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Abstract

DC motors have played a erucial role in drive technology during the last fow

of this century. Recent developments in power converters, digital si

wal pramssors

and magnetic materi ble to use e motors in o variety of deive appli

cations. Permanent mag

enehironons (IPMS) motors aining wide e

over other typ

< of motors indrive systems. mainly dne 1o their inherent

tagec

sition and speed

sensing are of eriti

nd |

SCHSOES are expens|

sturdiness of industrial drives. Hen arless NS drive diaws

speed aned position s

wide attention. n this work

abiles the PMIS ddriv

ful

Lo operate 1t any speed (from zero to twice the rat

e it bt any

mechanical specd and position sensors while keeping cof

axitnm ont put valt

the interter constant above the bi ions Tiave heen devived T

e speed. New expr

the rotor speed and position in terms of the stator voltages and enrrentse A metho

1 to

has also heen suggest late the input

work is an att

npt to provide theore

PMS drives with computer sinmli perin

results which are in agreement with the propused al Y
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Chapter 1
Introduction

With the advancement of technology, the arcas ol applications for electric motors

inerease ina versatile manner. Recent. developments in magnetic mat erials. semicon-

wements on the

ductor and micraprocessor technology have made revolutionary al

As a result, the use of conventional electric

design and control of electric motors

motors is becoming obsolete in modern drive system. For example, de, ac induction,

singly rc

conventional wire-wonnd excited synehronous motor drives are being inerea

placed by the permanent magnet synchronous motor (PMS motor) drives. The PMS

motor has numerons advantages over other motors primarily die to the absence of

commutator and also becanse it is not subject to the limitations of de motors, (the

limit on maxinum voltage, maximmm speed, maximuam power, frequent maintenance,

PMS motors

and inability to operate in explosive and contaminated environment

an offer significantly higher advantages and efliciency over induction machines when

employed in adjustable speed drives. because it does uot have the slip losses as is

the case with induetion motors. PMS motors are superior to the conventional wire

anse the field coil. de supply and slip rings are

waund excited synchronons motors he

eliminated in the former which results in low power loss and less complex motor drive



design. The control of PMS motors is done entirely through the stator, sinee there

exeitation control. Veetor control method is generally

is no provision for rotor side

suggested for the variable speed PMS motor drives where the speed and rotor position

stor controlled 1)

information are nsed as the feedback control of the

suchas smaath aperations at o

a number of attractive featur

motor drive offers

wide range of speeds. high torque capability, high efficioncy along with a high powe
factor and compact drive design.

1.1 Brief review of motors in drive systems

In most, modern drive systems. typically de motors, ae induction amd sy homos

nsed,

motors are wide

DC motors

DC motors used i drive technology offer varions control fatires as motor spe

armature and lield currents, However,

aud torque can be controlled separately by

re e to the commntators and

sociated with the de motors

the main limitations

fi mmtator aned the beushes, these

brushes. Because of mechanical friction hetween ¢

king, is

v maintenance and frequent. replacement of hrushes. Sy

motors require rogul
a common phenomenon at the brnshes which limits the power rating of the noton aned

its use in explosive environments. Recently, clectronically commmtated ae permanent.

cing Lhe conven

magnet synchronons motors known as brushless de motors are repl

synehronous motor

o are

tional de motors iu drive systems. T actually polypha

with permanent magnet rotor. The motors are excited by power converters utilizing,

