUisation of the rotor windhig for a given supply voltage. Motors with phase 

numbers higher than 3 have advantages in torque ripple, conductor utUisation and 

efficiency but they cost more because of the complexity of the drive. Common 

motor drive systems are usually 3-phase and 2-phase. Our prototype is a 2-phase 

motor to test power induction concept and simplicity but the design of motor is 

based on a 3-phase system. 

Using a single-phase system, with rms value of 240V, the nominal voltage of the 

dc link is approximately Vs=340 volts with sufficient filtering. Depending on 

WYE of DELTA connection, there are different Une and phase vohage and 

current values for the 3-phase motor. For sinewave motors depending on type of 

PWM modulation a voltage between 0.612-0.78 of Vs can be achieved [63]. For 

square-wave motors the maximum available voltage is about 0.75% Vs. 

7.2.3 Pole Numbers 

Number of poles is usually selected inversely proportional to the rotor speed 

because as the rotational speed mcreases the driving frequency is increased and 

the stator losses and the swhching losses m the mverter transistors are increased. 

Durmg a design procedure when a standard lamination is not selected for the 

design, whh mcreasing the number of poles the yoke diameter can be reduced for 

a given magnetic and electric loadmg. 
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Increasing the pole number has the foUowing advantages: 

• Lower torque ripple 

• Lower end winding inductance of stator 

• Lower magnetic imbalance that resuhs in lower bearing current 

• Higher low speed torque 

The disadvantages of higher pole number are: 

• Higher switching losses in inverter 

• Higher core losses 
• Higher winding cost 

For these reasons, generally 4-pole and 8-pole motors are the most common 

motors due to the trade off between the advantages and disadvantages described. 

For a given stator lamination, there could be Umitation in number of pole 

selections due to the pitch size of the windings. If the pole numbers are reduced, 

the end tum inductance is increased for a lamination with high number of slots or 

windhig pitch size. Stator inductance is generaUy not desirable because it reduces 

the power factor of the motor although there are exceptions in industry. 

For this design an 8-pole motor was selected because the slot numbers is relatively 

high (36) and the flux is relatively low due to the use of ferrhe permanent magnet. 
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7.2.4 Winding Configuration 

When the number slots/pole is an integer, the winding is called integral-slot 

winding and it is usuaUy avoided in practice because of cogging torque, ahhough 

there are exceptions m industry. The winding pitch can be the closest integer of 

slots/pole. Based on the lamination of Figure 6.1, number of phases, poles and 

slots the windhig pitch wUl be 6 and the coU span is 5. It means that the start of 

wmdhig 1 of phase 1 wUl be at slot 1 and the end windmg will be at slot 6 if we 

number the slots from 1 to 36. 

Stator can be wound differently depending on the ease of windhig with winding 

machinery. Lap winding and concenteric windings are examples and a detailed 

description of their advantages and disadvantages are described in reference [63] 

and wiU not be covered in this work. For this motor a Lap winding is selected. 

In Lap winding start and end of the coUs of one pole are in adjacent slots. For 

example if the start of coU one is in slot 1 the start of coU 2 of the same phase is in 

slot 2. The end of coU 1 is in slot 5 and end of coU 2 is in slot 6. 

Table 7.1 Ulustrates the summary of the motor parameters. The commutation 

frequency is obtained from the foUowing equation for a six-step drive operation 

[63]: 

_ rpm poles 
Jc ~ " ^ " T T T ^ 7. Equation 7. 1 

oU 1 
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Table 7. 1 Stator winding parameters. 

Number of slots 

Number of phases 

Number of poles 

Number of stator coils 

Winding pitch 

Commutation frequency at 12000 rpm 

Airgap 

36 

3 

8 

36 

6 

4800 

0.8mm 

The pole numbers for the operating frequency seems high but due to the use of 

ferrite for permanent magnet and constant power operation (low torque at high 

speed) the core loss can be acceptable. The ahgap length is an experimental value 

and is usually 0.8 mm for motors with ferrite permanent magnets [63]. 

7.2.5 Magnet Material And Rotor Dimension 

A ferrite is assumed for this motor that has Br = 0.4T with a He = 3200 Oersted 

(Oe). The data for this magnet has been extracted from reference [63]. A thickness 

of 10 tunes the size of the ahgap is selected for the magnets. With the stator ID 

and OD dimensions that described in Chapter 6. The dimension of the rotor can be 

calculated from the dimension of airgap and magnet thickness and is summarised 

in Table 7.2: 

Table 7. 2 Rotor dimensions. 

Rotor outward diameter 

Magnet thickness 

Rotor yoke diameter 

Dr 

Lmag 

Dy 

82-2 x 0.8=80.4mm 

10x0.8 = 8 mm 

80.4-2x8 = 64.4mm 
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For a 6 step square-wave drive that is cost effective whh DELTA connection a 

pole arc of 2/3 of one pole-pitch (360/8=45°) or 30° wUl be sufficient. For a full-

pitch or 45° magnet arc, WYE connection has to be used. FuU-pitch magnet m 

DELTA connection resuhs in excessive thhd harmonic current in the stator 

winding. 

7.2.6 Calculation Of Flux 

The magnet pole area is calculated from: 

\ = - J ^ = 758.30mm Equation 7. 2 

This value (758.39mm'̂ ) in Equation 7.2 is for fuU-pitch magnet arc. For 30° 

magnet arc this value is 505.5 mm .̂ 

With estimation of the airgap flux Bm from Br in Equation 6.3, the flux per pole is 

equal to: 

^ = B^Ap = 0.364x758.5e - 6 = 2.16e - 4Ŵ  

For short arc magnet the flux is 2.76 e-4 x 2/3 =1.84e-4 Webber. 

7.2.7 Number Of Tums Per Coil 

To calculate the number of tums, first the EMF constant KE must be calculate 

from the speed of the motor. A nommal speed of 80% of no-load speed has been 

suggested for ferrite and 90% for rare earth magnet [63]. 
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Assuming a no-load speed of 80%of 12000 rpm, the angular velochy is: 

2K rpm 
60 """oJ"'"'"""""" Equation 7.3 

(^ni =^TX—— = i^^ 10rad /sec 

Whh a dc Imk of 350 vohs from a 240V system and assuming no losses, the EMF 

constant is: 

_ ^ _ 350 _ 
^ £ ~ ~ . ^^Q - 0.216 v.S/rad Equation 7. 4 

Because KE=KT hence the torque constant Kj is also 0.216 N.m. (or v.s/rad) It can 

be proved that [63] for a WYE 3 phase machine: 

_2Z(/>p 
^E ~ ^ ^ Equation 7.5 

3 aTT ^ 

In this equation Z is the total conductors of the motor (3-phase), a is number of 

parallel paths into which the phase winding is divided. C is a constant that 

depends on pole arc and windings. For DELTA connection 2/3 is replaced by 1/3. 

Whh a=l and C=0.9 and pole-pair of 4, Z is calculated and is: 

3a7rKE_ 3x1x3.14x0.216 _.r.r,. 
2 # C " 2x2.76^ - 4x4x0.9 ' ^^"^^^" ' • ' 

For a magnetic pole arc of 30°, Z=3/2xZ=1536. 
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Because there are 36/3 =12 coils per phase and each coU has two side conductors, 

the coU tum is 1025/(2xl2)=43 turns for full-pitch size and 1536/(2x12)=64 turns 

for 30° magnet arc. 

The next step is to calculate the wire gage that has been described m the next 

section. 

7.2.8 Wire Size 

Although there are equations for calculating slot area [63], for the Figure 6.1, the 

slot area can be approximated by one 2x17 mm rectangle and two 3x17 mm 

triangle that resuhs in total area of 85.0 mm .̂ 

The whe diameter that can be fUled in the stator slot is: 

^ ~ "' w Equation 7. 7 

where af is the slot fill factor that varies for different types of winding and is 

assumed 0.4 in this case and N is the number of conductors in one slot. Because 

there are total of 36 coUs, there wUl be double winding in each slot as the number 

of slots is 36. Hence, the diameter of wire D,v=0.56mm (actual size 0.629mm) for 

full-pitch arc and 0.5mm (actual size 0.515mm) for 30° magnet arc that are the 

next lower standard wire gage to the Dw value. 
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7.2.9 Coil Total Length 

Total length of coU is used to calculate the copper losses. The average length of 

one tum of the coU wire is twice the stack length plus twice the winding phch plus 

the aUowance for the end turns curvature. The distance is calculated from the 

center of the slot opening. Hence, the average length of one turn is: 

L^^ = 2(4^^ + winding _ pitch -f C^ ) Equation 7. 8 

The winding pitch is 5 that based on stator ID of 82mm and slot depth of 17 mm 

and 8 poles can be calculated: 

Slot_depth 
^ T 82-1-8 5 

winding_pitclp^ n slot_ pitch= n '— x6 - A1.3mm Equation 7. 9 
slots 36 

With curvature factor of the end tums Cf=30% of stack length, from Equation 7.8, 

the length of one tum is Lym=2(30+47.3+0.3x30)=172.60mm. The total length of 

the coU whe is A3xl72.6 =7.4 meter and the total length of the coils in one phase 

is 12x7.^=59.2 meters. For 30° magnet arc motor the total length is 

1.5x89.2=133.9 meters. With 0.56mm wire diameter that has 6.9 ohms/100 

meters, the coU resistance is 6.9 x89.2/100=6.15 ohm for fuU arc magnet. With 8.8 

ohms/100 meters for 0.5mm diameter whe for 30° arc magnet motor the coU 

resistance is 8.8 xl33.9/100=11.67 ohms. 
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7.2.10 Torque Calculation 

Assuming the speed of 12000rpm the back EMF is: 

E = Speed(rpm)x-—KE = 12000.x—;c0.216 = 271.3 V Equation 7. 10 

Whh the supply impedance of Rs=l ohm, the total impedance of two phases each 

whh Rp = 6.15 ohms , a dc hnk voltage of Vs=340 volts and Vinv=2 voh drop 

across the mverter the nominal stator current is calculated: 

V -E-V 340-2713-2 
L = -• = = 5.0A Equation 7. 11 

Rs+2xRp 1-H 2x6.15 

This value will be tested for current density and compared with the values that are 

tabulated in practice for different types of motors. 

The torque generated can be obtained from: 

T=I,KE =5xO.2l6=l.0m.m Equation 7. 12 

For the motor with 30° magnet arc the stator current is: 

J _V,-E-V,„, JAQ-21l3-2^^^^^ 
s R,+2xRp l+2.x;11.67 

The torque for this motor is T=2.74x0.216=0.59N.m.. The torque value that has 

been obtained for the motor whh fuU magnet arc is lower than what was predicted 
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m sizing in Section 7.2.1 (maximum achievable torque of 1.7 N.m.) because a 

TRV of mid point of 7-14 K.N.m./m^ had been selected. If the TRV of 7 

K.N.m./m is selected (for smaU motor) the maximum torque from sizing wUl be 

1.11 N.m. that is very close to the value predicted in Equation 7.12. 

The target torque specification of 1.2 N.m. is almost met only whh the full-magnet 

arc motor (l.lN.m.). If both could supply the required torque, and if the current 

densities for these designs were acceptable in terms of temperature increase, a 30° 

arc magnet is a cheaper design. 

7.2.11 Current Density Calculation 

In Chapter 6, typical current densities for different motors have been given in 

Table 6.3. Because the motor operates at relatively high speed, with integral fan in 

the motor enclosure a fair degree of cooling is provided and hence if the second 

row of Table 6.3 is considered for the motor, a current density between 5-10 (i.e. 

7.5) A/mm^ is assumed. For full-pitch motor, the current density is the stator 

current divided by the area of the whe and wUl be: 

J, = - ^ = —— = 2Wmn^ Equation 7.13 

With the wire diameter of 0.5mm and 2.7A stator current, the current density for 

the motor with 30° magnet arc is 13.8A/mm2. Both exceed acceptable value of 

7.5A/mm2 and the motor operates at lower torque that is 1.2 N.m.. The stator 

current at this torque is 1.2/1.1 x5 = 5.45A for full-pitch and 1.2/0.59x2.7 =5.4A 

for 30° magnet arc. Hence, both motors operate at the same current for 1.2 N.m. 

(as expected because of similar torque constant) but the fuU-pitch motor has lower 

stator wmdmg resistance and hence is more efficient. At this current the current 
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denshy for full-pitch is 22.9A/mm^ and for the 30° magnet arc the current denshy 

at 5.4A is 27.6A/mm .̂ This iUustrates that the motor with 30° magnet arc is not 

only less efficient but also has higher copper losses and its current denshy is 

higher than the acceptable level. 

7.2.12 Losses Calculation 

7.2.12.1 Stator Copper Losses 

At low speed, stator losses can be approximated by ignoring the core losses and 

calculating only the copper losses due to current m two phase windings and h is: 

F,„ = lIJRp = 2x6.15x5.0' = 301.5W Equation 7. 14 

For the motor whh 30° magnet arc, the copper loss is Pcu=170.5W for 0.59N.m. 

torque. Phase current at 1.2 N.m. is 5.4A and from equation 7.14 copper losses 

can be calculated. At 1.2N.m., copper losses are 386W for full arc and 705.3W for 

the 30° magnet arc motor. These losses are clearly too high and are not acceptable 

at least for the motor with the 30° magnet arc length. The reason for the high 

losses is the fact that the magnets are ferrite and the airgap flux is low and the 

rotor diameter is small. This matter will be discussed when the motor with higher 

remanence flux is used in the design. 

