
Lakehead University

Knowledge Commons,http://knowledgecommons.lakeheadu.ca

Electronic Theses and Dissertations Electronic Theses and Dissertations from 2009

2009

Efficiency optimal control of interior

permanent magnet synchronous motor /

by Fasil Abera.

Abera, Fasil

http://knowledgecommons.lakeheadu.ca/handle/2453/3923

Downloaded from Lakehead University, KnowledgeCommons

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Lakehead University Knowledge Commons

https://core.ac.uk/display/84407034?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Efficiency Optimal Control of Interior 
permanent Magnet Synchronous Motor

By

Fasil Abera

SUBM ITTED IN  P A R TIA L F U LF ILLM E N T OF THE 

REQUIREMENTS FOR THE DEGREE OF 

M ASTER OF SCIENCE

A T

LA K E H E A D  UN IVER SITY  

THUNDER BAY, ONTARIO 

January 2009

©Copyright by Fasil Abera, 2008



Library and 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A0N4 
Canada

Bibliothèque et 
Archives Canada

Direction du 
Patrimoine de l'édition

395, rue Wellington 
Ottawa ON K1A0N4 
Canada

Your file Votre référence 
ISBN: 978-0-494-49952-8 
Our file Notre référence 
ISBN: 978-0-494-49952-8

NOTICE:
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accordé une licence non exclusive 
permettant à la Bibliothèque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par télécommunication ou par l'Internet, prêter, 
distribuer et vendre des thèses partout dans 
le monde, à des fins commerciales ou autres, 
sur support microforme, papier, électronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriété du droit d'auteur 
et des droits moraux qui protège cette thèse.
Ni la thèse ni des extraits substantiels de 
celle-ci ne doivent être imprimés ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

Conformément à la loi canadienne 
sur la protection de la vie privée, 
quelques formulaires secondaires 
ont été enlevés de cette thèse.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

1^1

Canada

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.



Table of Contents

Table o f contents........................................................................................................................................... I

Acknowledgment........................................................................................................................................I l l

Abstract........................................................................................................................................................ IV

List o f  acronyms.......................................................................................................................................... V

List o f symbols........................................................................................................................................... V I

Chapter 1

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

1.1. Background ......................................................................................................................1

1.2. DC motor ........................................................................................................................ 2

1.3. AC m otor................................... , ........................................................................................3

1.4. Synchronous M o to r............................................................................................................5

1.5. Classification o f synchronous motors..............................................................................5

1.5.1.1. Surface mounted permanent magnet synchronous m otor................................ 6

1.5.1.2. Interior permanent magnet synchronous m otor.................................................7

1.5.1.3. Synchronous reluctance m otor............................................................................ 7

1.6. Thesis Objective.............................................................................................................................. 8

1.7. Thesis Out line ................................................................................................................................9

Chapter 2

Mathematical model o f IP M S M ..................................................................................................11

2.1. Coordinate transformation..........................................................................................................11

2 .2. Vector control o f IP M S M ........................................................................................................... 19

2.3. Speed con tro lle r..........................................................................................................................22

2.4. Pulse w idth modulation generators...........................................................................................23

2.5. Hysteresis PW M  generator.........................................................................................................26

2.6. Inverter........................................................................................................................................... 27



Chapter 3

3.1. Back ground on Efficiency Optimization for IPMSM D rive ........................................ 33

3.2. Types o f efficiency optimization techniques....................................................................34

3.3. Mathematical M odel o f IPM SM  Including M otor Losses........................................... 35

3.4. Basics o f Efficiency Optimization Principle....................................................................42

3.5. The proposed loss minimization algorithm ......................................................................44

3.6. Complete IPM SM  drive w ith  efficiency algorithm....................................................... 46

3.7. Simulation result..................................................................................................................48

Chapter 4

4.1. Experimental implementation.....................................................................................................58

4.2. Experimental Setup...................................................................................................................... 58

4.3. Experimental Results.................................................................................................................... 60

Chapter 5

5.1. Conclusion......................................................................................................................................65

5.2.Future Scope............................................................................................................ 66

Appendix A .............................................................................................................................67

A ppendix B ............................................................................................................................ 68

R eferences ........................................................................................................................................... 75

n



Acknowledgment

I  would like to sincerely thank my supervisor Dr. M . Nasir Uddin and co- supervisor Dr. 

Kristnamurty Natrajan fo r their guidance and encouragement throughout the program. This work 

would not have been possible w ithout their support. I would also like to thank the Faculty o f 

graduate studies and the faculty o f  Engineering at Lakehead University, faculty members, staff 

members, and my fe llow  graduate students fo r their support throughout the program. Finally, I  

would like to thank my families, especially D ina Mesfin, Lw ei Fasil and Ruth Fasil fo r their 

patience and support.

I l l



Abstract

There has been a growing concern over energy consumption since the past decade mainly 

because o f the soaring cost o f energy and tight environmental laws and regulations. In this thesis a 

model based efficiency optimization for speed control o f interior permanent magnet synchronous 

motor (IPMSM) is proposed to improve the efficiency o f the motor drive which usually operates 

at different load and speed conditions. Recently, the IPM SM  has been becoming popular due to 

some o f its advantages such as high efficiency, high power density, low  noise and robustness as 

compared to the conventional induction and other ac motors. Thus, the IPM SM  is considered in 

this work. The proposed energy optimization algorithm is developed based on motor model. In 

order to minimize the controllable losses, the air gap flux level should be optimized. In an IPM SM  

the flux  level can only be optimized by controlling the d-axis armature current as the fie ld  flux is 

supplied by the rotor permanent magnet. For the proposed work the vector control technique is 

used in order to achieve fast and accurate speed response, quick recovery o f speed from any 

disturbance and insensitivity to parameter variations etc. A  simulation model fo r the complete 

closed loop vector control o f IPM SM  incorporating the proposed energy optim ization algorithm 

has been developed using M atlab/Simulink software. The performance o f  the drive has been 

tested extensively fo r different dynamic operating conditions such as sudden load, command 

speed and parameter changes. An efficiency gain o f about 4% is obtained from  the proposed 

optimization algorithm from simulation. A fter the satisfactory simulation results are found a real 

time implementation o f the complete drive system using DSP board (D S l 104) for a laboratory 5 

hp motor performed and the real time responses confirms w ith the simulation results as expected.
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Chapter 1

Introduction

1.1. Background

I f  the Ancient Egyptian Faros or Romans, with their advanced civilization and 

knowledge o f the sciences, had been able to develop a motor the course o f history would 

have been much different. The development o f the electric motor in modem times has 

indicated the truth in this theory. The development o f the electric motor has given us the most 

efficient and effective means to do work known to man. The electric motor/generator is a 

simple device in principle. It converts electrical energy into mechanical energy in the case o f 

motor and it converts mechanical energy in to electrical energy in the case o f generator. Over 

the years, electric motors have changed substantially in design; however the basic principles 

have remained the same. The first generators and motors were called dynamos or 

dynamo electric machines. Dynamo is from the Greek word dynamis which means power. 

Webster defines dynamoelectric as "relating to the conversion o f mechanical energy into 

electrical energy or vice versa". The dynamo was the result o f several people’s relentless 

effort, in different countries and time, around the mid-nineteenth century [1]. 

Electromagnetism was discovered in 1822 by, a Danish scientist Hans Christian Oersted. In 

1827 the law o f electric conduction, known as Ohm's law was introduced by George S. Ohm, 

German and in 1830-31 electromagnetic induction was discovered first by Joseph Henry 

American, and later by Michael Faraday English [1,2]. Until recently, most motion control
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systems were designed to operate at a fixed speed. Many existing systems still operate based 

on a speed determined by the frequency o f the power grid. However, the most efficient 

operating speed for many applications, such as fans, blowers and centrifugal pumps, is 

different from the one that is enforced by the grid frequency and still to this day many high 

performance applications, such as robots, machine tools and the hybrid vehicle, require 

variable speed operation to begin with [1]. As a result, the transition from single speed drives 

to variable speed drives has been in effect since the 1970s mostly due to soaring energy cost 

and movements towards conservation o f energy and protection o f the environment. In 

particular, problems related to the efficiency o f motors have received much attention due to 

their greater energy consumption and wide spread application in the industry [2]. About fifty  

eight percent o f all electrical energy is, converted into mechanical energy, consumed by 

motors [2]. This may be the most important factor behind today’s high demand for more 

efficient motion control systems. In general electric motors can be classified in to three major 

groups based on their working principle. Direct current (DC) motor. Induction motor (IM ) 

and Synchronous motor [1, 2].