L One problen with thes

r trausistors and shaft. position encoder:

thyristors or pow



vontrol features can be

s with load. T

ot is that the spevd

nsed 1o ov

AC induction motors

o1 motors

AC i are heing widely employerd in drive system due 1o the simplicity

Jility of low cost

fon inall environments, avail

of construetion, reliability of ope

due o slip IR losses, the

e, Towey

puwer converters, digital control - leviees,

nt

drivee systen is ot as ofl s exprcted. Additional power loss and torque pilsa-

e to the higher

Lion are two major problems whicl arise in indnetion motor driv

veal time implementation

larmonies originated from the power converter, Moreoy

ol ineduction motor drive systen requires sophisticated madeling and estimation of

hine parazacters with complex: control ¢

Synchronous motors

drive systems because the

s motors of wire

nehn

5 wounil type ab domsion

de. But due to the presence of the

n he controlled from the rotor si

liehl current «

Il « 1 slip rings. drives become bulky and less efficient.. Due 1o

. de supply

ent magnet materials technology, PMS motors are

the recent developments in perm:

sming increasingly popular in drive applieations. These Lypes of motors are not

induction and wire-wonnd excited synchronons

subject 1o the limitations of

isenssed. The field excitation of these motors is obtained

iotors as previonsly

iy motting permanent magnet materials in the rotor, Ferrite and rare

Ly s

earth, Samarinm Cobalt and Neodymium Boron Iron (NdBEFe) magnets with lincar

1 the rotor, Ferrites

acteristics in the seeond quadrant are employed

magnetizing ol

are commonly nsed hecause of the low cost, but the rare earths and NedBFe permanent



magnet although very expensive, allow large reduction in weight and size heeanse of

their large coercive foree and high remnance. The another advantage of PNS motor s

that it can be operated in au improved power factor mode with a resultant reduction

The bas

in copper loss ic control strategy of the PMS motor drive is to operate the

motor preferably at a constant s helow the hase spoed and at a reduced s and

constant terminal voltage above the base speed, Inmodern PMS drive syestens, veetoy

control method is used to control the il torque of the motor, T this control

spe

strategy, speed and rotor position information are nsed as feedbark signals o generate

o obtain the fo

the reference input for a current controller. atnre of vollage sonree

and current souree inverter simultancously, a hysteresis enerent controller is snpgested

for use in the drive system. For low speed and constant torgue operation, the inverter

voltage is pulse width modulated and the aiv gap (hiscis maintained constant. T high

speed or constann horse power operation. the inverter voltase is at its waxinmmn and

bl sweskening method

the regulation of the stator eurrent and aiv-sap Bux is lost. |

is used to achiove these characteristies above the base speed. Sinee nothing can be

rated

controlled from the rotor side of the PMS motor, a demagnetizivg cuerent |

in the rotor reference frame axis in order to oppose the permanent wagnet Hos, so

that the inverter output voltage remains at its ceiling value.

1.2 Problem statement

Veetor control method has heen proposed to control the PMS notor in this present.

work. Rotor speced and rotor position should be detected i this control strate

hods we available in the literature regarding rotor speed and position

Numerous m

detection. Di

torotor position detection technique is one such methiod, "This tech



niegie nses acho-generators. Wall lfeet demonts, optieal or inductive coupling sensors.

shaft mounted encoder or olver. The use of these mechanical sensors makes the

ion such

drive system bulky. loss eflicient and expensive. I some fields of applic

the submersible motor drive, these sensors are totally unsnitable for use. Thus

rets the rotor position and

anindireet method of rotor position deteetion which ded

calenlates the totor speed from the stator variables (such as stator voltages. enrrents,

fhux linkages and stator inductances), is investigated for the veetor control of PMS

motor drives in this present rescarch, In literature. this method of rotor position

detection technique is known as sensorless rotor position deteetion,

1.3 Thesis organization

This thesis consists of six chapters: Chapter two provides the Titerature survey of

sensorless rotor position estimation techniques and the PMS motor drive, Chapter

three provides the theoretical analysis of PMS motor and derivation of sensorless rotor

PAIS

tion sensorl

position Tormulac, Chapter four ineludes the simalation of pos

motor drive for different confignrations.  Chapter five provides some experimental

results, Chapter six ineludes conelusions and recommendations for further rescarch.