7.2.12.2 Stator Core Losses 

Core losses are calculated at high speed (12000rpm) and consists of hysteresis 

losses that are proportional to 5^*^and eddy current losses that are proportional to 

BY [63]. The operating frequency/at 12000rpm is: 
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/= 12000/60 xpole_pairs = 800 Hz Equation 7.15 

Assuming a flux denshy of 0.72T in the steel that is twice the ahgap flux, the total 

core losses can be calculated from a comparison of the losses for a typical 

lammation at 1.5T and 60 Hz. The core loss for 0.025" (24Gauge) M-19 is 

4.6W/kg. Assummg magnetic field of 0.72T in the iron (twice the magnetic field 

of the ahgap), at 800 Hz the core losses is mostly due to eddy current losses and is 

[63]: 

F.= f'J'^' 
1.6 

/ / \^2J 
+ xA.6 

60 
. . . 

1.5 J I ' 1.5x60 ; 
800 r2x0.36Y' r2x0.36x800V 

Equation 7.16 

4- •xA.6 = lQl.AWlkg 

The volume of the stator is: 

< ^ .^^2 rr^l Volume = Lĵ (— x(OD -ID )-Total_slot_area) 
4 

,n: 
Equation 7.17 

= 30x(-x(140' - 820 - 36x85)) = 21143mm' 
4 

Whh steel denshy of 7750 kg/m^ and 21143mm^ volume, the weight of the hon is 

1.64kg. Hence the total core losses are 207.4x1.64x0.55 =187W. The value of 

0.55 is due to the fact that the core loss curves are expressed in dc and hence the 

dc value of flux must be used. 

7.2.13 Efficiency 

The efficiency of the motor is usuaUy maximum at fuU load and can be calculated 

from the motor output mechanical power and losses. The mechanical power is: 
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r. ^ rpm ^ ^ 12000 , ̂  
P^ =2;r^xT=2;r~—-xU = 1501.2W Equation 7. 18 

Ignoring the bearing losses, total electrical losses are the summation of core loss 

and copper loss. These losses are 386+187=573W for the motor with fuU magnet 

arc and 105.3+187=892.3W for the motor with 30° magnet arc. Hence the 

efficiency of the motor is 1507.2/(573+1507.2)=72.5% for the fuU arc magnet 

motor and 62.8% for the motor whh 30° magnet arc. The efficiency figures are 

less than typical efficiencies (85%) for permanent magnet motors and are higher 

compared whh mduction motor of the same size that have 60-70% efficiency. 

These efficiency figures are given m order to describe the calculation procedure 

and obviously the motor with 30° magnet arc cannot be used at 1.2 N.m., because 

there is not sufficient EMF and even if a higher supply voltage is used the motor 

overheats. 

The mechanical power of the motor seems high for this motor but the reason is 

that a higher current density was allowed in the design due to the fact that the 

motor runs at high speed and has considerable integral fan coohng. 

7.2.14 Motor Parameter Summary 

The motor parameters of the two designs described in previous sections have been 

outlined m T^ble 7.3. It is worthwhUe to compare the performance of this motor in 

terms of the target specification that was described in Chapter 6. The motor whh 

fuU magnet arc can provide the necessary torque and speed that is requhed. 
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Table 7. 3 Summary of the designed motor parameters. 

Motor parameter 

No. Of coils /phase 

Coil # tums 

Resistance of the phase 

coils 

Core loss 

Copper loss at 1.2N.m. 

Maximum Output power 

Output power at 

1.2N.m.,12000rpm 

EMF voltage 

No-load speed 

EMF constant 

Maximum Torque 

Stator current at 

maximum torque 

Phase current at 1.2 N.m, 

Current density at 

maximum torque 

Efficiency at 1.2N.m. 

Full arc magnet motor 

12 

43 

6.15 ohms 

187W 

386W 

1356.4Watl.08N.m 

1507V/ 

271.3V 

12000 rpm 

0.216 V.S/Rad 

1.08 N.m 

5.0A 

5.45 A 

21 fiJmni 

72.5% 

30 arc magnet motor 

12 

64 

11.67 ohms 

187W 

705.3W 

741Wat0.59N.m. 

1507V/' 

271.3V 

12000 rpm 

0.216V.S/Rad 

0.59 N.m 

2.7A 

5.45 A 

13.76 AJmm^ 

62.8% 

' The motor cannot deliver 1.2 N.m. and this value has been written for comparison of two motors 
and other designs in the following sections. 
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7.3 PERFORMANCE TEST 

In this section the performance of the motor design for the case of washmg 

machine is evaluated. Restating that the motor requhed 550 rpm minimum speed 

at 1.2 N.m. and 12000 rpm at 0.2 N.m. based on 1:10 pulley ratio and the toque-

speed requhement of Table 1.1. 

7.3.1 Low Speed Power Calculation 

At 550 rpm and 1.2 N.m, from Equation 7.18 the mechanical power is Pni=69W. 

Losses at low speed are mainly due to copper loss that is 386W and hence the 

efficiency is 15.1%. The efficiency at low speed for the 30° magnet arc is 8.9% 

that is very low (copper loss of 705.3W). 

7.3.2 High Speed Power Calculation 

At 12000 rpm and 0.2 N.m., simUar to the calculation in previous section, the 

mechanical power is 251W. Core losses are similar to Table 7.3 and because the 

phase current is 0.2/1.2 =0.1667 times the current at 5.4 A, the copper losses are 

0.0278 times or 36 times less. Hence, the copper loss is 386/36=10.7W for fuU arc 

magnet and 705.3/36=19.6W for 30° magnet arc motor and the total losses are 

197.7W and 206.6W respectively. The efficiency is 251/(251-^197.7) = 55.94% 

for ftiU arc and 251/(25l-t-206.6)=54.85% for ftiU arc and 30° arc magnet motors. 

Table 7.4 outUnes the performance of the motors designed in regard to the target 

specification. 
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Table 7. 4 Comparison of the motor parameter vs the target specification. 

Power at high 

speed 

Efficiency at 

high speed 

Power at low 

speed 

Efficiency at 

low speed 

Peak Torque 

Stalled phase 

current 

Required 

parameter 

12000 rpm-

0.2N.m.-251W 

550 rpm, 

1.2N.m.69W 

200% 

desirable 

Calculated 

from Equation 

7.11byE=0 

Full arc magnet motor 

457.6W, Electrical power 

55.94% 

455W, Electrical power 

15.1% 

1.08N.m.,90%of 

1.2N.m. 

25.4A 

30 arc magnet motor 

448.7W, Electrical power 

54.85% 

774.3W, Electrical power 

8.9% 

0.59 N.m., 49.17% of 

1.2 N.m. 

13.89A 

In Table 7.4, the staUed current is referred to the locked rotor current and must be 

limited by the drive controUer otherwise the magnets can be demagnetised 

permanently. The calculation of current that resuhs in demagnetisation of magnets 

is discussed m details in reference [63]. The current hmhing to prevent the 

demagnetisation of magnets is not required in a WRBM and hence a higher peak 

torque can be generated if saturation of iron does not occur and if the mverter is 

protected. 

From this table, h is clear that the efficiency of the motor is reduced at high speed 

low torque to values below 60%. The efficiency of low speed operation is low as 

weU due to the fact that the ahgap flux was low (use of ferrile) and higher numbpr 

of turns were requhed to generate the required torque. It also illustrates that if 

coohng is provided for the motor at low speed, the full arc motor ahnost meets the 

requhements of the washmg machine specification that was described in Chapter 
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6. Although the torque at low speed is slightly lower (1.08 compared with 1.2 

N.m.), the beU ratio can be increased to produce higher drum torque at low speed 

at expense of lower drum speed at high speed that is a conservative value (1200 

rpm). 

7.4 FEA OF THE MOTOR 

A finite element analysis was performed to observe magnetic flux density 

distribution around the motor lamination and airgap. The value for the coersive 

magnet field intensity He was selected at 256kA/m with 0.3 T magnetic flux 

density and relative permeability Pr of 1 from data sheet. Figure 7.1 Ulustrates the 

flux Unes. Only a portion of the motor was shnulated due to Umitation on the 

software and complete analysis should change the result in terms of the symmetry 

of the flux Imes. 

^ 

^^^^^^^^^^^^^^^^^s^^x^^*\.^"^^^*^ -^\^^vl/1.L^A"'"' "''""*'^'*^ " ^ 1 1 5 

Figure 7.1 FEA of the motor with Ferrite permanent magnet. 
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In this figure, the measured magnetic flux intenshy at hon was 0.7T, in airgap its 

almost uniform at 0.15T and 0.23 at the magnet. This is somehow close to what 

we assumed m our design for the flux density in iron. Ahhough the ahgap flux is 

less than what we assumed but the airgap dimension is sHghtly higher than 0.8 

mm due to the Hmhation m FEA package mesh generation. 

Figure 7. 2 Magnetic field intensity of the motor with Ferrite magnet. 

Magnetic field mtenshy has been Ulustrated in Figure 7.2. In this figure the areas 

that are subject to saturation due to high flux denshy can be identified for the 

design of lammation (bright area). In this design, the maximum flux denshy is 

about 0.7T and hence the saturation does not occur assuming a saturation level of 
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1.2T in hon that is a conservative value (usuaUy selected at 1.8T for rare earth 

magnet motors). 

7.5 CONCLUSION 

The permanent magnet motor design that was presented in this chapter indicated 

that by using a pulley ratio of 1:10, the requhed 12N.m torque of the target 

specification cannot be met with both motors. In the case of the motor with fiiH 

arc magnet, the torque is close to target but the current denshy exceeds 

specification. At low speed, this motor runs at 550rpm and there is considerable 

coohng hence a higher current denshy can be acceptable. Using ferrite permanent 

magnets for the design, resulted in a cheaper design but the efficiency of the 

motor is relatively lower than standard permanent magnet motors. Using a 

permanent magnet with higher Br resuhs in reduction of the winding tums and 

hence a more efficient motor can be designed. However, within the specified 

lamination of Figure 6.1, a direct drive system cannot be achieved and a pulley is 

required to increase the low speed torque. 

Using fuU magnet arc design (45°) results m a more efficient motor and the 

maximum generated torque is almost twice as the motor with 30° magnet arc. 

However, a 30° magnet arc is a cheaper design because it uses less magnets. 

Because the airgap flux is low in a motor whh ferrite, a higher peak torque ratio 

can be achieved because the saturation in iron occurs at higher flux intensities. 

However, one must make sure that there is enough supply voltage to generate the 

required EMF and sufficient margin to prevent the demagnetisation of the 

magnets. StaUed torque phase current is a good indication of the peak torque 

levels. This current must be limited by the controUer to prevent the inverter from 

damage and the permanent magnets from demagnetisation. 
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The design of the motor in this chapter is not ideal for the given lamination 

parameters. A more efficient motor can be designed if some of the parameters are 

varied. For example, the diameter of the wire for the full arc motor was selected at 

0.56mm (although exists but not common) while the calculated wire size was 

62.88mm. The next whe diameter is 63mm but adding the insulation thickness the 

wire size exceeds the limit and coUs will not fit. But if flux is increased and the 

tums are reduced so 63mm wire is used, the efficiency wiU improve. To some 

extent we foUowed this procedure to balance the design parameters but the 

objective has been to compare different designs within a motor chassis and the 

detailed design that can increase efficiency is not requhed at this stage. 

Next chapter describes the design of a motor whh high Br and the designs are 

compared in order to find out the best design for a WRBM. 
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CHAPTER 8 

HIGH AIRGAP FLUX PERMANENT MAGNET AND 

WOUND ROTOR BRUSHLESS MOTOR DESIGN 

8.1 INTRODUCTION 

In this chapter, the motor that was designed with ferrite permanent magnet is 

redesigned with a magnet with high remanence flux density. In Chapters 6 and 7 

we illustrated that to obtain a motor with higher torque at low speed a high airgap 

flux density is required. The disadvantages of a motor with high airgap flux were 

high-speed inefficiency and high cost of the motor. 

In this chapter, the detailed design and analysis of the motor shown in Figure 6.1 

with high airgap flux is described and the result will be compared with the motor 

design with ferrite permanent magnet. It will be demonstrated that with the given 

motor parameter of Figure 6.1, the ferrite motor has higher efficiency at high 

speed compared with the rare earth magnet motor while at low speed the opposite 

is tme. The comparison between these motors verifies the need for a motor with 

variable airgap flux such as the Wound Rotor Bmshless Motor that will be 

designed next. 

8.2 DESIGN PROCEDURE 

The procedure of the permanent magnet motor design that was followed in the 

design of motor with ferrite magnets is described in this section. By using 

MATLAB program in Appendix D, the motor parameters are calculated for a 

motor with high remanence flux density and the results will be compared with 
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the motor with ferrite permanent magnets. The summary of the design procedure 

is as foUows: 

1. Tabulate the motor mechanical dimensions like rotor and stator diameters and 

stack length. 

2. Verify the sizing of the motor if it is adequate for the application. Equation 6.4 

and Table 6.2. 

3. Calculate the optimum coil numbers and poles based on estimation of 

torque/speed requhements. 

4. Select magnetic material by cost, low speed torque and sizing of the motor. 

5. Calculate magnet pole area. Equation 7.2. 

6. Calculate ahgap flux. 

7. Calculate no-load speed and EMF constant. Equation, 7.3-7.5. 

8. Calculate number of coils and coil turns. Equation 7.6. 

9. Calculate whe diameter, Equation 7.7. 

10. Calculated coU average length and pitch. Equation 7.8-7.9. 

11. Calculate EMF, Equation 7.10. 

12. Calculate phase current. Equation 7.11. 

13. Calculate torque. Equation 7.12. 

14. Check if the torque is acceptable, if not change the motor parameter. 

15. Calculate the current denshy, Equation 7.12. 

16. Check if the current density is acceptable by referring to Table 6.3. 

17. Calculate copper losses, Equation 7.14. 

18. Calculate core losses, Equation 7.16-7.17. 

19. Calculate mechanical power. Equation 7.18. 

20. Calculate efficiency from mechanical power and losses. 

21. Check if the motor operating condhion is acceptable. 

22. Calculate efficiency at low and high speed. 

23. Use FEA to verify the design by checkmg the airgap flux, magnetic field 

mtenshy and other parameters like torque and winding inductance. 
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The above design procedure is by no means a complete design for a motor but h 

includes sufficient calculation to obtain the suhabihty of a lamination or a type of 

motor for a particular application and perhaps prototyping. The motor parameters 

that have been described in the above procedure can be used to calculate some of 

the parameters that were described. For example, the maximum torque is a good 

measure when calculating issues related to high inertia loads and acceleration. 