1. 2. DC Motor

By the early 1870s the Belgian-bom electrical engineer Zénobe-Théophile Gramme 

had developed the first commercially viable dc motor. The name dc motor comes from the dc 

electric power used to supply the motor. The dc motor was in wide spread use in street 

railways, mining and industrial applications by the year 1900[2].The concept o f controlled 

delivery o f energy from a dc power source to a motor in order to meet the specific demands



of an application is emerged around the same year. The same technique is used today in the 

majority o f high performance

control systems. However, the disadvantage o f dc motors such as excessive wear in the 

electro-mechanical commutator, low efficiency, fire hazards due to sparking, limited speed 

and the extra room requirement to house the commutator, high cost o f maintenance, became 

evident and leads to further investigation in order to overcome these dc motor 

disadvantages[1-3]. Michael Faraday’s discovery o f the electromagnetic induction concept in 

1831 paved the way towards the invention o f IM. After careful study o f this electromagnetic 

theory a Serbian-American engineer Nikola Tesla invented the first alternating current, IM  [1, 

2]. By the year 1900 the principles o f operation o f synchronous and induction motors were 

well known, but they were not widely used at that time due to the fact that alternating 

current (AC) power was not yet commercially available. AC power is easier to produce, 

distribute, and utilize, as compared to dc power [2-4]. This flexibility o f ac power led to its 

initial commercial success even i f  dc power still cost less at that time. Even though, the 

decoupled nature o f the field and armature magneto motive force (MMF) makes DC motor 

very easy to control its torque and speed in a very precise manner, it has many disadvantages 

such as high cost, frequent need o f maintenance, narrow speed range, etc.[4]. As a result the 

fierce competition between AC and DC power was finally resolved in favor o f the AC power 

in 1890. AC motors have no commutator therefore there is no need for frequent maintenance, 

no need for housing the commutator, they have rugged construction and they have speed 

which is only limited by the physical constraints o f the motor and the supply frequency. Wide 

spread utilization o f ac motors in motion control applications was caused by these flexibilities 

[5].



1. 3. AC Motor

Most AC motors being used today are not synchronous motors. Instead, so-called 

"induction" motors which are the workhorses o f the industry. So how is an IM  different? The 

big difference is the manner in which current is supplied to the rotor [5]. There is no external 

power supply for the rotor instead the principle o f induction technique is used. In an 

induction motor the current flow in the rotor is not caused by any direct connection o f the 

conductors to a voltage source, but rather by the influence o f the rotor conductors cutting 

across the lines o f flux produced by the stator magnetic fields. The IM  is a rotating electric 

machine designed to operate from a three-phase source o f alternating voltage. The stator is a 

classic three phase stator with the winding displaced by 120° from each other. The most 

common type o f induction motor has a squirrel cage rotor in which aluminum conductors or 

bars are shorted together at both ends o f the rotor by cast aluminum end rings. When three 

currents flow  through the three symmetrically placed stator windings, a sinusoidally 

distributed air gap flux generating rotor current is produced. The interaction o f the rotating 

and sinusoidally distributed stator air gap flux and the flux generated by induced rotor 

currents produces a rotation. The rotor is connected to the motor shaft, so the shaft w ill also 

rotate and drive the load. The mechanical angular velocity o f the rotor is always lower than 

the angular velocity o f the flux wave by the so called slip velocity. The main advantages o f 

induction motors are its lower cost, its maintenance free operation and its greater reliability 

especially in harsh industrial environments [5, 6]. On the contrary, induction motors require 

very complex control scheme because o f their nonlinear relationship between the torque 

generating and magnetizing currents. In today world, most o f the electric energy in the world 

is consumed by electric machines therefore the need for more energy efficient high



performance motor drive becomes the key factor in the advancement o f electric machines. 

Recent developments in power electronics and microprocessors led to a revolutionary 

advancement in the design and control technique o f electric machines. As a result, new 

machines such as synchronous motor emerged very recently.

1.4 Synchronous Motor

Synchronous motors utilize the same type o f stator winding structure as IM  and which 

is either a wound dc field or permanent magnet rotor. Synchronous motors run and generate 

torque at the synchronous speed which is the same as the source frequency. On the other 

hand, IM  run and generate torque in a wide range o f speed including zero speed. Therefore, 

prior to 1950 the speed of synchronous motors has to first be increased to synchronous speed 

by means o f an auxiliary motor before the motor can be used [6]. In 1950 as an alternative to 

the auxiliary motor, a line-start PMSM which has a rotor made up o f permanent magnet 

embedded inside a squirrel-cage winding is introduced. A line start PMSM starts as an 

induction motor and when the rotor speed reaches the synchronous speed it gets synchronized 

and rotate at synchronous speed. However, the advancement o f power electronics and the 

introduction o f high performance motor drives have rendered the line start PMSM almost 

obsolete because electronic converters can deliver appropriate power to synchronous motors 

so that they can start from zero speed by themselves as o f IM  [7].

1.5 Classification of Synchronous Motors



Beside conventional old wound rotor synchronous motor; based on the rotor structure 

synchronous motors can further be classified as (a) surface mounted permanent magnet 

synchronous motor (SMPMSM), (b) an inset or interior permanent magnet synchronous 

motor (IPMSM) and (c) reluctance synchronous motor (SyncRM) [8],

(a) (b) (c)

Fig. 1 Show the cross-section o f (a) SMPMSM, (b) IPMSM and (c) SyncRM rotor

configuration.

1.5.1 SMPMSM

Fig.l. (a), shows arc-shaped permanent magnets mounted on the surface o f a 

cylindrical rotor core to get a smaller uniform air gap. On the other hand, to prevent those 

magnets from detaching under the centrifugal force o f rotation, they are covered by a thin 

cylindrical stainless steel can from the outside o f the rotor. SMPMSM does not have 

magnetic saliency (Lq = La) therefore it can only utilize the developed magnetic torque.



Although it has a simple construction, tlie motor suffers from huge eddy current losses. Eddy 

cunent loss occurs on the surface o f the stainless steel can that is attached to the outside o f 

the rotor [8-10],

1.5.2 IPMSM

Fig.l. (b), shows the cross-section o f an IPMSM constructed with pennanent 

magnets embedded in the rotor core. IPMSM has a salient pole (Lq > La) because o f that both 

magnetic and reluctance torque can be utilized in IPMSM drive and it is found to the most 

efficient all motors [8].

1.5.3 SyncRM

Fig. 1 (c) shows a SyncRM which is not a permanent magnet rotor motor and it does 

not need any magnets. SyncRM has higher saliency ratio ( L , < La ) by making the flux 

barrier slits on the rotor and it generate the reluctance torque derived from the difference in d- 

axis and q-axis inductance and suffers from higher degree o f torque pulsation however, it is 

the cheapest among all synchronous motors [8-10].

Permanent magnet synchronous (PMSM) motors have found widespread applications

in variable speed drives because of their various advantages such as high efficiency, high

power density, high power factor, noise free operation and fast dynamics responses [9].

Fortunately, PMSM have additional advantage o f working under a wide range o f existing

motor control schemes, such as vector control, maximum torque per ampere control, loss

minimization control and power factor control etc. [9, 10], This is mainly due to their

inherent flexib ility  stem out from their rotor structures and magnets allocation inside the rotor
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core [9-11]. The use o f a permanent magnet to generate a substantial air gap magnetic flux 

makes it possible to design highly efficient PM motors. Usually, a PM Synchronous motor is 

driven by sine wave voltage coupled with the given rotor position. The generated stator flux 

in conjunction with the rotor flux defines the torque, and speed o f the motor. A  three phase 

supply voltage have to be applied to the 3-phase winding system in a way that the angle 

between the stator flux and the rotor flux is kept close to 90° to get the maximum generated 

torque. To meet this criterion, the motor drive requires electronic control for its proper 

operation.