Chapter 2
Literature Survey

DC motors have been widely used as variable: spead < rives heeanse their e and

e

torque can be casly contralled by the fiek

mature current respectively. In

recent however, these drives are being replaced by acdrives,as de mators have

rertain disadvi

ntages owing to their commutators and broshes which

«quite periodic

maiutenance and

replacements,

In ac motor drives. two types of control are employed namely, sealar con

veetor control.

r control relates only to the magnitude of a vardabile, and their

command and feedback signals are de quantitics which are proportional o the o

spective variables. In this control strategy, hoth the to

voltage and frequen of thear diives, Ont

“This conpling effeet slows the respon

other hand. veetor control m

| displays excellont perfominee b variable s

cnverLers,

drives particularly in the case of PMS motor employing moder st
In vector control, both the phase angle and the magnitade of Lhe omrrent has to e

controlled. that is. the enrrent veetor has 1o be controllel. Veetor contral of PMS

motor is implemented when the system variables are transformed o a svicdiononly

rotating frame where sinnsoidal variables appear as de gquantities, Tl e contrl




Fignie 2,12 Veetor control of permanent magnet synchironons motor

strategy is shown in Fig 1 this control seheme, the equivalent field enrent. 7y

of permanent magnel rotor is considered Lo he cons

ant. The machine torque can

be controlled with constant air gap i by controlling the magnitude of quadrature

axis enrrent in rotor reference fr

me. 7. From the block diagram it is seen that 7}

can be formmlated provided the rotor position is estimated, Nomerous methods al-

ady o u literatue for the deteetion of rotor position. Thes

¢ can be categorized

as direct position sensing. and indireet position sensing. Conventional rotor position

Lechmigue Talls under direct position sensing method which is based on the use of

tacho-generators, Hall effect elements, optical or inductive coupling sensors, shaft

momited encoders or resolvers, The use of these mechanical sensors makes drive s

tens comple andd costly. Tnsome arens of application such as in submersible motor

of position sensor

are unsuitable, Thus indirect position detection

tecuigue has been investigated which replaces the mechanical sensors. This method

position deteetion is based on the measurement or identification of some clectrical

quantities of stator phase winding circuits. such as stator phase currents. voltages or

inductane

s efe. which provide information about the position of the rotor at any



instant. This type of rotor position detection technique is known as the sensorless

hlished sensorless rotor position

rotor position detection. Some well known and «

ure are hased onidentifications

detection technignes which already exist in lite

or measurements or computations o stator variables, Among the widely aceepted

methods are rotor position estimation by wave-forn detection technique, (lux link

ion. In wave-form detection

od rotor position dete

age method and computation ha

re identilied sneh as maximnmnm

technique, some specific events of electrical quantities

tor inductanees which result

-forms or changes in s

value or zero crossings in the wave:

due to consequences of the partiendar position of the rotor. These methods are simple

aned may be implemented using low costeleetranic components. Towever, these meth

Al information are not available for detecting the position at

ods are inaceurate,
various speeds of the motor. Flux linkage method is another rotor position detection

S measire

technique where fux linka directly nsing sensing coils or estimated by

integrating the phase voltage and compared with a veference i linkage after which

smmntation for lue ol current level

wiven v

a decision is made regarding the

Computation based rotor position estimations are hecoming very popular becanse

o teehne

of recent, developments in-digital signal processor (dsp) and wicroproves

ogy. llighly complicated and time consuming caleulations ean be performed at high

speeds using the digital signal processor. Thus, rotor position can bee detected in

very conveniently, In partie

veal time by analyzing phase enrrents and voltages

lar, complex implementation of ficll oriented or vector control of ac diives where

ssary hecomes an attractive feature when using Lhis

rotor position detection is nee

wd rotor position detection techniques can e categos iz

method. Computation bas

ition detection teehmique and dieet. compta

in two ways: observer based rior pos

tion based detection technique using digital signal processor. In observer hased rotor



imique. an observer is designed using estimated states such as

position detection te
two stator enrrents, rotor velocity and rotor position. A feedback loop is used to

generate an error sighal which is used in an iterative manner to correct the states

em might be slow and complex.