8.3 MOTOR DESIGN WITH HIGH REMANENCE FLUX MAGNET 

The procedure for design of the motor with a magnet with high remanence flux is 

exactly the same as the procedure described in Chapter 7 with only changmg Br 

from 0.4T to 0.9 T and the magnet constant for calculation of EMF constant from 

0.8 to 0.9. A rare earth magnet with Br=0.9 Tesla is assumed for this motor. Based 

on the MATLAB program m Appendix D, the motor parameters are summarised 

in Table 8.1. In this table, the design of the motor for fuU magnet arc and 30° 

magnet arc are described. 

As Ulustrated m this table compared whh the motor whh ferrhe permanent magnet 

(Table 7.3) the core losses are higher and copper losses are lower. The reason is 

that lower number of tums are requhed to generate the required torque so the 

ohmic resistance of the stator windhig is lower and hence the copper losses are 

less than the motor whh ferrite magnets. Core losses are higher m the motor with 

high Br because the flux is higher and eddy current and hysteresis losses are 

higher. At maximum requhed torque-speed, that is 1.2N.m.-12000RPM, the 

efficiency of the motor whh high Br is lower than the efficiency of the motor whh 

ferrite magnet. 
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Table 8. 1 Motor parameter with a high remanence flux magnet. 

DESCRIPTION 

EMF Magnet Constant 
Magnet Remanence Flux Density 
Pole Numbers 
RPM 
Required Torque 
Supply Voltage 
Stator Slots 
Slot Area 
Stator OD 
StatorID 
Stack Length 
Stator Volume 
Stator Weight 
Rotor OD 
Rotor ID 
Airgap 
Magnet Thickness 
Magnet Pole Area 
Maximum Airgap Flux Density 
Approximate Flux 
Commutation Frequency 
No Load Speed 
EMF Constant 
Total Number Of Conductors 
Coil Numbers 
Actual Wire Diameter 
Wire Diameter 
Wire Pitch Size 
Mean Coil Length 
Coil Wire Length 
Total Coil Length 
Total Coil Resistance 
EMF 
Stator Phase Current 
Torque 
Current Density 
Maximum Operating Frequency 
Copper Loss 
Core Loss 
Mechanical Power 
Total Loss 
Efficiency 

FULL ARC MAGNET 

0.9 
0.9000 Tesla 

8 
12000.00 RPM 

1.2000 N.m. 
339.4113 Volts 

36 
85.0000 mm2 
0.1400 meter 
0.0820 meter 
0.0300 meter 

2.1158e-004meter3 
1.6398 Kg 

0.0804 meter 
0.0644 meter 
0.0008 meter 
0.0080 meter 

0.0008 m2 
0.8182 Tesla 

6.2075e-004 Webber 
4800.0000 Hz 

1396.26 Rad/sec 
0.2431 V.S/Rad 

512.60 
12 

0.8997 mm 
0.8000 mm 

0.0474 meter 
0.1728 meter 
3.6282 meter 
43.5384 meter 
1.4803 Ohm 

305.4701 Volts 
8.0647 Ampere 

1.9604 N.m. 
16.0442 A/mm2 

800.00 Hz 
192.5562 W 
941.3034 W 

2463.5243 W 
1133.8596 W 

68.48% 

30° ACR MAGNET 

0.9 
0.9000 Tesla 

8 
12000.00 RPM 

1.2000 N.m. 
339.4113 Volts 

36 
85.0000 mm2 
0.1400 meter 
0.0820 meter 
0.0300 meter 

2.1158e-004 meters 
1.6398 Kg 

0.0804 meter 
0.0644 meter 
0.0008 meter 
0.0080 meter 

0.0005 m2 
0.8182 Tesla 

4.1404e-004 Webber 
4800.0000 Hz 

1396.26 Rad/sec 
0.2431 V.S/Rad 

768.90 
12 

0.7289 mm 
0.7000 mm 

0.0474 meter 
0.1728 meter 
5.5287 meter 
66.3442 meter 
2.8528 Ohm 

305.4701 Volts 
4.7633 Ampere 

1.1579 N.m. 
12.3773 A/mm2 

800.00 Hz 
129.4572 W 
941.3034W 
1455.0610 W 
1070.7606 W 

57.61% 
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Table 8.1 Motor parameter with a high remanence flux magnet, continued. 

DESCRIPTION 

Stalled Stator Current 
Stator Current At Required Torque 
Copper Loss At Required Torque 
Current Density At Required 
Torque 
Mechanical Power At Required 
Torque 
Efficiency At Required Torque 

FULL ARC MAGNET 

85.1917 Ampere 
4.9365 Ampere 

72.1483 W 
9.8209 A/mm2 

1507.9645 W 

59.81% 

30° ACR MAGNET 

50.3178 Ampere 
4.9365 Ampere 

139.0421 W 
12.8273 A/mm2 

1507.9645 W 

58.26% 

The main inefficiency of the motor with high Br is due to the high airgap flux at 

high speed and in constant power operation this flux (torque) is not required 

although contributes to very high core losses. This problem was discussed in the 

abstract of this work and in literature review and was the basis for our work to 

design a motor with variable airgap flux for operation in constant power where a 

high airgap flux is not necessary. From Table 8.1 it is also observed that, the 

stalled current is much higher that the motor with ferrite permanent magnets 

because the winding resistance is less. 

The maximum torque of 1.96 N.m. for full arc and 1.16N.m. for 30° magnet arc 

meet the torque requirement of 1.2N.m. of the target specification. The core loss 

for this motor is about 94IW that is very high and is the main source of this motor 

inefficiency. The operation of the motor within the limits of the target 

specification results in a lower copper losses while the core losses do not change 

unless the airgap flux is reduced at high speed. 

8.3.1 Constant Power Operation 

Referring to the target specification in Table 1.1, at 550 rpm the required torque is 

1.2 N.m. and at 12000 rpm the required torque is 0.2 N.m.. Hence similar to Table 

7.4 the performance of the motor with high Br can be summarised in Table 8.2. 
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The stator current at 0.2N.m. is 0.2/1.2x4.94A =0.823A. Copper loss can be 

calculated from the square root of the current ratios and is only 2 watts for fuU arc 

and 3.9W for the motor with 30° magnet arc. The core losses at low speed can 

also be calculated form Equation 7.16 but because the operating frequency is only 

37 Hz (at 550rpm) the losses does not exceed a few watts (4.8 watts for motor 

with high Br). Electrical power is the sum of the mechanical power, core and 

copper losses. For example for the case of the motor whh full arc magnet the 

electrical power at high speed is equal to 251+941+2=1194W. UsuaUy the copper 

losses are ignored at high speed low torque and core losses are ignored at high 

torque low speed operation. 

Table 8. 2 Comparison of the motor performance vs the target specification 
for the motor with high Br. 

Power at high 

speed 

Efficiency at 

high speed 

Power at low 

speed 

Efficiency at 

low speed 

Peak Torque 

Stalled phase 

current 

Required 

parameter 

12000 rpm, 

0.2N.m.-251W 

550 rpm, 

1.2N.m. 69W 

200% desirable 

Calculated from 

Equation 7.11 by 

E=0 

8.3.1.1 Full arc 

magnet motor 

1194W Electrical 

power 

21% 

145.8W Electrical 

power 

47.33% 

1.96 N.m., 163% 

ofl.2N.m. 

85.2A 

30 °arc magnet 

motor 

1196 Electrical 

power 

21% 

212.8W Electrical 

power 

32,42% 

1.158 N.m., 96.5% 

of 1.2 N.m. 

50.3A 
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Copper losses at low speed and rated torque are 72W and 139W for the fuU arc 

and the motor whh 30° arc magnet. Adding copper loss and core loss of 4.8 W to 

the mechanical power at 1.2N.m. and 550 rpm results in electrical input power. 

By comparing Table 7.4 that summarises the motor performance for the ferrite 

motor with Table 8.2, the quanthative presentation of the problem whh permanent 

magnets are described. As expected, the efficiency of the motor at high speed is 

low and the efficiency of the motor at low speed is high for the motor with high Br 

compared whh the motor whh low Br. The problem is that if a permanent magnet 

is designed to operate at low speed, it is inefficient at high speed and if a 

permanent magnet is designed to operate at high speed, it cannot produce high 

torque at low speed. The reason to this problem is constant airgap flux and as 

illustrated permanent magnet motors cannot be operated in a wide speed range at 

high efficiencies. Next section the comparison between the design parameters for 

two motors with high Br and low Br are described. 

8.3.2 Comparison Of Motors With High And Low B, 

Table 8.3 further iUustrates the difference between two motors designed in 

Chapter 7 and in Chapter 8. In this table the design parameters of the motors with 

low Br and high Br for full arc and 30° arc magnet are summarised. It is evident 

that the motor with high flux denshy is suhable for low speed operation while the 

motor whh low flux denshy is suhable for operation at high speed. The requhed 

torque is only generated whh the motors whh high ahgap flux denshy and their 

current denshies do not exceed the acceptable levels. This means that the copper 

losses and the whe diameter is acceptable and if the operating speed of the motor 

is reduced so that the core losses are reduced, the motors with high Br are good 

designs that meet the requhements that were setup in the target specification. 
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Table 8. 3 Motor design parameter comparison. 

DESCRIPTION 

EMF Magnet Constant 

Magnet Remanance Flux Density 

Pole Numbers 

RPM 

Required Torque 

Supply Voltage 

Airgap 

Magnet Thickness 

Magnet Pole Area 

Maximum Airgap Flux Density 

Approximate Flux 

No Load Speed 

EMF Constant 

Total Number Of Conductors 

Coil Numbers 

Actual Wire Diameter 

Wire Diameter 

Wire Pitch Size 

Mean Coil Length 

Coil Wire Length 

Total Coil Length 

Total Coil Resistance 

EMF 

Stator Phase Current 

Torque 

Current Density 

Maximum Operating Frequency 

Copper Loss 

Core Loss 

Mechanical Power 

Total Loss 

Efficiency 

Stalled Stator Current 

Stator Current At Required Torque 

Copper Loss at Required Torque 

Current Density At Required Torque 

Mechanical Power At Required 
Torque 
Efficiency At Required Torque 

LOW Br, 

0.8 

0.4000 Tesla 

8 

12000.00 RPM 

1.2000 N.m. 

339.4113 Volts 

0.0008 meter 

0.0080 meter 

0.0008 m2 

0.3636 Tesla 

2.7589e-004 Webber 

1570.80 Rad/sec 

0.2161 V.S/Rad 

1025.20 

12 

0.6288 mm 

0.5500 mm 

0.0474 meter 

0.1728 meter 

7.4292 meter 

89.1500 meter 

6.1514 Ohm 

271.5290 Volts 

4.9525 Ampere 

1.0701 N.m. 

20.8455 /Vmm2 

800.00 Hz 

301.7571 W 

190.7484 W 

1344.7598 W 

492.5056 W 

73.19% 

25.3641 Ampere 

5.5536 Ampere 

379.4463 W 

23.3754 A/mm2 

1507.9645 W 

72.56% 

HIGH Br 

0.9 

0.9000 Tesla 

8 

12000.00 RPM 

1.2000 N.m. 

339.4113 Volts 

0.0008 meter 

0.0080 meter 

0.0008 m2 

0.8182 Tesla 

6.2075e-004 
Webber 

1396.26 Rad/sec 

0.2431 V.S/Rad 

512.60 

12 

0.8997 mm 

0.8000 mm 

0.0474 meter 

0.1728 meter 

3.6282 meter 

43.5384 meter 

1.4803 Ohm 

305.4701 Volts 

8.0647 Ampere 

1.9604 N.m. 

16.0442 A/mm2 

800.00 Hz 

192.5562 W 

941.3034 W 

2463.5243 W 

1133.8596 W 

68.48% 

85.1917 Ampere 

4.9365 Ampere 

72.1483 W 

9.8209 A/mm2 

1507.9645 W 

59.81% 

LOW Br, 30° 

0.8 

0.4000 Tesla 

8 

12000.00 RPM 

1.2000 N.m. 

339.4113 Volts 

0.0008 meter 

0.0080 meter 

0.0005 m2 

0.3636 Tesla 

1.8402e-004 
Webber 
1570.80 
Rad/sec 

0.2161 V.S/Rad 

1537.81 

12 

0.5154 mm 

0.5000 mm 

0.0474 meter 

0.1728 meter 

11.0574 meter 

132.6884 meter 

11.6766 Ohm 

271.5290 Volts 

2.7053 Ampere 

0.5845 N.m. 

13.7779/Vmm2 

800.00 Hz 

170.9117W 

190.7484 W 

734.5634 W 

361.6602 W 

67.01% 

13.855 Ampere 

5.5536 Ampere 

720.2702 W 

28.2843 A/mm2 

1507.9645 W 

62.34% 

High Br, 30° 

0.9 

0.9000 Tesla 

8 

12000.00 RPM 

1.2000 N.m. 

339.4113 Volts 

0.0008 meter 

0.0080 meter 

0.0005 m2 

0.8182 Tesla 

4.1404e-004 
Webber 

1396.26 Rad/sec 

0.2431 V.S/Rad 

768.90 

12 

0.7289 mm 

0.7000 mm 

0.0474 meter 

0.1728 meter 

5.5287 meter 

66.3442 meter 

2.8528 Ohm 

305.4701 Volts 

4.7633 Ampere 

1.1579 N.m. 

12.3773 A/mm2 

800.00 Hz 

129.4572 W 

941.3034 W 

1455.0610 W 

1070.7606 W 

57.61% 

50.3178 Ampere 

4.9365 Ampere 

139.0421 W 

12.8273 A/mm2 

1507.9645 W 

58.26% 
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For the motor with high ahgap flux, to minimise copper losses, as discussed in 

Chapter 7 the whe diameter size can be reduced by changing the motor parameter. 