1. 6 Thesis Objectives

As the above discussion depict, IPMSM possesses many appealing characteristics, 

such as high torque to inertia ratio, power to weight ratio plus low noise operation. However, 

due to the nonlinear nature o f IPMSM both the magnitude and the angles o f the current 

vectors need to be controlled. For this reason, the traditional scalar control is not suitable for 

high performance drive applications o f IPMSM rather vector control technique w ill be an 

appropriate choice. Vector control scheme is used in the proposed efficiency optimization 

algorithm for speed control o f IPMSM drive to decouple the torque and flux generating 

currents. As a result o f decoupled torque and flux generating currents a faster and smooth 

transient and error free steady state response can be achieved. Over the past few years, 

awareness o f environmental problems has grown dramatically worldwide, and tremendous 

interest has grown in developing energy efficient motor drives for the industry in order to 

address the environmental problem. The operating efficiency o f a motor drive can be 

improved in many ways such as optimum rotor structure design and intervening in the motor



operation principle with different control techniques. Therefore, the objective o f this thesis 

w ill be to develop an efficiency optimization algorithm based on the motor model and 

intervening in the drive control technique. As a result the developed algorithm improves the 

efficiency o f the existing or newly implemented IPMSM drives at list by 4%. The developed 

efficiency optimization algorithm is as fast as the widely used vector control technique and is 

ideal for systems which need a rapidly changing steady state operation such as electric 

vehicles. It is almost impossible to a optimize a system operating in a rapidly changing steady 

state mode by using only an online efficiency optimization technique because the online 

optimizer needs to be turned o ff during transition until the system reached it steady state 

operation. In addition to the above mentioned disadvantage the online optimization technique 

also suffers from a serious torque ripple therefore the model based efficiency optimization is 

a good choice for IPMSM drive than the online one. By utilizing both the magnetic and 

reluctance torque o f the IPMSM it is possible to calculate its core resistance Rc, and 

augmented it in to the IPMSM model and then develop a robust and fast vector controlled 

efficiency optimization control algorithm for speed control o f an IPMSM.

1. 7 Thesis Outline

The organization o f the remaining chapters is as follows. In Chapter 2, coordinate 

transformation and derivation o f the mathematical model o f IPMSM without the losses 

model is discussed. Here it is shown that how the vector control technique greatly simplifies 

the control o f IPMSM. And then, the design o f proportional integral (PI) speed controller 

based on the motor model equations, working principles o f different PWM signal generators



where especial focus is paid to the hysteresis PWM signal generator and a voltage source 

inverter are discussed in detail with some illustrative diagrams. In chapter 3, background on 

efficiency optimization is laid in sections 3.1 and 3.2. In section 3.3 principles o f energy 

optimization is discussed with some illustration. The mathematical model for the proposed 

efficiency optimization algorithm is also derived. In the last section o f chapter 3 sample 

simulation results are presented and discussed. Then the complete IPMSM drive 

incorporating the electrical losses is presented. In Chapter 4 the real time implementation 

procedure for the complete drive system and the sample experimental results are presented 

and discussed. Finally, a summary o f this work and suggestions for future work are 

highlighted in Chapter 5. After that, all pertinent references and appendices are listed.

Chapter 2

Mathematical Model of IPMSM without 

the Loss Model

In order to utilize the less complex linear behavior o f the electrical system the 

following assumptions are taken before the IPMSM model is developed: (a) hysteretic loss, 

eddy current loss and magnetic saturation are neglected; (b) balanced three phase stator 

windings are assumed [12].

10



2.1 Coordinate transformation

I f  # 2 3 1  is the constant flux linkage provided by the permanent magnets(PM), then the 

flux linkages in the three phase stator winding due to PM o f the rotor can be given as[10-13].

FW

:

(2.1)

Where, .amd 'w are the three flux linkages o f the three phase stator winding due to

PM o f the rotor and % is the rotor position. The total air gap flux linkage o f the three phases 

is the summation o f the flux linkages due to the self inductance o f the corresponding phase 

current, the mutual flux linkages due to currents in the other phases and the flux linkages in 

the three phase stator winding due to PM o f the rotor. The air gap flux linkages o f the three 

phases are given as.

% —

k j
- f  ■ m

,35S;

3 ) (2 .2)

Where, %  are the air gap flux linkages; Laa, Ub, Leo are the self inductances and

Mab, Mac, Mba , Mbo , Moa , 3nd Mob urc the mutual inductances, o f phase a, b, and c, 

respectively. The phase voltage is the voltage drop in each phase plus the voltages due to the 

rate o f change o f flux linkages. The three phase voltages which are the sum o f the voltage 

drops and the induced voltages in each phase o f the IPMSM can be described as:

11



(2.3)

ét
(2.4)

(2,5)

Where,’/ . , and are the three phase v o l t a g e s , L  and L are the three phase currents and

Tg,% and are the three phase stator winding resistances. The above voltage equations can

be written in compact form as follows:

(2.6)
0 0 1 ’ W

: a  :

V b i — 8 0

, V c i 8 0

In order to alleviate the mathematical burden due to the none linear nature o f the phase 

voltages « d  v, which are functions o f the rotor position!^, which are dependent o f the

flux linkage components and have a time varying (“ ) coefficient have to be transformed to

the synchronously revolving rotor reference frame so that the machine equations become 

independent o f the rotor position. These transformations can be accomplished in two steps 

[9], First, V,. w ill be transformed from the stationary a-b-c frame into the

stationary d-q frame and then from the stationary d-q frame to the synchronously rotating &U - 

excitation frame. The transformed phase variables in the stationary d-q-0 axis can be 

written in matrix form as:

12



%
V ,,

COS#,
271.

cos(6 + f )  s e (6, +  ? )

(2.7)

The corresponding inverse relation can be written as,

I  - ^  3 '

Whereas the rotor angle or rotor position is given by.

i"  %  )  ^

1
2

i^ b
v.„

(2 8)

Or =  f  <D:p(T)dl f  0 ^ (0 ) (2.9)

For a balanced three phase, zero-sequence component (Vg) does not exist, therefore it is 

convenient to set initial rotor position#L(8'} = 0 so that the q axis coincides with phase a. 

Under these condition (2.8) can be given as:

■ 1  U  '

 ̂ t ............ V I

— 2 3
i  V 3

3 .3 ■'

0
(2 10)

and the inverse is given as:

o :

'^3.1

?cJ
(2 1 1 )
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Variables in the stationary d-q frame can be transformed to the synchronously rotating 

d* — excitation frame as follow:

cos#*

Ciq
(2,12)

and the inverse relation can be given as:

da.

003%
COS#;

(2.13)

In the above equation the motor voltage is taken in to consideration but all transformation 

equations are equally valid for the motor current as well as flux. Assuming, negligible eddy 

current, hysteresis and copper losses, sinusoidal back emf, balanced three phase winding and 

a negligible magnetic saturation; the t f  -  t f  axis o f IPMSM model can be given as follows,

(214)

(215)

Where, V* ,v | .J| and yA , ^  are q-d axis voltage, current and axis flux linkages

respectively. R is the stator resistance per phase and is the stator frequency. Further, fV ,

f  Î can be expressed as:

14



(2 16)

(217)

Where, Lq LiTL^^q

L j  L i “("L|]j(i

Where, Ld and Lq are d-q axis inductances, Lmd, Lmq are d-q axis magnetizing inductances, 

respectively and L i is the leakage inductance per phase. The rotor frequency m. , is related to 

the stator frequency (% ) as shown in (2.18).

Where, P is the number o f poles in the motor.

Using equations (2.14)-(2.18), the mathematical motor model is given by (2.19),

(218)

d L .,1

(.M 1

-p 4_
a

-bi- 1 3 J C2 19)

Based on (2.16)-(2.19), the d-q axis equivalent circuit diagram can be constructed as shown 

in Fig.2.1.

15



■md

(a)

AA/v

■md

(b)

Fig.2.1 d-q axis equivalent circuit model of IPMSM; (a) d-axis and (b) q-axis.

q-axis
j t '

i k

Vd Id ? d-axism

Fig.2.2 Basic phasor diagram of an IPMSM. 
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The steady state stator phase voltage Va can be derived from the d-q equivalent circuit o f 

IPMSM model as in (2.20). I f  the d- axis is taken as the reference phasor, then Va can be 

calculated as follows [13].

(  a . id  -  a  L ,  i , ) ‘- -t- t ,  +  e  ( +  L j  J | j  (2 .20)

Where the stator phase currentl^ds given by (2.21),

L - ( 4 * q "  (2 .21)

The stator current can be controlled by controlling the individual d-q current components. 

When id is set to zero, ia is a function o f o f f.,, and hence can be controlled by controlling i,̂ .

Thus, constant output torque can be found by keeping inconstant. The total average power per

phase supplied by the source in the excitation frame is calculated as (2.22). This input power 

is the same as the developed power because the magnetic saturation, the eddy current, the 

hysteresis and the copper losses are assumed negligible [4, 5, and 12].