For example the actual whe diameter is 0.8997mm for the case of fuU arc magnet 

motor with high Br. The next higher size is 0.9mm while the MATLAB program 

has selected 0.8mm. By changing the motor parameter a few turns from the 

winding can be reduced to fit a whe with a bigger diameter (i.e. 0.9mm compared 

whh 0.8mm) and a more efficient motor is obtained. In Table 8.2 some of the 

parameters hke stator dimensions that are common in all designs have been 

omitted for clarity. 

In Table 8.3, after the maxhnum achievable torque is calculated (like 1.96N.m.), 

the motor parameters are calculated for the operation of the motor at the 1.2N.m. 

required torque. As in permanent magnet motors the torque is dhectly 

proportional to the stator current, the stator current is calculated by multiplying 

the torque ratios. Hence the efficiency of the motor and the current density of the 

motor at required torque can be calculated. For example the current density of the 

motor with full arc at 1.2 N.m. is 9.82A/mm^ that is acceptable for a motor with 

air-cooled based on Table 6.3. This current density at maximum torque of 1.96 

N.m. is 16A/mm2, that exceeds the rating of the motor. However, in some 

specifications the motor is required to operate for a hmited time at 125% or 150% 

of the full-load and hence the overload condition can be satisfied if the rated 

torque is 1.2N.m.. 

In terms of efficiency of the motors, the efficiency of the ferrhe motor at requhed 

torque is higher than the efficiency of the motor with rare earth magnet. The 

reason is that the motor is operating at high speed. Table 8.4 Ulustrates the 

efficiency of two motors at constant power operation. 
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Table 8. 4 Efficiency comparison between the rare earth and ferrite magnet 
motors for constant power operation. 

Operation 

High Speed 

Low Speed 

High Br 

21% 

47.33% 

Low Br 

55.94% 

15.1% 

Low speed efficiency of 47.33% is an acceptable efficiency and shnilar to 

efficiencies with designs reported by some of the references in Iherature review 

[19]. However, high speed efficiencies are very low and is due to the airgap flux. 

A reasonable level of core loss is about 70-100 Watts that corresponds to a 

maximum speed of 3000 rpm for the rare earth magnet and 7500 rpm for the 

ferrhe motor desphe the fact that at very high speed the integral fan of the motor 

provides an effective cooling. Whh lOOW of core loss at 12000rpm-0.2N.m. and 

69W of copper loss at 550rpm-1.2N.m., the motor efficiency at fuU load 

(12000rpm-1.2N.m.) is about 89.9% that is very good for a smaU motor. This 

efficiency cannot be achieved at 12000 rpm-0.2N.m.. However, because the rare 

earth magnet can supply a maximum of 1.96N.m. or 163.3% the requhed torque, a 

lower puUey ratio can be selected. This pulley ratio wUl resuh in a high speed 

limh of 12000/1.63=7362rpm that is acceptable in terms of core losses. This 

process Ulustrates the trade off and changing design parameters to obtam the best 

design. 

From the above discussion, h is clear that a Wound Rotor Brushless Motor should 

operate at efficiencies shnilar the low speed operation of the rare earth magnet and 

high speed operation of the ferrhe magnets assuming the converter loss and the 

rotor windmg losses are ignored. In the following sections a quanthative analysis 

of the WRBM efficiencies wiU be presented. 
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8.3.3 FEA Of Motor With High Br 

The FEA of the motor whh high Br generates the same contour of the flux fines as 

Ulustrated in Figure 7.1 and 7.2 with higher flux denshy values. In this analysis h 

is assumed that the hon has uniform saturation properties that is not true for high 

magnetic field mtensities. Due to Ihnitation of the FEA software m mesh 

generation the ratio of airgap flux to Br was lower than what was predicted by 

Equation 6.3. But at the vicinhy of the teeth of the stator the flux is almost twice 

as the Br that is what had been expected and is evident by high concentration of 

flux lines in Figure 6.3. 

8.4 WOUND ROTOR BRUSHLESS MOTOR (WRBM) DESIGN 

In this section the design procedure for a WRBM is described. From previous 

sections it was found that a permanent magnet motor with ferrite magnet has 

higher efficiency at high speed compared with a motor with high remanence flux 

density while at low frequency the opposite is true. If a WRBM is designed that 

has an electrically generated airgap flux similar to a permanent magnet motor with 

high Br, the whe diameters can be increased due to reduction of coil tums. This 

results in an efficient motor similar to a permanent magnet with high Br. At high 

speed the airgap flux can be reduced electrically to make the motor similar to a 

ferrite motor that has less core losses due to the reduction of flux. This is the basis 

for the design of the WRBM. Hence, assuming Br=0.9 T, the motor parameter is 

the same as the motor described in Table 8.1 for the full arc magnet motor without 

the losses at high speed. Whh this introduction, the design of a WRBM is 

basicaUy the design of a motor for low speed torque and the design of the rotor 

windmg to generate the same magnetic flux denshy as a permanent magnet with 

high Br. The design is divided in three sections, static magnetic field generation, 

low speed and high speed calculations that wUl be described in the next few 

sections. 
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8.4.1 Static Magnetic Field Generation 

At this stage it is assumed that the rotor winding are supplied with a dc voltage or 

current source and it is requhed to generate a magnetic flux denshy equal to Br 

within the physical dimension of the motor of Figure 6.1. The input to the problem 

is the dimension and the requhed Br and the solution is the amp-turns required to 

generate this magnetic flux density at expense of rotor copper losses. It is obvious 

that the worst case condition in terms of the copper losses is at maximum Br and 

when the current is reduced in the rotor winding to generate a lower flux at high 

speed the copper losses are less. 

8.4.1.1 Approximate solution: 

A simplified calculation can be performed by assuming that the reluctance of the 

hon is negligible compared with the reluctance of the airgap. Hence, aU of the 

amp-turn that is requhed to generate a magnetic field equal to Br in the ahgap is 

determined by the ahgap reluctance and is calculated from Equation 8.1. Because 

in a complete magnetic path the airgap reluctance consists of two ahgaps a factor 

of 2 is requhed. 

Assuming equal area for the airgap and the rotor poles and ignoring the reluctance 

of iron, the total magneto-motive force NIr can be approximately calculated from 

Equation 8.1. 

/? 0 QT 
NI, =^2xg= — ^ ^ xlxO.^e - 3 = 1146.5AT Equation8.1 

jUc AnxlOe-l 
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This simphfied equation states that to generate a Br=0.9 Tesla a coU is requhed 

with amp-turns of 1146.5. If we select /r=7A then the coU has 1147 turns. Using 

80mm average length of a 0.5 mm diameter whe ( 2 (stack length + pole width)) 

with a resistance of 8.8ohm/100meter, total resistance of the coU is 8 ohms/pole 

that results in only %W/pole of copper losses from Prcu-f'rxRr=8W/pole. Hence, 

the extra copper loss that resuh in generatmg a magnetic flux density similar to a 

permanent magnet is 8x8=64W. However, when the current in rotor winding is 

reduced to generate a flux similar to a ferrite magnet, (i.e. 0.4T) the copper losses 

in rotor is only {0.4/0.9f x 64 =12.6W whUe the motor core losses reduced from 

941.3 W to 190.7W (Table 8.3). This approximate calculation was described to 

illustrate how the WRBM outperform a permanent magnet motor at high speed at 

the expense of acceptable losses at low speed operation. This outcome is what we 

predicted throughout this work. In practice, a much higher wire diameter can be 

selected so the losses can be reduced. Although the efficiency of the converter that 

induces the power to rotor is low and must be accounted for, excellent 

performance of the motor at high speed and in constant power operation is a good 

trade off for most of apphcations. 

In above example h was assumed that the ahgap flux is equal to Br whUe m 

permanent magnet design the ahgap flux denshy is Bm that is lower than Br and 

requires less amp-turns than Br. It is also concluded that a motor whh smaller 

airgap is more suhable for WRBM. In the foUowmg section a detaUed design of 

the static magnetic field is described. 

8.4.2 Calculation Of The Rotor Winding Area 

Figure 8.1 Ulustrates the cross section of a motor with wound rotor. In this motor 

the rotor winding area consists of a triangle with the dimension of Dr and half of 

the distance between the edges of poles. In this figure the rotor pole area is simUar 

to a permanent magnet motor but can be reduced m thickness so that the winding 
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area is increased. If the arm of the rotor that connects to the pole has an area half 

of the pole the intenshy of the flux density can be twice that of the airgap. If the 

arm width is large, winding area is reduced and if the arm width is small the hon 

can saturate. 

Assuming a maximum flux denshy of 0.9T for the airgap, the flux denshy in the 

arms can reach to the saturation level and magnetomotive force must not exceed 

this level although determining exact value for magnetic flux density requires a 

FEA. 

Figure 8.1 Cross section of a WRBM. 
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The distance between 2 adjacent poles can be approximated by: 

^Dy 3.14x64.4 
Pole _ width = = — '— = 25.3mm 

poles 8 

If the arm that connects the pole to the shaft of the motor has a width of one third 

of the pole width, the area of the rotor pole (25.3/3=8.4) to the area of the arm will 

be one third. The windhig area can be calculated by approximating to a triangle 

area from: 

„,. ,. , pole _ width - arm _ width - pole _ space Dy - shaft _ Dia 1 
Winding Area = x x— 

2 2 2 
25.3-8.4-0.7 72.4-20 1 ,^^ 2 

= X X— = lOomm 
2 2 2 

This area can also be measured by utUities available in engineermg drawmg 

software packages. Reducing the arm area wUl further increase the winding area 

as Ulustrated m Figure 8.4. Using the software utUity to measure the area, the area 

was measured at 152mm^ for the rotor design in Figure 8.4. 

8.4.3 Wire Diameter 

Equation 7.7 can be used to estimate the diameter of the whe that can be fitted hi 

rotor slots. With smgle whe winding the fUl factor of 0.75 is selected hence to fit 

1147 turns the whe size is 0.30mm that is smaller than 0.5mm predicted in 

previous section and results in high losses. 

The airgap flux is Bm=Br/l. 1=0.818T that results in reduction of amp-turns to 

1043. Increashig the current to 4A and reducing the turns to 1043/4=261 with an 

area of 152 mm2 (Figure 8.3), 0.63mm diameter whe can be used that has 
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5.4ohm/100 meters. Hence total rotor winding resistance per pole is 

261x0.08x0.054=1.13 ohms and the losses wiU be 4^x1.13=18W per pole and 

144W total in the rotor. Considering a converter whh 80% efficiency total power 

losses are 180W. This power is relatively high and one way to reduce h as 

discussed earher is to reduce the airgap. Reducmg the airgap to 0.5mm the total 

amp-turn to generate 0.818T m the ahgap becomes 0.5/0.8x1043=652 tums. Wire 

diameter of 0.4mm whh specific resistivhy of 13.5 ohm per 100 meters 

(13.5ohms/100m) can be used. Total windmg resistance wUl be 

652x0.08x0.135=7ohms and total loss of 7W per pole and 56W total. Whh a 

converter efficiency of 80% total rotor losses is 70W that is acceptable with total 

rotor winding resistance of 56 ohms. 

8.4.4 Low Speed Operation 

With rotor copper loss of 70W, total stator and rotor copper losses are 792.5 

+70=262.5W for the motor with 0.5mm airgap, and 192.5-t-180=372.5W for the 

motor with 0.8mm airgap. 

The torque generated in the motor is similar to the maximum torque of the motor 

with high Br or 1.96N.m. and if 1.2 N.m. is required, the torque constant can be 

reduced by reducing flux or the stator winding current is reduced by reducing 

supply voltage or PWM techniques. If the flux or stator current is reduced to 

1.96/1.2=1.63 total losses is reduced. If the stator current is reduced by square root 

of 1.63 (1.277) and if the ahgap flux is also reduced by the same proportion, the 

copper losses wUl become 228.4W. The method to calculate the losses is by 

reducing (Ke that is the same as Kt) and Is by 1.277 times so that the torque T and 

Ke are reduced by 1.63 times from 1.69 to 1.2N.m.. Copper losses due to 8.07A 

stator winding current is 192.5W and the rotor copper loss is 180W. The new 

losses wiU be 192.5/1.63 and 180/1.63 and total losses wiU be 228.4W for the 

motor with 0.8mm airgap and 161W for the motor with 0.5mm airgap. 
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8.4.5 High Speed Operation 

At 0.2N.m., torque constant of 0.243 and the stator current is reduced by 

1.96/0.2=9.8 times. The ahgap flux can be reduced by square root of 9.8 or 3.13 

and stator current with the same amount to give 9.8 thnes less torque. This results 

in rotor wmdmg current of approximately 1/3.13=0.32A for an ahgap flux of 

0.9/3.13=0.287 T that gives a torque constant of Ke=Kt=0.078 N.m/A. The Stator 

current is also reduced from 8.07A (Table 8.3) to 8.07/3.13=2.58A. Recheckmg 

the torque again: 

T=KtIs=0.078x2.58= 0.2N. m. 

The stator core losses can be calculated from Equation 7.16 at Br=0.287 (whh the 

MATLAB program m Appendix D) and h is 99.5W. Stator copper losses are 9.8 

times less than the losses for maximum torque because the current is 3.13 time 

less hence the stator copper loss is 192.5/9.8=19.6W. 

For the motor with 0.8mm ahgap the rotor copper loss reduce 9.8 times to 

180/9.8=18.37W. It is assumed that the converter has constant efficiency at every 

load for simphcity of calculation. This in not usuaUy the case but because power 

converted is low, the losses are low and the error wUl be negligible. Total losses 

are the sum of the copper losses and core loss and will be 99.5+19.6+ 

18.37=137.5W compared with 941W of the motor with high Br (Table 8.3) and 

190.35W for the motor with ferrite permanent magnet. For the motor with 0.5mm 

airgap, total loss is 99.5-1-19.6-1-7.1=126.2W. This is a power saving of in excess of 

800W compared with the motor with high Br and power saving of 56W compared 

with the motor with low Br. This resuh is what we had anticipated that the major 

benefit to the WRBM is operation at constant power region with power saving at 

high-speed operation. 
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8.4.6 Current Density 

Using Equation 7.13 the rotor current density for one amp rotor current and 

0.4mm whe diameter is 8A/mm ,̂ that is acceptable (Table 6.3) especiaUy because 

of the rotor rotation some coohng is provided. 

8.4.7 Efficiency 

In Table 8.5 efficiency of the WRBM and permanent magnet motors whh high Br 

and low Br are Ulustrated. The efficiency of the WRBM whh 0.8mm ahgap at low 

speed is 69/(228.4-f-69)=23.2% and 251/(137.5-F251)=64.6% that is excellent 

results as the efficiency exceeds the permanent magnet with low Br at high speed. 

The efficiency for the motor with 0.5mm ahgap is 69/(161+69)=30% at low speed 

and 251/(126.2-(-251)=66.54% at high speed. 

Table 8.5 Comparison of the efficiency of the WRBM with permanent 
magnet motor. 

Operation 

High Speed, 12000 rpm, 0.2N.m., 

69W 

Low Speed, 550 rpm, 1.2N.m., 

25IW 

WRBM 

0.8mm airgap 

64.6% 

23.2% 

WRBM 

O.Smmairgap 

66.54% 

30% 

PMBM 

High Br 

21% 

47.33% 

PMBM 

Low Br 

55.94% 

15.1% 

This table quanthatively describes what had been anticipated throughout this work 

and agrees whh general observation that a WRBM has higher efficiency at high 

speed and lower efficiency at low speed compared with a permanent magnet 

motor. 
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8.4.8 FEA 

Due to the hmhation of the FEA software, accurate resuhs could not be obtained 

however the flux lines and relative measurement of the flux densities confirmed 

that the arm of the rotor flux denshies are higher than the ahgap. Figure 8.2 

illustrates FEA of a rotor shnUar to Figure 8.1. To increase the winding area the 

rotor shape was changed to that of Figure 8.4. 

The main problem whh WRBM is the lack of winding area for the rotor when the 

magnetic flux denshy is high. As Ulustrated in Figure 8.2-8.4, the concentration of 

the flux Imes m the arm of the rotor is high and m simplified term the flux density 

in the arm is twice the flux density of the pole if the area of the pole is twice the 

area of the arm. This flux is the resuh of static magnetic field and does not 

generate any loss but can saturate the iron and the amp-turns to generate the 

required flux density increases. At 2.2T the permeabihty of iron is equal to that of 

air due to saturation hence care must be taken in design of the rotor. 

As Ulustrated in Figure 8.2 there is some leakage of flux between rotor poles and 

they must be separated with a minimum distance. A FEA analysis can identify 

leakage area and the areas that have high magnetic filed intensities. 

Bright areas in Figure 8.3 Ulustrate the areas that the concentration of magnetic 

field is high and particularly when the saturation characteristics (i.e. BH curve) of 

hon is used in FEA, the effect of saturation can be quantified. In one analysis, iron 

permeability is assumed constant and m second analysis the proper BH curve is 

used and hence by checking the flux denshy and magnetic field intenshy the effect 

of saturation can be identified. Unfortunately, in this work there were difficuhies 

in using the FEA because of the Umitation of the student version and hence only 
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interest in FEA was the observation of the flux Unes although almost aU of the 

motor parameters can be found m professional version of the FEA software. 

Figure 8. 2 Contour of the magnetic flux density of WRBM. 

In terms of the design, the main objective in the design of the rotor in WRBM is to 

increase the winding in order to increase the diameter whe of the rotor winding 

without reducmg the width of the arm. Figure 8.4 is another design that has bigger 

winding area (152mm ) compare with 107mm in Figure 8.1. The calculation of 

the area is not always straightforward and does not have a particular rule. Drawing 

packages and FEA software have utihties that calculate the area of an enclosed 

entity and this was found more practical to define equations for calculation of the 
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winding area. However, simple estimation by equations that was defined in 

Section 8.4.1.2 can be used as guideline for a suitable winding. 
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Figure 8. 3 Magnetic field intensity of the WRBM. 

174 



Figure 8. 4 Modified rotor for increased winding area. 

8.4.9 Other Losses 

Because the purpose of this work is the comparison between different 

technologies only the losses are considered that are available in one design and 

not in the other. However, one of the losses that is interesting to note is the rotor 

core loss due to the variation of the flux denshy due to the slot openings. 
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Rotor lamination is in a magnetic field that its frequency is the difference in 

rotatmg magnetic field of the stator and the speed of the rotor. Hence, in general, 

the ac portion of the rotor filed has a low frequency (low core loss) and only the 

static magnetic field or a dc field is generated in rotor that does not cause any core 

loss. However, there is small variation of flux due to the slot opening as the rotor 

rotates and this has been quantified in reference [63]. Because the rotor lamination 

is closer to the stator there could be some increased core loss in the rotor. Because 

the motor operates hi constant power region where the magnetic flux is reduced at 

high speed hence the increased core losses due to slot opening is not expected to 

be substantial. 

8.5 SUMMARY 

In this chapter the design of a permanent magnet motor with high Br and the 

design of the WRBM was described. From this design-based comparison h was 

demonstrated that a WRBM outperforms a permanent magnet motor at high speed 

in terms of efficiency but at low speed it has lower efficiency than a permanent 

magnet with high Br. 

A WRBM however has a wide speed range that cannot be obtained efficiently 

whh permanent magnets that use ferrhe or rare earth magnets. A permanent 

magnet with high Br has good low speed torque but with high core losses at high 

speed while a permanent motor with low Br has poor low speed torque and more 

efficient high speed operation. The reason for this inconsistency is that in 

permanent magnet motors the airgap flux is fixed and low-speed high-torque 

operation requhes high ahgap flux denshy (higher torque constant) and high­

speed low torque requhes low airgap flux denshy. 
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A WRBM solves this problem by electrically changing the ahgap flux. This 

operation requhes some electrical power that reduces the overall efficiency at low 

speed but improves the efficiency at high speed. 

To hnprove the performance of a WRBM, the foUowing design objectives must be 

met: 

1. The winding area must be increased but not at the expense of reducing pole 

area especially if the magnetic flux mtenshy is high because saturation occurs 

in iron. 

2. The airgap must be reduced in order to reduce the amp-tum required for 

generation of the static magnetic field. 

3. The most efficient constant power operation is achieved both by reducing the 

stator current and rotor winding current to minimise the losses. 

4. Design parameter can be changed shghtly to obtam the best result. For 

instance one might reduce the ahgap flux denshy slightly to fit a perfectly 

matched winding in the rotor winding area. A WRBM provides many design 

parameters that can be ahered for the best design. This design methodology is 

not basically available in a permanent magnet motor because of the specified 

remanence flux densities. In a WRBM the flux density set point can be altered 

to any value electrically as long as the saturation in iron does not occur. 

5. Use of FEA analysis is helpful in the design of the WRBM than in design of 

the permanent magnet motors. The reason is trade off involved in design of the 

rotor lamination for biggest windhig area without hon saturation. 

6. A design based on a permanent magnet motor with high Br is a good start in 

designing a WRBM. After calculation of the stator windings the rotor winding 

is designed for minimum copper losses. 

7. A WRBM has good performance in terms of peak torque and excellent 

performance at high speed. 
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CHAPTER 9 

CONCLUSION 

9.1 INTRODUCTION 

The objective of this research work was to bring about a new drive system that 

solves the problems in common drive systems. In Chapter 1, it was described that 

there are three types of motor drive systems that are nowadays used and 

mvestigated; Induction Motor (IM) drive systems. Switched Reluctance Motor 

(SRM) drive systems and Permanent Magnet Bmshless Motor (PMBM) drive 

systems. Our hterature survey Ulustrated that the most efficient of these drive 

systems is PMBM, that also has the best performance m terms of the low speed 

torque per unit volume of the motor. PMBM motors are widely used in Electric 

Vehicles (EV) and areas that require high efficiency and good low speed torque. 

There are however two major problems with a PMBM. First, the cost of the high 

remanence flux density motors is high and second the motor operation at high 

speed becomes inefficient because of high ahgap flux density core losses. 

9.2 THE QUEST FOR A VERSA TILE DRIVE SYSTEM 

Constant power operation that is referred to an operation with low-speed high-

torque and high-speed low-torque has many industrial and domestic apphcations, 

like EV and machine tools. It is the area that a PMBM cannot compete with 

Vector Control Induction Machine drive systems that can mn efficiently in field 

weakening region, if efficiency is more important than cost. 

The best and versatUe drive systems were dc brushed motor that could operate at 

any load no matter what the torque-speed characteristics were. However these 
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motors had extensive maintenance and RFI problems that has made them almost 

obsolete at least in modem industrial plants. The advantage of the good old dc 

motors was that the field and armature currents could be controlled 

independently and linked if needed to. These characteristics were what the author 

sought to obtain with the new Wound Rotor Bmshless Motor (WRBM) drive 

system. This motor drive is basically a PMBM but with wound rotor that is 

powered from a switch mode power supply with primary and secondary cores 

separated. 

To minimise the losses during the design process both the field and stator current 

were changed to obtain maximum efficiency in constant power. This process is 

the best quality of the old dc motor with separate field and armature winding 

excitation than could be used for any load and as described in Chapter 8 this is 

what can be done with WRBM, separate excitation of the field and stator current. 

The limits on the power delivery to the rotary side were increased by adopting 

resonant modes and sensorless position and speed detection method was proposed. 

The next stage was to do the sums up and calculate the efficiency of the new 

WRBM, and to see its comparability to PMBM. 

It is demonstrated that a PMBM can be designed to operate either at high speed or 

at low speed with limited speed range. If a ferrite or a magnet with low remanence 

flux density is used, a good low speed torque is difficult to obtain but the high 

speed performance is good in terms of efficiency. If a rare earth magnet with high 

remanence flux density is used, low speed torque is good but because the flux 

density is high core losses are high at high speed. This is why a PMBM for wide 

speed range and operation in constant power region is problematic. By increasing 

the airgap flux in WRBM electrically, airgap flux could be increased similar to the 

PMBM with high remanence flux density magnet. By reducing the airgap flux 

density at high speed it was similar to a ferrite PMBM, so the core losses were 
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low. If only the efficiency of the power induction to rotor winding was acceptable, 

there was a motor comparable to the brushed dc motor performance, but with no 

bmshes. 

9.2.1 The Question Of Efficiency 

At the beginning of this research, h had been anticipated that the WRBM has 

better efficiency than PMBM at high speed due to the fact that hi constant power 

the required ahgap flux is minimised because the torque is reduced. Hence to 

generate a weak magnetic field did not require a lot of power compared with 

power consumption of the motor at high speed. It was also indicated in the 

proposal that the expected efficiency of the WRBM at low speed is lower than a 

PMBM. The prediction about high and low speed efficiencies were correct but 

what was surprising was the amount of power saving that could be made at high 

speed compared with both ferrite PMBM and rare earth magnet PMBM. 

Table 8.5 compares the efficiency of different motors at 550 andl2000 rpm. The 

two designs were based on one stator chassis and although in some cases it cannot 

be a practical design due to high losses, but the efficiency figures can be referred 

to as bemg obtained under similar design condhions. Based on this table, the 

efficiency of the WRBM is 64.6% for an inefficient design, the efficiency of the 

ferrite PMBM was 55.94% and the efficiency of the rare earth magnet PMBM was 

15.1%. This was an excellent resuh as the WRBM could exceed the efficiency of 

the ferrhe motor. At low speed however the efficiency of the inefficient WRBM 

(0.8mm ahgap) was 23.2% compared with 47.33% and 15.1% respectively for the 

PMBM whh high and low remanence flux denshy magnets. The efficiency of 

WRBM at low speed could be mcreased to 30% by reducing the ahgap to 0.5mm. 

These efficiency figures mclude an estimate of the losses of the converter that 

supplies the rotor wmdmg. These resuhs especially at high speed exceeded 

expectations of the research proposal. 
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9.2.2 Further Improvement In Efficiency 

In terms of the motor design, because in a WRBM the stator and field currents can 

be changed independently, the designer has a free hand m changing design 

parameters to make the design more efficient and robust. A few examples were 

given in Chapters 7 and 8 in this regard and will not be repeated, hence the design 

of the WRBM for maximum efficiency is straightforward. But in terms of 

increashig the efficiency of the power conversion to the rotor and generation of 

the static magnetic field, many improvements can be made. In terms of the static 

magnetic field a WRBM best wUl be designed for high speed and whh smaU 

airgap. Reducing the airgap will reduce the rotor current for a given airgap flux 

density and when the current is reduced the losses are reduced by a power of two 

of the rotor current. 

Another important improvement is to fill the rotor winding area with as much as 

copper that is possible. By increasing the winding area, the resistance of the rotor 

is reduced and the losses are minimised. The winding area is only limited by the 

size of the hon poles that carry twice the airgap flux and can saturate if the 

magnetic flux density is high. For medium-high speed motors, lower airgap flux 

can be selected and hence there is more winding area for the rotor and the motor 

wUl be more efficient. 

FEA can be very helpful in the design of the WRBM in maximising the windhig 

area and inspection of the area of the rotor and stator laminations that are subject 

to saturation. 