Î  . f  (2 .22)

And the total power developed by the machine is given by (2.23),
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The average torque Te developed by the IPM SM  is derived from the d-q axis equivalent

circuit o f Fig.2.1 and shown as:

T. “  =  f  W ;  +  (Ld -  L ,)iÿS ) (2.24)

The two terms in this equation reflects an important aspect o f the torque production in an 

IPMSM. First, the magnet flux oriented along the rotor d-axis interacts w ith the q-axis stator 

current to produce a field-alignment torque proportional to the Iq) This is the same

process by which torque is produced in a conventional SMPMSM. In addition, the current- 

induced magnetic fluxes along the two axes L j i j  and Lqiq interact with the orthogonal current 

components to contribute a second torque term. The rotor saliency is clearly responsible for 

the presence o f this reluctance torque term, which is proportional to the axis inductance 

difference (Ld - Lq). Thus the torque equation suggests that, for the purposes o f 

conceptualization, the IPMSM can be considered as a combination o f the SynRM and 

SMPMSM machines and the dynamic model is given as (2.25).

T, +  (2.25)

Where Tl is the load torque in Nm, Bm is the friction damping coefficient in Nm/rad/sec and 

J is rotor inertia constant in kg-m^.

2.2. Vector Control scheme for IPMSM Drive



The objective o f vector control is to eliminate the coupling between the direct and 

quadrature axes currents by doing so both the phase angle and the magnitude o f the current 

can be controlled. Park’s theory presented a frame transformation between variables in the 

stationary reference frame and the rotor reference frames which yields a two-axis equivalent 

circuit for PMSM. After Park’s transformation every variable w ill have a magnitude and 

angle which is constant in steady state from the rotor’s point o f view and this transformation 

alleviates the mathematical burden o f the drive. The torque versus current relationship o f 

synchronous motor is non-linear [10-12]. The torque o f synchronous motor depends on both 

current magnitude and phasor angle with respect to the rotor. This results in complication as 

far as the motor control is concerned. Availability o f Park’s transformation led to a technique 

referred to as vector control. Vector control enables independent control over the magnitude 

and the phase angle between the current phasor and the rotor flux vector such that 

instantaneous control over torque is possible.

Vd* Va*W r*
Vq*

Wr

d.'dt
W r

PWM
Speed
Control

Fig.2.3 Vector control o f electric motors.
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Fast and accurate response and quick recovery o f speed from any disturbances are some o f 

the important characteristics o f high performance drives. Because, vector control technique 

possesses these characteristics it becomes the favourable choice o f the industry for variable 

speed motor drives. In vector control, first the machine equations are transformed from three 

phase to two phase stationary reference frame by utilizing Clark’s transformation equation as 

given by (2.10). Clark’s transformation shows that any three phase rotating vector system can 

be decomposed in to an equivalent two phase orthogonal system, called direct and quadrature 

axis. It is commonly expressed with the direct axis aligned with the stator axis. Then the 

machine equation in the two phase stator stationary frame w ill be transformed to a 

synchronously rotating excitation frame by using Park’s transformation as shown in (2.12). 

This transformation is linear and reversible. Second, i |  in (2.24) is set to zero in order to 

eliminate the second term o f the torque equation which results in a linear relationship 

between the developed torque and the torque generating current tl as shown in (2.26).

The instantaneous torque o f IPMSM is the vector product o f the air gap flux linkage vector 

and the torque component current vector which is orthogonal to the flux vector. The torque 

component current vector and flux component current vector are decomposed from the 

current vector o f the IPMSM by using the park’s transformation and are controlled 

independently where the flux component current vector is parallel to the air gap flux linkage 

vector. I f  the amplitude o f the air gap flux linkage is kept constant, the machine torque is 

controlled instantaneously by the amplitude o f the torque component current vector.
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Therefore the IPMSM controlled by the vector control scheme becomes as easy as controlling 

a separately excited do machine.

q-axis

WljJ

►
d-axisVd

Fig 2.4 Phasor diagram o f a IPMSM with u = 0.

In this control technique the current phase angle □ = 0^ and it is the most efficient angle for a 

SMPMSM. The motor is driven at this phase angle and for this control technique; the 

dynamic equations (2.27) to (2.29) can be rewritten as,

(2.27)

C2.28) 

(2.29)
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Notice that all the voltages and currents in (2.27-2.28) are in the excitation frame. For this 

thesis a complete closed loop vector control technique is chosen and implemented using a 

hysteresis current controller in the proposed efficiency optimization algorithm for speed 

control o f IPMSM.

2.3. The Speed controller

Speed control is essential for a high performance drive application; since a motor 

must have a fast, accurate speed tracking response and quick recovery o f speed from any 

disturbances for such applications like rolling mills, machine tools, etc. Since the major focus 

o f this work is to develop a generalized energy optimization algorithm for IPMSM drive, the 

conventional proportional integral (PI) controller is chosen because o f its simplicity and most 

o f all because o f its faster response despite o f its pronounced sensitivity and fixed gain. 

However, any kind o f suitable controller can be used for example; i f  their sluggish response 

is easily compensated fuzzy logic or neural network fuzzy logic controllers are good 

candidates for consideration because o f their better ability to handle nonlinearity, such as 

parameter variations due to temperature rise in the case o f IPMSM and etc. [15]. The PI 

controller has speed error as its input and iq* as its output. The PI speed controller is given by

(2.28).

a&G&r «a 38 — (G&T (2:.:29)
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Where Kp is the proportional gain and Ki is the integral gain and is speed error. The PI 

controller is tuned by trial and error as a result proportional gain Kp and integral gain K; 

found to be 1 0  andl7 respectively.

2.4. Pulse Width Modulation (PWM)

PWM signals are pulse trains with fixed frequency and magnitude and variable pulse 

width [15, 16]. There is one pulse o f fixed magnitude in every PWM period. However, the 

width o f the pulses changes from period to period according to a modulating signal. When a 

PWM signal is applied to the gate o f a power transistor, it causes the turn-on and turn-off 

intervals o f the transistor to change from one PWM period to another PWM period according 

to the same modulating signal. The frequency o f a PWM signal must be much higher than 

that o f the modulating signal, the fundamental frequency, such that the energy delivered to 

the motor and its load depends mostly on the modulating signal. Figure 6  shows two types o f 

PWM signals, symmetric and asymmetric edge-aligned. The pulses o f a symmetric PWM 

signal are always symmetric with respect to the center o f each PWM period. The pulses o f an 

asymmetric edge-aligned PWM signal always have the same side aligned with one end o f 

each PWM period.

23



Symmetric PWM

I FWM 
i^Heriod
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FWM
Period

FWM
Period

Asymmetric PWM

Fig.2.5 Symmetric and asymmetric PWM signals.

Both types o f PWM signals can be used for motor drive application however; the symmetric 

PWM signals have the advantage o f generating fewer harmonic in the output currents and 

voltages [17]. Different PWM techniques, or ways o f determining the modulating signal and 

the switch-on/switch-off instants from the modulating signal, exist. The most common 

examples are sinusoidal PWM, hysteresis PWM and the relatively new space vector PWM. 

These techniques are commonly used with three phase voltage source power inverters and 

supply three-phase motors. The hysteresis PWM technique is employed in this thesis and w ill 

be discussed in more details. Carrier based PWM with a sinusoidal/triangle wave modulation 

signal is one o f the earliest and widely used techniques for most variable drive applications. 

In carrier based PWM, three phase reference modulating signals are compared against a 

common sinusoidal/triangular carrier wave to generate the PWM signals. Carrier-Based 

PWM is comprised o f Modulation signal and carrier signal and it is divided in to two mode o f 

operation. The linear mode, when the amplitude modulation index (M< or =1), and non-linear
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mode of operation when (M>1) resulting in no intersection point between the carrier signal 

and modulating signal. Where, M  the frequency modulation index is defined as the ratio o f 

carrier frequency over the modulating signal frequency. Carrier-Based PWM maintain good 

performance o f the drive in the entire range o f operation between 0 % -1 0 0 % modulation 

indexes M. I f  the modulation index exceeds this range then an optimized PWM with pre 

calculated switching point and stored in the look up table is required. The use o f higher 

switching frequency produces a nearly sinusoidal fundamental voltage output. A t lower 

frequency this results in smooth speed and torque performance and freedom from cogging 

dawn at zero speed at reversal o f direction o f rotation.

A ./ ; \
/  \  /  : \  s igna l

\ .. ■ Cnmer

■■'PWM Vr'aye

tk- = t k-i

t=kTs

Fig.2.6 Two level carrier based-PWM.

h:+  T

X ...

(230) 

(2 31)

(2 32)

In Fig.2.6 linear mode carrier based PWM two level modulator the on and o ff switching 

time can be calculated as (2.30-32).Where and are the sampling time, the
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positive and negative pulse widths in the ku, sampling intervals, respectively. Whereas, 

%  is the normalized peak value o f the carrier signal and it w ill have a maximum value o f 

I. This equation is referred to as the equal voltage -second principle [15].

2.5. Hysteresis current controller

Hysteresis current control is one o f the most effective and simple control methods

[10].

A  single phase hysteresis current controller is shown in Fig.2.7.

-b / 2 b/ 2

Fig.2.7 Input-output characteristic o f hysteresis current controller.

The hysteresis controller presented in Fig.2.7 has a sensitivity or tolerance band width 

designated by b. This band width prevents the outputs o f the hysteresis current control from 

switching between 1 and 0 each time Ai crosses zero unless and otherwise it exceeds the 

specified magnitude o f b. As illustrated in Fig.2.6 i f  the current Ai^ exceeds b/2 then the 

hysteresis current controller output w ill be set to 1; on the contrary, i f  the current Ai, below - 

b/2 the hysteresis current controller output w ill be set to 0. However, i f  the value o f Aia

remains in between ^  and % then the hysteresis current controller retains its previous output
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value unchanged. It is obvious to see that the narrower the hysteresis band the higher the 

inverter’s switching frequency becomes and the inverter quality improves as a result.

2.6. Inverter

For adjustable speed drive applications, AC motors are powered by inverters because 

o f advances in solid state power devices and microprocessors. The inverter converts DC 

power to AC power as well as offer an easy way to regulate both the frequency and 

magnitude o f the voltage and current applied to a motor [17]. As a result much higher 

efficiency and performance can be achieved by these motor drives with less generated noises 

[18].

Vdc =r

P i
it  Di

P

P

p

p
2iD3

P
Ü4 2 iDe

Vb t  Vc t

To IPMSM phases

Fig.2.8 Three half-bridge inverter.

As shown in the diagram, the inverter consists o f three half-bridge units, each made up o f two 

transistors and two freewheeling diodes, where the upper and lower switches are controlled
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complimentarily. As the power device's turn-off time is longer than its tum-on time, some 

dead-time must be inserted between the turn-off o f one transistor o f the half-bridge and tum- 

on o f its complementary device. The output stage a PWM inverter can be conceptually 

represented by the set o f single-pole double through switches. Through the proper activation 

o f the switches, the fixed dc link voltage is applied for short time interval with either polarity 

to the load terminals in such a way as to result in fundamental output voltage o f adjustable 

magnitude and frequency. A  voltage source inverter is commonly used to supply a variable 

frequency and variable voltage to a three phase motor in a variable speed application. A 

suitable pulse width modulation (PWM) technique is employed to obtain the required output 

voltage in the line side o f the inverter [18, 19]. The power stage o f a motor drive utilizes six 

power transistors with independent switching. The power transistors are switched in the 

complementary mode. The two transistors in the given branch for example, Q1 and Q2 are 

prohibited to be in ON or OFF position simultaneously or else the output o f the 

corresponding terminal o f the inverter cannot be determined. This implies that, in a given 

branch i f  one transistor must be in ON position and then the other must be kept at OFF 

position [13]. I f  two switching logic positions are assigned to each o f the three branches o f 

the inverter (1 ' — S) then eight possible switching positions are composed for the inverter 

output as shown in table (2 .1 ).

Table 2.1 : Conduction mode o f current controlled voltage source inverter

Phase a Phase b Phase c Operating Voltage

State A B C
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Qi Q2 Qs Q4 Q5 Q6 mode phasor

0 0 1 0 1 0 1 freewheeling Vo

1 1 0 0 1 0 1 active V i

2 0 1 1 0 0 1 active V 2

3 1 0 1 0 0 1 active V 3

4 0 1 0 1 1 0 active V 4

5 1 0 0 1 1 0 active Vs

6 0 1 1 0 1 0 active Vs

7 1 0 1 0 1 0 freewheeling V 7

The switching position defined as;

A = 0 i f  Qi is OFF and Q2 is ON 

1 if Qi is ON and Q2 is OFF 

B -  0 if  Q3 is OFF and Q4 is ON 

1 if Q3 is ON and Q4 is OFF 

C = 0 if  Qs is OFF and Qe is ON 

1 if Qs is ON and Qe is OFF

The line -  to line voltages o f the inverter are defined as follow;

V t =  (;»B - - o  --.AQ

(233)

(234)
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I f ,  as !%%% (:2 ( : -  ÀL (2-35)

The above equations indicated that the line to line voltages can assume any one o f five values 

at each switching positions as shown in (2.36).

9, C2-3())

By utilizing Clark’s three phases to two phase transformation given by (2.11) the output 

voltages can be represented as space vector in stator reference frame where each vector 

matches to a given switching position o f the inverter. The space vector diagram o f the line to 

line output voltages o f an inverter is illustrated in Fig 2.8.
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Fig.2.8 Space vector diagram for the line to line output voltage o f an inverter.

The energy that an inverter delivers to a motor is controlled by Pulse Width 

Modulated (PWM) signals applied to the gates o f the power transistors. And a voltage source 

inverter is commonly used to supply a variable frequency and variable voltage to a three 

phase motor in a variable speed drive application [17-19]. A three phase hysteresis current 

control fed voltage source inverter is shown in Fig. 2.9.
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Fig. 2.9 Block diagram of current controlled voltage source inverter.

Current error signals Ai», Aib and Ai. are generated by comparing ia, ib and i. the inverter’s 

output currents and the command currents ia*, ib* and C*. Then, Aia, Aib and Ai. are fed to the 

hysteresis current controller in order to produce the PWM signal that triggers the inverter 

gates. Then in accordance to the PWM signal, the power transistors in the inverter apply Vdc 

for short period o f time such that it results in a fundamental output voltage o f adjustable 

magnitude and frequency to supply the IPMSM.
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Chapter 3

3.1 Back ground on Efficiency 

Optimization of IPMSM Drive

There have been growing concerns over energy consumption and the environment,

due to the soaring energy cost and tighter environment protection laws. W ith soaring energy

costs and tighter environmental laws, increasing the efficiency o f the electrical drive system

is very important. In particular, concerns related to the efficiency o f IPMSM have received

much attention due to their growing application in the industrial field [I]-[3 ]. The IPMSM

gains its popularity in variable speed drive applications because o f its advantages such as

high efficiency, high power density, high power factor low noise and robustness as compared

to the conventional IM  and other AC motors [20]. The IPMSM rotor is made up o f permanent

magnets buried in the rotor core; the rotor losses in the IPMSM are significantly lower than

the IM, since no current-carrying conductor exists in the rotor to accumulate copper losses in

the form heat. The reductions in the rotor losses are particularly valuable since heat are

almost always more difficult to thermally extract from a spinning rotor than from the

surrounding stator [20], [21]. The operating efficiency o f a motor drive can be improved

either through optimum rotor structure design or intervening in the motor operation principle

with different control techniques or both. The optimum rotor structure design already

exploited in IPMSM during utilization o f reluctance torque yield from the d-q axis

inductance value differences. On the other hand in an attempt to intervene in the motor
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operation and improve the efficiency o f IPMSM drive, several control methods have been 

proposed. [21]. For example, copper loss can be minimized by the maximum torque-per- 

ampere current control technique [20]. The power factor control method for efficiency 

improvement o f IPMSM, keeping a unity power factor, is described in [22] however, the 

power factor o f the IPMSM is maximized but still power losses are not minimized. 

Traditionally, the IPMSM has been controlled by keeping the d-axis component o f the stator 

current, id= 0 in order to make the control task easier [22]. Nevertlieless, with id=0 control it 

is not possible to control the air gap flux and hence the efficiency o f the motor cannot be 

optimized [20]-[23]. In addition to that, with id=0 control the reluctance torque o f IPMSM 

cannot be utilized, which is the advantageous feature o f IPMSM as compared to a surface 

mounted permanent magnet synchronous motor. Especially, at light load condition the motor 

flux become excessive for the developed torque resulting in higher iron loss and poor 

efficiency o f the motor [21,22]. The efficiency o f IPMSM greatly improved by reducing the 

air gap flux because the iron loss is roughly proportional to square o f the air gap flux 

density.