Further increase in the efficiency of the WRBM drive system can be made by 

mcreasing the efficiency of the converter and power induction from the stationary 

section to the rotary section of the switched mode transformer. 
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9.2.3 Improvements In Power Conversion Section 

The detaUs of power conversion were discussed in Chapter 4 and it was 

demonstrated that, by implementing a resonant chcuh the power levels that could 

be converted from the stationary core of the transformer to the rotary section can 

be increased. The main problem with the power conversion from the stationary 

core to the rotary one of the transformer is the leakage inductance. Using a 

resonant capacitor in series with the transformer can increase the power levels that 

can be transferred with a given supply voltage. Also because the transformer has 

an airgap the magnetisation inductance is low, that makes the power conversion 

reactive. This results in higher switching current that does not contribute in power 

conversion. Hence, by increasing the primary inductance of the transformer the 

reactive current can be reduced and the mverter losses can be minimised. 

Reducmg the transformer ahgap also mcreases the magnetisation inductance and 

decreases the leakage inductance and hence the efficiency of the power 

conversion can increase. Increasing the size of the transformer is requhed when 

the transferred power levels are mcreased. Alternatively the swhchhig frequency 

can be increased to reduce the size of the transformer. 

As the conversion topology is resonant, conduction losses of the transistors are 

higher but switching losses are lower than a conventional PWM topology. A 

current control topology is more suitable because a current transformer that is 

used m series whh the prhnary of the transformer can be used to control the power 

that is transferred. This power is used to generate the static magnetic field of the 

rotor and is consumed m the rotor wmdmg resistance. 

Whh the resonant method, the only limit m power conversion level is the 

temperature rise of the transformer. Due to the rotor rotation, h is best to 
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incorporate the loss of the transformer in the secondary side so that better cooling 

is provided due to higher ahflow. 

Figure 9.1 illustrates the high frequency transformer that was used in the 

prototype. Despite the basic attachment of the transformer the operation of power 

conversion was satisfactory. 
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Figure 9. 1 High frequency transformer. 

Figure 9.2 Ulustrates the HF frequency transformer with a bulb that was used in 

the experiments to verify the operation of the converter. This bulb was lit when 

the inverter was on and had no contacts to any supply and was only powered by 

the mduction of power from the stationary core to the rotary core. The relative 

size of the transformer with respect to the motor illustrates the practical 

arrangement that is incorporated in the design of the WRBM. 
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Figure 9. 2 High frequency transformer with the test bulb. 

Usually a control chcuit power supply is required for the stator drive, DSP and 

other electronics circuits. High frequency transformer can provide this power and 

because of the small size of the transformer it can be fitted inside the chassis of 

the motor. If the motor is only used for high-speed low-torque operation the size 

of the transformer can further be reduced because the power level that needs to be 

converted is low. 

9.3 SENSORLESS DETECTION OF POSITION AND SPEED 

A sensorless speed and position detection method was described, that used the 

construction of the motor to detect small variations of magnetisation inductance. 

This variation was amplified and based on the method that was described m 

Chapter 5, was used to detect the speed and poshion of the rotor. Commutation 

pulses of the stator whidmg of the motor can also be generated once the poshion 

of the rotor is detected. 
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In the experiments a triangular waveform was used to simulate the triangular 

waveform generated by the variation of the magnetisation inductance and 

commutation pulses were generated that corresponded to the absolute poshion of 

the rotor. 

The main problem with the sensorless detection was its sensitivhy to the rotor 

winding current, because the only transducer used was a current transformer 

sampling the high frequency transformer current. Current transducer circuit is 

basically a peak detector chcuit but because the rotor winding current appears as a 

dc voltage, the variation of the magnetisation inductance that is a low frequency 

signal, cannot be easUy detected at low speeds. At high speed an ac coupled can 

easily separate the current due to the load (rotor wmding) from the magnetisation 

current. However at low speed operation a variable offset amplifier is used to 

remove the dc offset that results from the rotor winding current. 

In resonant mode, when the resonant frequency is close to the resonant frequency 

of the series capachor in resonance whh the transformer magnetisation inductance 

and leakage inductance, higher variation of the transformer current can be 

achieved and hence sensorless detection of speed and position becomes easier. 

9.4 MOTOR OPERATION 

Whh the hmhed resources that were available, a shnple unipolar drive chcuit was 

built and a two-phase 4-pole motor was constructed. The purpose of the 

experiment was to observe any possible problem in construction of the WRBM. 

This prototype was not by any means a working unh, but valuable lessons were 

learned m terms of the issues that were mvolved m construction of the motor. The 

resonant chcuh is illustrated in Figure 9.3 and stator winding drive chcuh is 

illustrated in Figure 9.4. The motor was operatmg m synchronous mode and it is 

needed to be set at very low speed and after start up manually, hs speed changed 
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by varymg the frequency of the stator winding drive chcuh. By increasing the 

power to the rotor wmdhig, the speed was constant but the torque was increased. 

When the power to the rotor was intermpted, the motor stopped. Changing the 

power to the rotor winding was achieved by changing the frequency of the 

resonant converter from resonant frequency. 

Vff y^^ J yy 

Figure 9. 3 Resonant converter for power induction to the rotor. 

The 50 Hz transformer shown in Figure 9.3 is used in prototype chcuit for safety 

reason so that the drive circuits can be worked on with at low supply voltages (i.e. 

when the input voltage to drive is slowly increased by a variac). The high 

frequency transformer wUl supply the control circuit electronics in fmal prototype. 

The motor was a single-phase induction motor. Its rotor was replaced with a 4-

pole rotor with 200 tums of 0.63mm winding per pole. The rectifiers that convert 

the ac voltage of the secondary winding of the transformer to a dc voltage, were 

mounted on the rotor. 
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Figure 9. 4 Stator winding driver circuit. 

Constmction of the motor was made with a very limited budget and a better 

prototype is requhed to further test the motor for compUance with the design that 

was described in Chapters 6-8. It is preferable to change the size of the prototype 

m any future research to design a direct drive motor. The rotor diameter and the 

stack length of the prototype used are too small for a direct drive system for the 

target specification that was set in this work. Particularly at low speed operation 

12 N.m. torque is required. 

Prototyping a rotor with lamination is very expensive and a proper design needs a 

cooperation of industry that wUl be the next suggested phase of this work. 

However, where possible by means of shnple experiments and hardware, a 

quahtative assessment of the motor performance has been obtained. For instance h 

was necessary to fmd out if there was any obstacle in mounting of the high 

frequency transformer or the levels of the magnetic field generated m rotor. The 

basic structure of the modified motor that was used in this work was sufficient to 

mvestigate these factors, but was not a design that could be evaluated for torque 

and speed performance. The majorhy of this work in the motor design section is 
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based on conventional design methods, simulation and FEA. An attempt was 

made to build a drive chcuit and a motor prototype that with the resonant 

converter constituted a drive system. This prototype proved the feasibilhy of the 

work with the hmhed resources that was avaUable. This drive system was 

sufficient to demonstrate the basics of power induction from a stationary core to 

the rotary one of the transformer and was supported by simulation and 

experimental results that was described in Chapter 4. 

Further experhnents, prototyping and testing of the motor requhe suitable 

equipment hke dynamometer can be performed m a commercialization stage. 

Figure 9.5 Ulustrates the prototype motor rotating with the test bulb connected to 

the rotary side. The Ulumination of the bulb while rotatmg is visible m this figure. 

Figure 9. 5 Operation of the prototype motor with the test bulb connected to rotor. 
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9.5 DESIGN REVIEW 

In this section the summary of the important issues that was revealed in hterature 

review or was found to be a good feature in a drive system is discussed and the 

performance of the WRBM motor drive system is tested for compHance. A motor 

drive system for industrial and domestic apphcations must include the foUowing 

features: 

1. Low cost 

2. Ability to operate in constant power region 

3. Wide speed range 

4. Bi-directional operation 

5. Good low speed torque performance 

6. Good high speed operation 

7. Sensorless speed and position detection, as related to reliability and low 

cost 

8. High peak to average torque capachy 

9. High efficiency 

10. Ease of torque and speed control 

11. Low maintenance and high rehabihty 

12. Low Electromagnetic Interference (EMI) 

13. Inherent Braking facUhy 

14. Low bearing current 

15. Small size 

16. Shnple m manufacturing 

In regard to some of the above items it has akeady been discussed that a 

WRBM exceeds the performance of most drive systems but some items needs 
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to be discussed and tested for WRBM. The most important item is the issue of 

cost. 

9.5.1 Low Cost 

In hterature review we discussed that the cost of the magnets account for 70% 

of the cost of the motor. Replacing the permanent magnets with a wound rotor 

reduces the cost of the motor, and the cost of the mverter does not add too 

much to the overaU cost. The cost comparison is valid even when comparing 

the motor with an induction motor that requhes a cage rotor. The pressed 

lamination of the stator in the WRBM can be used as the lamination for the 

rotor that in other cases is usually wasted or reprocessed. Hence the cost of the 

lamination of the rotor is not an extra cost. These days the cost of power 

electronic devices and ferrite transformers are cheap and the extra cost of the 

converter does not exceed $5-10 that is neghgible compared to the cost of 

motor and permanent magnets. Hence it is expected that the WRBM can be 

manufactured much cheaper than a PMBM. 

9.5.2 Braking 

In regard to braking facilhy, PMBM drives need a clamp device to stop the rotor 

by shorting the stator wmdmg. When the load speed exceeds the motor speed, the 

motor is converted to a generator and causes the dc hnk vohage to increase and 

the resuh is catastrophic for the inverter as once observed by the candidate. This 

fast braking is usually requhed m many applications lUce a washing machme for 

safety reasons and usuaUy performed by clamping the stator windings with a 

rugged device Uke IGBT. In WRBM the power to the rotor can be interrupted and 

hence the energy clampmg levels are much less. 
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9.5.3 Bearing Current 

In hterature review it was Ulustrated that a current is induced in the bearing by the 

stray capacitance between the stator lamination and the rotor. This current can 

damage the bearmg and result in early faUure of the motor. A few methods were 

described to reduce this current, one being to generate a high impedance in the 

path of the bearmg. In WRBM the high frequency flux is mduced from the 

primary core to the secondary core of the transformer, that is in the dhection of 

the rotor shaft and it is possible for the bearing current to increase. 

A discussion is that the source of the signal is high frequency and because the 

reluctance of hon is high due to core losses the stray currents are mmimised. On 

the other hand because the operating frequency of the transformer is high the 

effect of leakage capacitance is more. Fortunately the stationary part of the high 

frequency transformer can be mounted on an insulating material so a high 

impedance to the stray currents are made. Nevertheless the bearing current must 

be quantUied in any future work that requhes a close to production prototype. 

9.5.4 Small Size 

Permanent magnet motors have the best power per volume ratio in all of the motor 

drive systems in mdustries (excludmg the brushed dc motors). The controller of 

the PMBM is simple and there are controUers m the market that have speed 

calculation chcuhs and only need poshion detection ckcuhs to run a PMBM. 

Some controllers use a charge-pump chcuh to supply the control chcuh that 

further reduces the control circuh size. SimUar technology is also available for the 

mduction motor drive systems for operation in VF (vohage-frequency) mode. 
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The avaUability of these controUers are due to the widespread use of motors and 

although the controUers for the PMBM can be used for the stator wmdhig drive, 

more dedicated electronics utUise the full potential of the WRBM. Hence 

comparing with the avaUability integrated controllers WRBM is lagging behind 

and although the high frequency transformer can be reduced in size if the 

operating frequency is increased, a WRBM controUer needs more space than a 

PMBM for the controUer. In some cases however, a WRBM can have lower 

weight (and perhaps size) than a PMBM due to an increase in lamination size in a 

PMBM for core loss dissipation. This is particularly the case when operation at 

high speed is requhed. 

9.5.5 Simple In Manufacturing 

It is not expected that the manufacturmg of the WRBM be more difficuU than a 

PMBM. In fact bonding of the permanent magnets are regarded one of the most 

difficuh processes m manufacturing the PMBM. Whh primhive tools and hmited 

resources a basic WRBM prototype could be buih whUe the same prototype for 

the PMBM could not be buih with the same tools. This Ulustrates the ease of 

manufacturing of the WRBM. 

9.5.6 Disadvantages 

The only challenge in the design of the PMBM is to increase the low speed 

efficiency of the motor that whh similar design parameters seems difficuh. 

However, h is possible to design a motor whh reduced ahgap flux that can be 

more efficient than a PMBM whh high remanence flux denshy for a particular 

torque. In Table 8.3 h is illustrated that the efficiency of the ferrite motor is higher 

than the efficiency of the motor with high remanence flux denshy because of the 

high speed losses. It means that for a given application and speed range there 
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could be an optimum ahgap flux that results m minimum losses. A WRBM has 

the advantage of variable flux denshy and hence a more efficient design than a 

PMBM can be found particularly if a pulley or gearbox is used. 

A new type of smaU and high-speed motor is commonly used for model aircraft 

that is caUed ferrhe motor whh an mtegral gear box to increase the torque. The 

reason for this design rather than dhect drive could be exactly what was discussed 

m regard to the efficiency of operation especially for an apphcation that needs 

exceUent efficiency and power per volume. Investigating the high-speed 

apphcation of a WRBM with use of gearbox or puUey to mcrease efficiency is a 

good dhection for any future work m design of systems that are powered by a 

WRBM. 

9.6 SCOPE FOR FUTURE WORK 

In this work it has been demonstrated that comparison with conventional drive 

systems, the WRBM not only is feasible but also is advantageous in many aspects. 

However, lUce other chaUenges further effort is necessary to improve performance. 

Particularly, in the commercialised world one must reduce cost and increase 

efficiency of any product continuously. The most important step is to design and 

build a workhig prototype of a WRBM that can be subjected to performance tests 

like torque, speed, efficiency and transients. This requhes effort in three fronts: 

• To increase the efficiency of the power induction. Smaller ahgap and higher 

primary winding turns and use of low loss ferrite for transformer are 

recommended. 