3.2 Types of efficiency optimization techniques

There are two major efficiency optimizing techniques for IPMSM such as, (a) Search

based, and (b) model-based efficiency optimization techniques [24]. Both efficiency

optimizing techniques have been used in vector-controlled IPMSM drives [24, 25]. The

search based loss minimization technique has its own advantages such as insensitivity to

parameter variations caused by temperature and magnetic saturation [20]. In this search based

loss minimization technique the flux is decremented in steps wise manner until the lowest
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value o f the IPMSM losses, optimal operating point, is reached. However, there are 

outstanding disadvantages in the application o f this technique. First, torque ripple appears 

each time the flux is stepped down to reach the optimal operating point [21]. Second, when 

the optimal operating point is found, electromagnetic torque reserve is so low that motor is 

very sensitive to load perturbations. Third, convergence o f the magnetizing current toward 

the optimum value is very slow and wouldn’t reach its optimal value but oscillates around it 

in small steps. Due to the above mentioned and other disadvantages the search based 

efficiency optimization technique is not utilized that much in the industry. On the other hand, 

model based efficiency optimization converges rapidly to its optimal operating point and does 

not produce torque ripple even though it is sensitive to parameter variation [24]. For these 

reasons model based efficiency optimization is chosen and implemented in this work.

3.3 Mathematical Model of IPMSM Including 
Motor Losses

The problem o f core loss calculations in electrical motors is o f interest for at least two 

reasons. First, it helps to evaluate the heat developed in the motor and the means needed to 

reduce and remove it. Secondly, motor control processes take more and more sophisticated 

forms with the advent o f faster and more powerful power electronic components and 

microprocessors. An important requirement is to find an electric circuit which is equivalent to 

the electric motor and can adequately describe motor behaviour. Motor core losses determine 

one o f the components in this equivalent circuit [25]. From the theoretical analysis, a 

condition that specifies the optimal d-axis component o f the stator current for minimizing
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IPMSM losses is derived. An equivalent d-q axis model o f IPMSM with simplified loss 

model representation is shown in Fig.3.1

(a)

AA/V

(b)

Fig.3.1 d- q axis model o f IPMSM incorporating iron loss.

In Fig.3.1 d-q axis model o f IPMSM; id and iq are d-axis and q-axis stator currents, Vd and Vq

are the d-axis and q-axis armature voltages, iod and ioq are the d-axis demagnetizing and q-

axis torque generating operating point currents, icd and icq are d-axis and q-axis core loss

currents, R.i and R, represents the copper and core losses respectively. The harmonics in the

36



back EMF also generate an iron loss. However, this harmonic generated iron loss is not 

controllable therefore its effect is not considered in this thesis. Lq and La are q-axis and d-axis 

self inductances, respectively. Whereas \\ia is magnet flux linkage, co is the electrical speed 

and (Or is the rotor speed. The following equations (3.1)-(3.5) are derived based on Fig.3.1.

: % +  (1 )  ^I  qj;
(3.1)

r 0

(3.2)

(3 3)

(3.4)

led (3.5)

(3.6)

The armature current T, the terminal voltage Va and the developed average torque Te are 

expressed in (3.6), (3.7) and (3.8) respectively.
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^   -----------------------------------------------------------------------------------------------------------------------------------

W = \| '[ ( R » id -  ® pL iiic .!,) ' +  (Ri,t,, + a ( y , *  Lü .y j))2 ] (3.7)

T . = P ( » iy „  +  Ci -  P ) L d  U W  (3.8)

The developed torque can be modified in terms o f the current phase angle as follows,

ir, == - h -- 1 ) I,d (3.5»)

Where, □ I - f*  | is the current phase angle, p = A  P is number o f pole pairs, T is rms

value o f stator line current and Va is rms value o f stator line voltage. The first term in (3,8) 

represents the magnetic torque and the second term is the reluctance torque. Copper and core 

losses are the two controllable losses in IPMSM [26], Core loss is the combined effect o f 

eddy current and hysteresis losses. Eddy current losses are caused by the flow  o f induced 

currents inside the stator core and hysteresis losses are caused by the continuous variation o f 

flux linkages and frequency o f the flux variation in the core [26], [27]. Based on equations 

(3.3), (3.4) and Fig.3.1 the copper loss the iron loss P?.. and the mechanical loss can 

be expressed as,

p.. -  Rtf ,ij:)
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Pj, =T f (0, (3.12)

Where Tf is the frictional torque o f the motor and cOr = (m/p) is the angular velocity o f the 

motor where m is the electrical speed. Unlike Peu and Ppe, the speed dependent is not 

controllable by the efficiency optimization algorithm. The output power Pout and efficiency o f 

the IPMSM drive p are expressed as,

P e “  Peu + Ppe

=  R . ( 6 + Ù ) " & e ( & A )  (3.13)

Pl =P m + Pe (3.14)

Pout =  TeCOr (3 .1 5 )

n =  ^ ' 1 0 0  (3.16)

In a conventional machine, operation under rated conditions is found to be highly efficient. 

This results from a favorable balance between copper and iron losses. However, there are 

many applications which require adjustable torque and speed different than the rated ones. A 

torque or speed far from the rated operating point causes a significant drop in the efficiency 

o f IPMSM drive. This is due to the imbalance between iron and copper losses. Copper and
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iron losses are the most fundamental and dominant losses in IPMSM [20]. Because o f this, in 

model based efficiency optimization the value o f R  is calculated at the rated torque and 

speed. First the iron loss Ppe is calculated by subtracting Pm, Peu and Pout from the input 

power Pin and then equation (3.10) is solved for R . Usually the rated torque, speed, voltage, 

current and other necessary parameters are given in the motor name plates. Some 

manufacturers may not provide the rated torque and i f  that is the case the rated torque o f the 

IPMSM can be calculated from (3.8). The complete parameter o f the IPMSM which is under 

consideration for efficiency optimization in this thesis is given in Appendix A. As (3.15) 

depicted efficiency can be improved by minimizing Pl which is given by (3.13) where the 

mechanical loss fU? is not controllable, but the electrical loss Pe is controllable by means o f 

current vector control. Based on (3.10-3.14) Ppe can be calculated as follows:

Pin =  Pout +  P l

=V * I  *Cos6 (3.17)

Ppe — Pin - Pm  - Pcu (3.18)

Since, R .  — |U .'U J then Rc is derived as.

% (3.19)

Substituting (3.5) and (3.6) in (3.19) gives R  as:

(3.20)
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The variable^,,.:, in the above equations can be eliminated by substituting (3.8) into (3.10) and

(3.11) as shown in (40). Then, in the steady state operations where the speed and the torque 

are constant; the electrical loss becomes a function o f i%jTg and m. The torque generating L ,

can be given as 

Where, 8  - ( 1 -  p ).

3.4 Basics of Efficiency Optimization Principle

In efficiency optimization control the motor’s d-axis current and the air gap flux are

reduced in order to achieve the lowest possible input power for the required torque and speed

o f IPMSM drive. The rotor air gap flux is decreased by reducing the magnetizing component

o f the stator current as a result o f lowering the stator voltage in steps [21]. This ultimately

results in a corresponding increase in the torque producing component o f the stator current by

the action o f the speed controller so that the developed torque and speed remain constant at

the desired values. As the air gap flux is decreased in steps, the iron core loss decreases as

well. However, due to the rise in the torque component o f the stator current, the copper
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(resistive) loss increases [21, 22]. At the operating point where decrease in core loss is offset 

by the increase copper loss, the minimum input power level is reached. Any excursion past 

this point w ill cause the controller to return to the previous point. The basic idea is that, i f  

the last control action indicates a decrease in input power, proceed decreasing in the same 

direction with the control magnitude somewhat proportional to the measured input power 

change. When efficiency the optimizer changes the motor’s flux, there w ill be a 

corresponding change in the motor’s rotor speed m,. Since the energy optimizer operates 

under the implied assumption o f constant motor output torque and speed, any deviation from 

this premise is detrimental to the system’ s performance [20-23] as illustrated in Fig.3.2.
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Fig. 3.2 An illustration o f efficiency optimization control principle with d-axis current 

decrement.

3.5 The Proposed Efficiency Optimization 

Algorithm
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The optimal operating point d-axis current which provides the minimum electrical 

loss can be found by partially differentiating Pe which is a function o f i , T » ,  and œ with 

respect to

Æ& -  g  ̂ assMuang -Constant (3.22)

0 Constant (3.23)

Equating the first derivative to zero insures that 1^ gives either maximum or minimum motor 

loss at that operating point. Moreover, the second derivative o f %  with respect to L 4  is 

always positive and this insures that io jis the optimal d-axis current which provides minimum 

motor loss. Therefore, the efficiency optimization condition is that the first derivative o f Pg 

with respect to 1 4 ,4  has to be equated to zero. These As a result, the loss minimization 

condition is given by,

-T2Z = 0 (3.24)

Where, X, Y  and Z are given by (3.25-27) and T is given by equation (3.8), respectively.

X=P^ {RaRc^iod+ra^Ld(Ra+ Rc) (Ldiod+ v[/a)} (3.25)

[ 4^ -b (1 - p) Î diod, (3/26)

:Z= { II* It<2 b (R*-b RcX CO p I.d ) ' } ( ! -  p) ILd (3.27)

For given torque T,,and speed cù the optimal d-axis current L,,j is derived from (3.24) as 

shown below.
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;=! Ci;:d4- D i;*  --11) (3.28)

Where, A, B, C, D and E are given as,

E l=3((m 2]L&(&a 4  3 tc }% ra ){ ! 4k R , )

= + 4 T&e)Va(ï 4  a)

ID =4L#(%̂ k4kIL|aP@»2(B* 4- Rc)

E  =  - Kq { ÿ 'tK ^ L jW ü  

(3.29)

Substituting (3.29) in (3.28) gives us the General optimal d-axis for IPMSM as:

( 3  (%  - f  +  %) +  l )  -  2 ; ^  X(0"(% E % )  ̂  is,

(tpf ik-E (8̂ - E 4 ILü<%AG)̂ (3&s. 4- 3&e)

{: (%23l 33)2 qu jp o ( ) ) i|a

1 4  4  R.^)

2

4

(Va 4  R j.)
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I f  the motor under consideration is nonsalient SMPMSM i.e. ( i j .  ™' h i)  then the Z term in 

(3.24) becomes 0, the Y  term becomes ^  and then the condition X=0 w ill give the 

simplified optimal d-axis current 1,  ̂as shown in (3,31). In this case the optimal current 1 , 1  is 

independent o f the torque and easier to calculate.

In the same way by equating \(/a=0 the optimal d-axis current for SynRM can also be found.

3.6 Complete IPMSM Drive with Efficiency 

Optimization Algorithm

The block diagram o f the proposed loss model based efficiency optimization o f IPMSM 

drive is shown in Fig. 3 and the details o f each block are given in Appendix B. In this 

proposed vector controlled IPMSM drive, the speed controller is implemented using a 

classical proportion and integral (PI) controller in order to take the advantages o f its 

simplicity and faster response [21]. The speed error is produced by comparing the actual 

speed with the command speed. The actual speed is measured, utilizing an optical encoder
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mounted on the rotor shaft o f the IPMSM. The PI controller has speed error as its input and 

the command current, iq* as its output. The PI speed controller is given by (2.28) and (2.29) 

in chapter 2 .

w

Vc

W r

Fig.3.3 Block diagram o f the proposed loss model based efficiency optimization o f IPMSM
drive.

The output o f the loss minimization algorithm block is id*. The command phase currents i^*, 

ib* and L* are generated from iq* and id* using the inverse parks transformation. The 

hysteresis controller compares the actual phase currents with corresponding command 

currents to generate PWM logic signals. These signals trigger the IGBT gates o f the inverter 

in order to supply the IPMSM with appropriate voltage and frequency. The complete closed 

loop vector controlled IPMSM drive with the proposed loss minimization algorithm is 

simulated using Matlab/Simulink [32] according to Fig.3.3 and the Simulink block diagram is 

shown in Appendix B.3.
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3.7 Simulation Results

The complete closed loop vector controlled IPMSM drive with the proposed loss 

minimization algorithm is simulated using Matlab/Simulink [32] according to Fig.3.3.The 

proposed loss minimization control algorithm is tested under different operating conditions 

such as sudden change in command speed, load and parameter variations, extra and some 

results are presented below. Figs. 3.4 and 3.5 show the simulated responses o f IPMSM drive 

with proposed loss minimization and i<i= 0  control, respectively in order to see the responses 

for a step increase in speed and load conditions. Initially, a step input o f speed from zero to 

100 rad/s with a load o f 10 Nm is applied and then at t=0.5 s the load is increased from 10 

Nm to 19 Nm. Again at t= 0.6 s, the command speed is increased from 100 rad/s to 180rad/s 

while a constant load o f 19 Nm is applied. Fig.3 (a) shows the speed response o f the IPMSM 

drive w ith the proposed loss minimization controller and Fig.3(b) shows the speed response 

with the conventional id-0 control. It is seen from Fig.3(a) that the actual motor speed 

follows the command speed smoothly without any overshoot/undershoot and steady-state 

error for the proposed loss minimization algorithm. Whereas, for the conventional ia=0 

control the speed response suffers from overshoot/undershoot and exhibits slight steady-state 

error, which is not acceptable for high performance drive applications. The increase in load at 

t=0.5 s can be seen from the increase in torque and iq from (Figs. 4(b) and 5(b)). The speed 

response for the proposed control is almost insensitive whereas, for the conventional id= 0  

control there is dip in the speed response when the load is increased. For the proposed 

control, d-axis current is adjusted with the changing load condition to optimize the efficiency, 

which can be seen from Figs.3(c) and 3(d). Whereas, for the conventional control as id=0 

always remains zero, the efficiency drops with the step change in command speed which can
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be seen from Figs.3.4(c) and 3.4(d). It is found from Figs.3.4(d) and 3.5(d), that an efficiency 

improvement o f about 4% can be achieved with the proposed loss minimization algorithm as 

compared to the conventional id= 0  control technique.

The change in parameter, particulaiiy, the change in the value o f Lq is a common 

phenomenon for IPMSM drives due to magnetic saturation. In order to see the responses o f 

the proposed loss minimization algorithm with parameter variation; some simulation results 

are presented in (Figs.3 . 6  (a)-(d)). The value o f Lq is decreased by 50% at t=0.5 s while the 

motor was running at rated speed o f (183 rad/s) and rated load (19 Nm) conditions. It is clear 

from Fig. 3.6(a) the speed response is insensitive to the parameter change even i f  the value o f 

Lq is decreased by 50% at t=0.5 s. Figs.3.6 (b) and 3.6(c) show the corresponding variations 

in d and q axes currents, respectively. As shown in Fig.3.6(b) there is negligible variation in 

iq for the applied parameter change which signifies the robustness o f the proposed algorithm 

with less torque ripple and good speed response. It can be seen from Fig.3.6(c) that as Lq is 

decreased at t=0.5s the value o f id is increased to compensate for the required torque demand 

by increasing the reluctance torque, while iq is kept constant. This exhibits again the 

robustness o f the drive. It is also found from Fig.3.6 (d) that the proposed controller can 

maintain the efficiency almost at its original level despite the variation in parameter. Figs.3.7 

(a) and (b) show the total losses variations with proposed loss minimization algorithm and 

id=0 control, respectively, then as the parameter Lq is decreased by 50% at t=0.5s while the 

motor was running at rated speed o f 183 rad/s and at a rated load o f 19Nm. Fig.3.7 depicted 

that the proposed loss minimization algorithm reduces the total motor loss significantly as 

compared to the conventional id=0 technique. Therefore the proposed loss minimization 

based controller is found to be robust while maintaining the efficiency at its optimal level 

against different operating conditions such as sudden load change, step change o f speed, and
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parameter variations. Fig.3.8 shows speed, efficiency, total loss and current responses for 

IPSM drive with the proposed loss minimization algorithm
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Fig. 3.4 Simulated responses o f the proposed loss minimization based IPMSM drive; (a) 

speed, (b) iq, (c) id and (d) efficiency.
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Fig. 3.5 Simulated responses o f IPMSM drive with id=0 control technique; (a) speed, (b)iq, (c) 

id and (d) efficiency.
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Fig.3.6 Simulated responses o f IPMSM drive with parameter change for proposed loss 

minimization algorithm: (a) speed, (b)iq, (c) id and (d) efficiency.
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Fig.3.7 Simulated total loss for IPMSM drive while parameter Lq changes: (a) proposed loss 
minimization algorithm (b) ij=0.
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Fig.3.8 Simulated speed, efficiency, total loss and currents responses for IPSM drive with the 
proposed loss minimization algorithm.
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Chapter 4

4.1 Experimental Implementation

After the performance o f the IPMSM drive had been tested extensively in simulation, 

the results o f the proposed drive were found to be satisfactory to be implemented in real time. 