• To improve the performance of the sensorless speed/position detection. This 

improvement is the most difficult task and unfortunately is design dependent. 

It means that unlike a standard position detection sensor that can be mounted 

on any shaft and be used with any motor, there is no sensorless detection that 
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can be universally used based on the method described in this work. However, 

variation to the methods that was described can be used universally. For 

instance, use of a separate winding on the transformer or use of two primary 

cores and windings can be used for speed and position detection that is not 

affected by rotor winding current. This is a valuable research subject that can 

further enhance the performance of a WRBM motor and can be used for other 

motor drive systems. 

• To optimise WRBM design to increase efficiency at low speed. This has 

akeady been discussed and two areas for improvement exist. Fhst area is to 

reduce the airgap and second to increase the windhig area of the rotor winding. 

Trying different shapes of the rotor lamination to minimise saturation of hon 

can be performed with FEA. Despite the design of a PMBM with httle use of 

FEA, the design of a WRBM can be enhanced and simplified by use of FEA. 

Particularly, when the ahgap is small and the saturation of hon is possible m 

the design of the motor, a FEA plot of magnetic field intenshies and densities 

can quickly identify the problematic area. Hence a motor can be designed that 

uses the best of the hon and flux rather than a motor that must be oversized to 

aUow for the safety margins for saturation of iron. 

9.7 OTHER APPLICATIONS 

Beside the apphcation as a motor, a WRBM can be used as a generator with 

simple control for vohage and frequency and no maintenance, as there is no rmg 

or brushes m the motor. The apphcation of this device as a motor and/generator is 

the next stage when this work is expected to contmue m a commerciaHzation 

phase. 
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Figure B. 1 Schematic diagram of the stator winding drive chcuit. 
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Figure B. 2 Schematic of amplifier for amplification of the magnetisation current. 
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Figure B. 3 Schematic of the resonant converter. 
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Figure B. 4 Block diagram of DSP data ADC/DAC board. 

B.4 



APPENDIX C 

C.l Sensorless speed/position detection C program 

Following program is the C program that was written for 
the DSP TMS320C25 to find the maximum and minimum of a 
triangular waveform. The triangle signal was a 
simulated waveform of the filtered and amplified high 
frequency transformer primary winding current. 

This program is a test program for generation of the 
commutation pulses for the stator winding from the 
variation of the transformer current that results from 
the variation of the magnetisation inductance of the 
transformer. 

This program is a cross compiler program that generates 
an assembly program which is converted to machine code 
by the assembler supplied by Texas Instrument Co.. 
Although the development system is outdated and 
TMS320C25 is regarded as an old DSP but the C code is 
portable to other DSP systems with minor modifications. 

#include "c:\dsp\ioports.h" 
#include "c:\dsp\math.h" 
#include "c:\dsp\stdlib.h" 

main () 

{ 
int i=0; 
int 12=0; 
int datain; 
int pl=20000; 
int nl=-20000; 
int tog=20000; 
int mul=128; 
int sta,min,MIN,temp,MAX; 
int BASE = 11141; 
int STEP = 1229; 
int basel, base2,base3,base4,base5,base6,base7,base8; 

/* Read current from input port */ 
/* and find maximum and minimum */ 

C.l 

file://c:/dsp/ioports.h
file://c:/dsp/math.h
file://c:/dsp/stdlib.h


for{sta=0;sta<3 0000;staH-+) 
{ 
min=_inportl(); 

temp=_inportl(); 
if (min<temp) 
MAX=min; 

else 
MAX=temp; 
} 

/* Test if the value reaches the 
corresponding */ 

/* level to switch ON-OFF output ports */ 

for(;;) 
{ 

{ 

i=_inportl{); 
if(i>(basel-mul) && i< (basel+mul)) 

_outportO(pi) 
_outportl(nl) 
_outport2(nl) 
_outport3(pi) 

} 
else 

if(i>(base2-mul) && i < (base2+mul)) 
{ 
_outportO(pi) 
_outportl(nl) 
_outport2(pi) 
_outport3(nl) 
} 
else 

if(i>(base3-mul) && i<(base3+mul) ) 

{ 
_outportO(nl) 
_outportl(pi) 
_outport2(pi) 
_outport3(nl) 
} 

C.2 



else 

if(i>(base4-mul) && i<(base4+mul)) 
{ 
_outportO(nl) 
_outportl(pl) 
_outport2(nl) 
_outport3(pi) 
> 

else 

if(i>(base5-mul) && i<(base5+mul)) 
{ 
_outportO(pi) 
_outportl(nl) 
_outport2(nl) 
_outport3(pi) 
} 

else 

if(i>(base6-mul) && i<(base6+mul) 
{ 
_outportO(pi) 
_outportl(nl) 
_outport2(pi) 
_outport3(nl) 
} 

else 

if(i>(base7-mul) && i<(base7+mul)) 
{ 
_outportO(nl) 
_outportl(pi) 
_outport2(pi) 
_outport3(nl) 
} 

else 

if(i>(base8-mul) && i<(baseS+mul)) 
{ 
_outportO(nl) 
_outportl(pi) 
_outport2(nl) 
_outport3(pi) 
} 
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/* Delay routine for use in */ 
/* cases where a delay was */ 
/* required after outport */ 

d e l a y ( j ) 

i n t 

fo r 

) 

k=0; 

(k=0, 
{ 

} 

{ 

k<j;k++) 

k++; 
k—; 

C.2 Command File 

/* Following file is called command file and is required by the assembler to 
converts the assembly code to machine code. */ 

- c 

-U RESET 

-o myt.out 

-m myt.map 

myt 

- 1 
yy 

- 1 

o b j 

. . \rts. 

. .\flib 

MEMORY 

{ 

lib 

.lib 

PAGE 0 tVECS (IRX): origin =0h, length=03 0h 
CODE (IRX): origin = 030h, length =0f90h 
PAGE 1 :POD (WIRX) : origin=00300h, length=10000h 
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SECTIONS 
{ 

vectors OOOOOh 
. text 
.data 
.bss 
} 

{} 
(} 
{} 
{} 

> 

> 

> 

> 

VECS PAGE 0 
CODE PAGE 0 
CODE PAGE 0 
POD PAGE 1 

C3. Batch file 

For performing compiling, assembling and code format conversion following 
batch file is used. The commands in the first argument of each hne are related to 
the Software Development System (SWDS) for TMS320C25 Dighal Signal 
Processor that has been described in Texas Instrument Co. Data book related to 
SWDS of TMS320C25 DSP. 

dspcc myt.c 
dspcg myt. if 
dspa -1 myt. asm 
dsplnk myt.cmd 
dsprom -t myt. out 
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APPENDIX D 

PROGRAM 1. 

%In this program, output power of the transformer vs different Q 
%is plotted. The fundamental value for the half-bridge is vi, 
%leakage inductance Ll, magnetisation inductance Lm, resonant 
%capacitor C and different resonant frequencies are wm, wl and wt 
%(refer to Chapter 4, Figure 4.5). This program also calculates 
%short-%circuit current of the transformer Isc. The output of the 
%program is the plot%of power for various Q. 

Ll=300e-6; 
Lm=450e-6; 
c=47e-9; 
vi=153; 
wm=l/sqrt(Lm*c); 
wl=l/sqrt(Ll*c); 
wt=l/sqrt((Lm+Ll)*c); 
w=(125000:100:400000); 
lsc=240*1.4*(c.*w)./(l-w.^2/wl"2); 

for r=10:50: 500,• 
q=r*c*wl,• 
terml=( ( (w."2/wt"2)-l) ./ (w.'-2/wm"2) ) ."2; 
term2=( ((w.^2/wl^2)-1) ./ ((q/wl).*w) )."2, 
gain=l./sqrt(terml+term2); 
vo=gain.*vi; 
po=vo. '^2/r; 
plot(w/(2*pi),po,'r'); 
xlabeK 'Hz' ) ; 
ylabeK 'VA' ) ; 
grid on; 
hold on; 

end; 
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PROGRAM 2; 

%In this program, the ratio of output voltage to input voltage of 
%the transformer vs different Q is plotted. The fundamental value 
%for the half-bridge is vi, leakage inductance Ll, magnetisation 
%inductance Lm, resonant capacitor c and different resonant 
%frequencies are wm, wl and wt (refer to Chapter 4, Figure 4.5). 
%This program also calculates the short-circuit current of the 
%transformer Isc. The output of the program is the plot of power 
%for various Q. 

Ll=300e-6; 
Lm=450e-6; 
c=47e-9; 
wm=l/sqrt(Lm*c); 
wl=l/sqrt(Ll*c) ; 
wt=l/sqrt((Lm+Ll)*c) ; 
w=(125000:1000:400000) ; 
Isc=240*1.4*(c.*w) ./(l-w.'"2/wl̂ 2) ; 

for q=l:l:5 

terml=( { (w.'-2/wt̂ 2)-1) ./ (w. ̂ 2/wm''2) ) . "2; 
term2=( ((w."2/wl"2)-1) ./ ((q/wl).*w) )."2; 
gain=l./sqrt(terml+term2); 
plot(w/(2*pi),gain,'r'); 
XlabeK 'Hz' ) ; 
ylabeK 'Vo/Vi' ) ; 
grid on; 
hold on; 

end; 
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PROGRAM 3; 

%This program calculates the variation of the transformer current 
%due to the variation of the angular position of the primary vs 
%secondary of the transformer. 

%Definition of angular position teta and magnetisation minimum 
%and maximum inductances. Leakage inductance LL, ohmic resistance 
%of rotor winding R transferred to primary side, half-bridge 
%voltage v, angular frequency w with frequency of 42kHz. The 
%output of the program is "i" that is the primary current of the 
%transformer. 

teta=pi/2; 
Lmin=330e-6*j; 
Lmax=450e-6*j; 
LL=330e-6*j; 
R=1000; 
v=175; 
w=2*pi*42000; 
teta=0:0.01:pi/2; 
Lm=(Lmax-Lmin)*((pi-2.*teta)/pi) + Lmin; 

%Place this loop for a range of resistances 

%for R=40:10:100; 
nom=(LL*w.*(R+Lm*w) + R.*Lm*w); 
denom=(R+Lm*w); 
z=nom./denom; 
i=v./abs(z); 
plot(abs(Lm),i,'R'); 
XlabeK 'Henry' ) ; 
ylabeK 'I (Amp) ' ) ; 
grid on; 
hold on; 

%end; 

end; 
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PROGRAM 4; 

%This program calculates the variation of the transformer current 
%due to the variation of the angular position of the primary vs 
%secondary of the transformer for the resonant circuit. 
%Definition of angular position teta and magnetisation minimum 
%and maximum inductances. Leakage inductance LL, ohmic resistance 
%of rotor winding R transferred to primary side, c is the resonant 
%capacitor, half-bridge voltage v, angular frequency w with 
%frequency of 42kHz. The output of the program is "i" that is 
%the primary current of the transformer. 

teta=pi/2; 
Lmin=330e-6*j; 
Lmax=450e-6*j; 
LL=330e-6*j; 
c=47e-9*j; 
R=100; 
v-175; 
w=2*pi*26000; 
teta=0:0.01:pi/2; 
Lm=(Lmax-Lmin)*((pi-2.*teta)/pi) + Lmin; 
zc=(LL*c*w^2+l)/(c*w); 
%Place this loop for a range of resistances 

%for R=40:10:80; 
nom=(zc.*(R+Lm*w) + R.*Lm*w); 
denom=(R+Lm*w); 
z=nom./denom; 
%z=w*R.*Lm./(R+w.*Lm)+zc; 
i=v./abs(z); 
plot(abs(Lm),i,'R'); 
XlabeK 'Henry' ) ; 
ylabeK 'I (Amp) ' ) ; 
grid on; 
hold on; 

%end; 

end; 

D.4 



PROGRAM 5; 

%This program is used in a permanent magnet motor design to 
%calculate the number of conductors, torque and efficiency. Some 
%of the motor parameters must be specified as constant in the 
%program. 