The proposed loss minimization algorithm is implemented and the experimental results 

coincide with the simulation result as expected and some sample experimental results are 

presented. During the real time implementation the following assumption is taken into 

consideration in order to determine some motor parameters which were not available due to 

lack o f accurate torque and voltage sensor and their driver circuitries compatible with the 

available DS1104 real time interface tool. A ll the experimental results are at steady state 

condition. First the motor is allowed to run at a certain command speed until it reaches steady 

state and then the stator phase voltage is measured. Once the stator phase voltage for that 

particular speed and load condition is found, it is feed back to the efficiency optimization 

algorithm as a real time feed back because the efficiency optimization algorithm requires a 

real time feedback o f the developed torque and stator phase voltage in order to optimize the 

motor drive. Since a continuous real time Te and Va are not available at the moment o f the 

experiment the transient responses o f the IPMSM can’t be captured and presented.
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4.2 Experimental Set up

In order to implement the control scheme in real time the DSP board DS1104 is used

[33]. The DS1104 board is mainly based on a Texas Instrument MPC8240 64-bit floating 

point digital signal processor. The DSP is supplemented by a set o f on-board peripherals used 

in digital control systems including analog to digital (A/D), digital to analog (D/A) converters 

and incremental encoder interfaces. Also, it is equipped with a TI TMS320F240 16-bit micro 

controller DSP that acts as a slave processor and provides the necessary digital I/O ports and 

powerful timer functions such as input capture, output capture and PWM signal generation.

VS I Inverter

VB DCIPMSM
Hall-effect 
Current Sensor

Encoder

Base Drive 

 ------

Digital I/O Subsystem

D/A A/DOscilloscipe

DSP
Encoder
InterfaceRS2322PC

dSP A C E D S  1104 Board

Fig. 4.1 Block diagram o f the hardware schematic o f the VSI-fed IPMSM drive.

The block diagram o f the hardware schematic is shown in Fig. 4.1. The actual motor currents

are measured by the two Hall-effect sensors and then fed back to the DSP board through the
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A/D channel. Once the two phase currents are received through the A/D channel and scaled 

to their real time value the third phase current w ill be calculated in software. Rotor position is 

sensed by an optical incremental encoder mounted at the rotor shaft and is fed back to the 

DSP board through the encoder interface. The outputs o f the DSP board are six PWM signals 

that are sent directly to the base drive circuit o f the inverter. In order to implement the 

efficiency optimization algorithm, a real-time Simulink model for the complete drive system 

is developed. Then the model is downloaded to the DSP board using the Control Desk 

software. After initializing all the required variables, the speed is calculated from the present 

and past samples o f the rotor position angle. Then using the values o f the measured currents, 

speed, speed errors, and the output from efficiency optimization algorithm and some motor 

parameters, the command currents are generated from the current controller block and feed to 

hysteresis band to generate the PWM signals. The block diagrams for real time 

implementation o f the complete drive are shown in Appendix B.4 and 5.

4.3 Experimental Results

As shown in chapter 3 the proposed loss minimization control algorithm for IPMSM 

drive tested in simulation under different operating conditions such as sudden change in 

command speed, load and parameter respectively in order to evaluate its performance. 

Whereas, in this chapter the complete drive has been tested in real time experiment based on 

DSII04 digital signal processing board and sample results are presented below.
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Fig.4.3 Real time responses IPMSM drive with efficiency optimization algorithm (a) speed, 
(b) efficiency, (c) id , (d) iq and (e) ?l .

63



200

f  100 

I so

0

T............ ......#2:1 :
L ...

---1--1--1-- j--1--1--1-- --1--1----1--1--1

Wm

Id

3.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

# 1:1 Value (Model RooWli'm*A/alue) 
#2:1 Value (Model Root/ldlfValue)

(a)

a  as

000 0.002 0,004 0.006 0.006 0.010 0.012 0.014 0.016 0.018 0.020I

(b)

Fig.4.4 Real time responses IPMSM drive with id=0 control technique, (a) speed and (b) 
efficiency.

Figures 4.3 and 4.4 show the real time experimental responses o f IPMSM drive with

proposed loss minimization and with id=0 control technique, respectively. For the purpose o f

analyzing the responses for a given speed command and load conditions a step input o f 75
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rad/s speed command and a load o f 19 Nm are applied as shown in Fig.4.3 (a) and the speed 

command is increased to 100 rad/s while the same constant load o f 19 Nm is maintained as 

shown in Fig.4.3 (b). It can be seen from Fig.4.3 (a) that the actual motor speed follows the 

command speed smoothly without any steady-state error for the proposed loss minimization 

algorithm. Fig. 4.3(b) shows 93% efficiency for a speed command o f lOOrad/s as expected 

based on the previous simulation result. Figs.4.3(c)-(e) show the optimized id, iq and Pl 

respectively, and they are in agreement with the simulation results found from the previous 

chapter. Fig.4.4 (a) shows a lOOrad/s rotor speed and the un-optimized id current which is 

always zero because of the id=0 control technique and Fig.4.4 (b) shows the efficiency which 

is less than 90% at average and the efficiency has with lots o f fluctuations in the real time 

response than the simulation one. Due to the time limitation the complete experimental 

testing was not done. However the available experimental results still verify the simulation 

that the proposed los minimization can improve the efficiency as compared to the 

conventional id=0 control technique.
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Chapter 5

Conclusion

5.1 Conclusion

In this thesis a model based efficiency optimization control algorithm for vector- 

controlled IPMSM drive has been developed, simulated and implemented in real time. The 

developed efficiency optimization control algorithm determines the optimal d-axis current o f 

the drive for a given speed and torque command, it is as fast as the vector-control and it has 

no torque ripple. A ll the real time responses are in conformity with the simulation results and 

the IPMSM drive efficiency is satisfactorily optimized in real time too. This efficiency 

optimization algorithm can also be used for surface mounted PM motor (Lq ™ h£) and for

synchronous reluctance motor — 0). The performance o f the proposed optimization

algorithm has been tested extensively both in simulation and real time experiment at different 

operating conditions such as sudden load change, command speed change and parameter 

change, etc. The proposed algorithm has also been compared with the conventional id=0 

control scheme. The proposed efficiency optimization control algorithm showed significant 

improvement in efficiency as compared to the conventional id=0 control scheme. Thus, the 

proposed loss minimization algorithm has been found to be robust and efficient for high 

performance motor drive applications.
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5.2 Future Scope

More research studies are being reported using the speed sensorless approach. 

Implementing speed sensorless w ill eliminate the need for an encoder as well as any 

difficulties associated with it. In addition to that it w ill be a good practice to apply the fuzzy 

logic controller instead o f the conventional PI controller in order to exploit the outstanding 

advantage o f fuzzy logic controller’s ability o f handling nonlinearity. Another technique 

which should be employed is the field weakening technique for wide speed range operation. 

In this work the efficiency optimizer is compared against the conventional id = 0 technique, 

which allows the motor to be controlled up to the rated speed. For control beyond rated 

speed, the field weakening technique must be used to calculate the command d-axis current 

and the performance o f the proposed efficiency optimizer needs to be investigated for further 

robustness. Another point that worth mentioning is that as it is explained in many literatures 

the search efficiency optimization technique is more advantageous than the model based 

technique in handling the inherent parameter variation o f IPMSM but can’t be implemented 

alone because o f its disadvantages like excessive torque ripple and very sluggish response 

therefore combining both the search optimization technique for steady state operation and 

the model based technique for the transition part could be an interesting research area for the 

future.

Appendix A
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Appendix A .l IPMSM Parameters

Number o f poles 6
Ra 0,242ohm
Lq 6.42mH
Va 0.24 Wb
U 5.06mH
Rc 7.5 ohm
f  rated 87.5Hz
la 14.2A
Va 183
Te 19.1Nm
Tmech 0.001
P rated 5hp
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Appendix B

Simulink block diagrams and details of different efficiency 
optim ization algorithm  subsystems.
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Appendix B .l The loss minimization Simulink model.
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Appendix B.2 Loss minimization Simulink model.
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Appendix B.3 Complete Loss Minimization Model with Field oriented PM control.
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Appendix B.5 Experimental setup o f the proposed efficiency optimizer o f IPMSM drive
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Appendix B.9 Real time Current controller and PWM signal generator.
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