%pm_k, 0.9 for rare earth, 0.8 for ferrite**** 

%remanancG flux*** 

%phases 

%slots 

pm_k=0.9; 

br=0.9; 

ph=3; 

slots=36; 

%slot area, mm 
slot_area=85; 

%slot-pitch; 
s_p=6; 

%slot depth, meter 
s_d=0.017; 

%winding format 
double=2; 

%Supply voltage *** 
e=240*sqrt(2); 

%maximum rpm 
rpm=12000; 

sid=82e-3; 
od=140e-3; 

g=0.8e-3; 

lm=10*g; 

dr=sid-2*g; 

dy=dr-2*lm; 

lstk=3 0e-3; 

pole=8; 
%magnet pole area 

ap=(pi*dy*lstk)/pole; 

%recoil permeability 
u=l; 

%airgap flux 
bm=br/(l+u*(g/lm)); 

%commutation frequency 
fc=(6*rpm/60)*(pole/2); 

%airgap flux 
flux=bm*ap; 

%stator ID and OD 

%airgap 

%magnet thickness 

%rotor outward diameter 

%rotor yoke diameter 

%stack length 

%poles 
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%noload speed 
wnl=(2*pi/60)*rpm/pm_k; 

%Torque and EMF constant 
ke=e/wnl; 

%winding constant 
c=0.9; 

%parallel winding path 
a=l; 

%total conductor fullarc*** 
z=(3/2)*(a*pi*ke/(flux*(pole/2)*c)); 

%total conductor for 3 0 degree 
z30=z*3/2; 

%coil numbers*** 
coil=slots/ph; 

%number of turns per coil, full and 30 arc 
n=round(z/(2*coil)); 
n3 0=round(z3 0/(2*coil)); 

%fill factor 0.3-0.8 
alfa=0.4; 

%wire diameter, select the next lowest 
wire_d=sqrt(slot_area*alfa/(n*double)); 
wire_act=wire_d; 
wire_d=(wire_d*10); 
wire_d=fix(wire_d)/lO; 

wire_d30=sqrt(slot_area*alfa/(n30*double)); 
wire3 0_act=wire_d3 0; 
wire_d30=(wire_d30*10); 
wire_d3 0=fix(wire_d3 0)/lO; 

%winding pitch 
w_p=pi*s_p*(sid+s_d/2)/slots; 

%winding end turn curveture factor 
cf=0.3*lstk; 

%average length of coil 
lwm=2*(lstk+w_p+cf); 

%total coil length 
wire_c=n*lwm; 
wire_c3 0=n3 0*lwm; 

%total phase wire length 
wire_tl=wire_c*coil; 
wire_tl3 0=wire_c3 0*coil; 

%total phase winding ohmic resistance 

if wire_d==0.4 
spec_r=0.13; 

end; 

if wire_d==0.5 
spec_r=0.088; 

end; 
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if wire_d==0.6 
wire_d=0.55; 
spec_r=0.069; 

end; 

if wire_d==0.7 
spec_r=0.043; 
end; 

if wire_d==0.8 
spec_r=0.034; 

end; 

if wire_d==0.9 
spec_r=0.026; 

end; 

if wire_d==l 
spec_r=0.021; 

end; 

if wire_d==l.l 
spec_r=0.019; 

end; 

%total phase winding ohmic resistance, 3 0 degree 

if wire_d3D==0.4 
spec_r3 0=0.13; 

end; 

if wire_d3 0==0.5 
spec_r3 0=0.088; 

end; 

if wire_d3 0==0.6 
spec_r30=0.069; 

end; 

if wire_d3 0==0.7 
spec_r3 0=0.043; 

end; 

if wire_d3 0==0.8 
spec_r3 0=0.034; 

end; 

if wire_d3 0==0.9 
spec_r3 0=0.026; 

end; 
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if wire_d3 0==l 
spec_r3 0=0.021; 

end; 

if wire_d30==l.1 
spec_r3 0=0.019; 

end; 

%wire resistance 

rp=wire_tl*spGc_r; 
rp3 0=wire_tl3 0*spec_r3 0; 

%EMF calculation 
emf=rpm*2*pi*ke/60; 

%stator current 
vinv=2; 
rs=l; 
is=(e-emf-vinv)/(rs+2*rp) ; 
is30=(e-emf-vinv)/(rs+2*rp30); 

%torquG 
torque=is*ke; 
torque3 0=is3 0*ke; 

%current density 
js = is*4/ (pi*wire_d'^2) ; 
js30 = is30*4/(pi*wire_d30'^2) ; 

%copper losses 
pcu=2*rp*is^2; 
pcu3 0=2*rp3 0*is3 0''2; 

%core losses 
f=(pole/2)*rpm/60; 
volume=lstk* ( (pi/4) * (od'̂ 2-sid'̂ 2) -slot_area*slots/le6) ; %cubic 
meter 
w_kg=4.6; %core loss per kg 
spec_vol=7750; 
weight=volume*spec_vol; 
fref=60; %value that losses are specified,f & B, tesla 

%twice the airgap flux is in iron 
bref=1.5; 

%0.55 for equvalent dc flux loss curves 
pco_spec=w_kg* (0 . 55* (f/fref) * (2*bm/bref)'^l. 6 + 0 . 55* (f/f ref)'^2* (2*bm 
/bref)'^2) ; 
pco=pco_spec*weight; 

%efficiency 
mech_power=2*pi*rpm*torque/60; 
mech_powGr3 0=2 *pi *rpm* torquG3 0/60; 
total_loss=pcu+pco; 
total_loss3 0=pcu3 0+pco; 
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eff=l00*mech_jpower/(mech_power+total_loss); 
eff3 0=100*mech_power3 0/(mech_power3 0+total_loss3 0; 

%efficiency at nominal torque 
torque_n=l.2; 
mech_powern=2 *pi *rpm*torque_n/60; 
in= is * torque_n/torque; 
in30=is30*torquG_n/torque30; 
pcun=(in''2/is'̂ 2) *pcu; 
pcun30= (in30''2/is30'̂ 2) *pcu30; 
ef fn=100*mech_powern/(mech_powern+pcun+pco); 
ef fn3 0=100*mech_powern/(mech_powGrn+pcun30+pco); 
jsn=in*4/ (pi*wire_d'̂ 2) ; 
jsn30=in30*4/ (pi*wirG_d3 0'̂ 2) ; 

%mcLximum current 
imax=(e-vinv)/(rs+2*rp) ; 
imax3 0=(e-vinv)/(rs+2*rp3 0); 
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PROGRAM 6; 

%This program prints the result of motor design program in the 
%filG Fa_pm_l.doc. This file contains the full magnet arc design 
%only. 

%record results is a file 

f_wt=fopen('Fa_pm_l.doc','w'); 
%GGneral Parameters 

fprintf(f_wt, 'EMF Magnet Constant = %4 .4f\n',pm_k); 
fprintf(f_wt,'Magnet Remanance Flux Density = %4.4f TeslaXn',br) ; 
fprintf(f_wt,'Pole Numbers = %4.4f\n',pole); 
fprintf(f_wt,'RPM = %4.2f RPM\n',rpm); 
fprintf(f_wt,'Required Torque = %4.4f N.m.\n',torque_n); 
fprintf(f_wt,'Supply Voltage = %4.4f Volts\n',e); 

%Motor Dimensions 
fprintf(f_wt,'Stator Slots = %d \n',slots); 
fprintf(f_wt,'Slot Area = %4.4f mm2\n',slot_area); 
fprintf(f_wt,'Stator CD = %4.4f meter\n',od); 
fprintf(f_wt,'Stator ID = %4.4f meter\n',sid); 
fprintf(f_wt,'Stack Length = %4.4f meter\n',lstk); 
fprintf(f_wt,'Stator Volume = %4.4e meter3\n',volume); 
fprintf(f_wt,'Stator Weight = %4.4f Kg\n',weight); 
fprintf(f_wt,'Rotor OD = %4.4f meter\n',dr); 
fprintf(f_wt,'Rotor ID = %4.4f meter\n',dy); 

%Magnet Properties 
fprintf(f_wt,'Airgap = %4.4f meter\n',g); 
fprintf(f_wt,'Magnet Thickness = %4.4f meter\n',lm); 
fprintf(f_wt,'Magnet Pole Area = %4.4f m2\n',ap); 
fprintf (f_wt,'Maximiom Airgap Flux Density^ %4.4f Tesla\n',bm) ; 
fprintf(f_wt,'Approximate Flux = %4.4e Webber\n',flux); 

%Speed 
fprintf(f_wt,'Commutation Frequency = %4.4f Hz\n',fc); 
fprintf(f_wt,'No Load Speed = %4.2f Rad/sec\n',wnl); 
fprintf(f_wt,'EMF Constant = %4.4f V.S/Rad\n',ke); 

%windings 
.wt,'Total Number Of Conductors = %4.2f\n',z); 
.wt,'Coil Numbers = %d\n',coil); 
.wt,'Actual Wire Diamet.ec,= %4.4f mm\n',wire_act) ; 
.wt,'Wire Diameter = %4.4f mm\n',wire_d); 
.wt,'Wire Pitch Size = %4.4f meter\n',w_p); 
wt,'Mean Coil Length = %4.4f meter\n',Iwm); 
'wt,'Coil Wire Length = %4.4f meterXn',wire_c); 
^wt,'Total Coil Length = %4.4f meter\n',wire_tl); 
'wt,'Total Coil Resistance = %4.4f Ohm\n',rp); 

fprintf(f_ 
fprintf(f_ 
fprintf(f_ 
fprintf(f_ 
fprintf(f_ 
fprintf(f_ 
fprintf(f_ 
fprintf(f_ 
fprintf (f_ 

fprintf (f. 
fprintf (f. 
fprintf (f. 
fprintf (f. 

.wt, 

.wt, 

.wt 
wt 

%Results 
'EMF = %4.4f VoltsXn' 
'Stator Phase Current 
'Torque = %4.4f N.m.\n 

fprintf(f_wt, 

emf) ; 

- %4.4f AmperXn',is); 
,torque); 

'Current Density = %4.4f A/mm2\n',js); 
%Losses 

Maximum Operating Frequency = %4.2f Hz\n',f); 
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fprintf(f_wt,'Copper Loss = %4.4f W\n',pcu); 
fprintf(f_wt,'Core Loss = %4.4f W\n',pco); 

%Mechanical Power 
fprintf(f_wt,'Mechanical Power = %4.4f W\n',mech_power); 
fprintf(f_wt,'Total Loss = %4.4f W\n',total_loss); 
fprintf(f_wt,'Efficiency = %4.4f %%\n',eff); 
fprintf(f_wt,'Stalled Stator Current - %4.4f Amper\n',imax); 

%Checking operation for required torque 
fprintf(f_wt,'Stator Current At Required Torque = %4.4f 
Amper\n',in); 
fprintf(f_wt,'Copper Loss at Required Torque = %4.4f W\n',pcun); 
fprintf(f_wt,'Current Density At Required Torque = %4.4f 
A/mm2\n' , jsn) ; 
fprintf(f_wt,'Mechanical Power At Required Torque = %4.4f 
W\n',mech_powern); 
fprintf(f_wt,'Efficiency At Required Torque - %4.4f %%\n',effn); 

fclose(f_wt); 
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PROGRAM 7: 

%This program prints the result of motor design program in the 
%file Fa_pm_30.doc. This file contains the 30 degree magnet arc 
%design only. 

%record results is a file 

f_wt=fopen('Fa_pm_3 0.doc','w') ; 

fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 

fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 

fprintf 
fprintf 
fprintf 
fprintf 
fprintf 

fprintf 
fprintf 
fprintf 

fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 
fprintf 

fprintf 
fprintf 
fprintf 
fprintf 

%General Parameters 
f_wt,'EMF Magnet Constant = %4.4f\n',pm_k); 
f_wt,'Magnet Remanance Flux Density = %4.4f TeslaXn',br); 
f_wt,'Pole Numbers = %4.4f\n',pole); 
f_wt,'RPM = %4.2f RPM\n',rpm); 
f_wt,'Required Torque = %4.4f N.m.\n',torque_n); 
f_wt,'Supply Voltage = %4.4f Volts\n',e); 

.wt 

.wt 
wt 
-Wt 
.wt 
wt 
wt 
.wt 
wt 

%Motor Dimensions 
'Stator Slots = %d \n',slots); 
'Slot Area = %4, 
'Stator OD = %4 

4f mm2\n',slot_area); 
4f meter\n',od); 

Stator ID = %4.4f meter\n',sid) ; 
Stack Length = %4.4f meter\n',lstk); 
Stator Volume = %4.4e meter3\n',volume); 
Stator Weight = %4.4f Kg\n',weight); 
Rotor OD = %4.4f meterXn',dr); 
Rotor ID = %4.4f meterXn',dy); 

%Magnet Properties 
.wt,'Airgap = %4.4f meterXn',g); 
.wt,'Magnet Thickness = %4.4f meterXn',lm); 
.wt,'Magnet Pole Area = %4.4f m2Xn',ap*0.667); 
.wt, 'Maximum Airgap Flux Density= %4.4f TeslaXn',bm) ; 
.wt,'Approximate Flux = %4.4e Webber\n',flux*0.567); 

%Speed 
.wt,'Commutation Frequency = %4.4f HzXn',fc); 
.wt,'No Load Speed - %4.2f Rad/sec\n',wnl); 
.wt,'EMF Constant = %4.4f V.S/RadXn',ke); 

%windings 
.wt,'Total Number Of Conductors = %4.2fXn',z30); 
.wt,'Coil Numbers = %dXn',coil); 
.wt,'Actual Wire Diameter = %4.4f mmXn',wire3 0_act); 
.wt,'Wire Diameter = %4.4f mmXn',wire_d30); 
.wt,'Wire Pitch Size = %4.4f meterXn',w_p); 
.wt,'Mean Coil Length = %4.4f meterXn',Iwm); 
.wt,'Coil Wire Length = %4.4f meterXn',wire_c30); 
.wt,'Total Coil Length = %4.4f meterXn',wire_tl30); 
.wt,'Total Coil Resistance = %4.4f OhmXn',rp30); 

%Results 
.wt,'EMF = %4.4f VoltsXn',emf); 
.wt,'Stator Phase Current = %4.4f AmperXn',is3 0); 
.wt,'Torque = %4.4f N.m.Xn',torque30); 
.wt,'Current Density = %4.4f A/mm2Xn',js30); 

%Losses 
fprintf(f_wt,'Maximum Operating Frequency = %4.2f HzXn',f); 
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fprintf(f_wt,'Copper Loss = %4.4f WXn',pcu30); 
fprintf(f_wt,'Core Loss = %4.4f WXn',pco); 

%Mechanical Power 
fprintf(f_wt,'Mechanical Power = %4.4f WXn',mech_power30); 
fprintf(f_wt,'Total Loss = %4.4f WXn',total_loss30); 
fprintf(f_wt,'Efficiency = %4.4f %%Xn',eff30); 
fprintf(f_wt,'Stalled Stator Current = %4.4f AmperXn',imax30); 

%Checking operation for required torque 
fprintf(f_wt,'Stator Current At Required Torque = %4.4f 
AmperXn',in3 0); 
fprintf(f_wt,'Copper Loss at Required Torque = %4.4f WXn',pcun30); 
fprintf(f_wt,'Current Density At Required Torque = %4.4f 
A/mm2\n',jsn3 0); 
fprintf (f_wt,'Mechcinical Power At Required Torque = %4.4f 
WXn' ,mech_powern) ; 
fprintf(f_wt,'Efficiency At Required Torque = %4.4f %%Xn',effn30); 

fclose(f_wt); 
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