system. Because of iteration. the whole sys

of th

On the other hand, it is possible to use digital signal processor directly to detect the

ion and the stator variables

ot of the rotor if the relation hetween the rotor pos

pos
can be established. Thus the input. of the processor would be enrrents and voltages

3 he nsed for the

while the output would he rotor position and rotor speed which ¢

veetor control of ae drives sueh as the permanent magnet synchronous motor drive,

The first part containg the eritical review on the works of sensorless rotor position

L contains the reviews on the veetor control

detection of ac motors and the second pi
ol ac drives,
2.0.1 Wave-form detection technique

T'his technigue nses particular characteristies of electrical wave-form which are due to

the position of the rotor. Detection of back emf and moritoring changes of inductances

for the estimation of rotor position chielly fall under this category.

Back emf method

hould veenr

This method considers that the phase commtation of a particular phase
when the back emf of that phase erosses the zoro position. [t can be mathematically
shown that this zero-crossing point is achioved when the terminal voltage is equal to

the nentral voltage. To olt u the correct signals for the bases of the travsistor in-

verter it is necessary o delay this point by 90 electrical degrees. Firstly, the terminal

voltages Vi Vi, and Voowo converted to the triangular wave-forms through low pass




n

Filter section Comparator seetion

firenit, for 2

Figure crussing detetion of back ef [6]

filters as shown in Fig. Then these voltages are shifted by 90 electrical degrees

1

and compared with the neutral voltage V.. Pulse signals 5,, S5, and S,

are prd

by the Finally & mi ssor logivally converts these pubes Lo six
drive signals of the inverter. The performanee of e whole drive system s quite sat

isfactory but the problem

dateed with it is the starting of the motor. A sepa
starting scheme is necessary for this type of position sensorless diive, Wave-form

detection techuiques incurporating hack-emf for the estimation of rotor position for

permanent magnet step motors are introduced by Kuo et al. {1}, This is the basic

introductory paper where detailed mathematical models are proposed Lo present. the




of voltages across the live phases and zero

deteetion scheme, In particnlar, peaks
crossing of back emf in the nnenergized phases are sensed and information are ob-

setion of rotor position with the mathematical

ained which are utilized for the dof

reported an excellent feature of back el (eloct ro-

expressions presented. Hair [2] ha

tion technique for a two phase stepping motors. The motor is

motive foree) dete
aperated with only one phase energised and the other phase s completely turned

wel magnetically deconpled from the on-phase. The back emf of the ofl-phase

ol

Since the phase windings are

is determined by measuring its open cirenit voltag

simple simsoidal back emf voltage i detectod nsing

physically 90 degrees apart, a

t. The rate of decay of current in off-phase must be

the difforential amplifior ¢
sufliciently high to ensure that. the zero erossing of the back emf van be detected.
I some motors, particulaly permanent magnet siepping motor driven by bipolar
Back emf cannot be detected directly becanse off winding is ot

transistor drive

the reconstrnetion of back eml wave-form the

available. Using analogne eirenits

phiase voltages and enerents, a method is suggestod by Kuo & Butts [3] and Sicfen

itation in such a motor. Antoguini [5] has reported

1] tor control the phase

alternative form of back emf reconstrnetion technique where time constant with and

without back emf die to rolation has been compared and thus motional hack emf is

1. this method

estimated for rotor position detection. Sinee data are digitally saple

is relatively noise free. Tiznka ot al. 6] have implemented microproessor controlled

s inotor drives nsing the method that permits the determination of

nsorless brushl

permanent magnet synchronons motor rotor position by the back emf induced in the

a sethack hecause of the problem of start ing,

or winding. Their work experivne

Inanother paper Antoguini [7] has proposed a new way of monitoring the back emf of

ol

energ

s de motor with all phases

permanent magnel stepping motor and hrushle:



In hix work. he suggested that the phase windings he

and full torque generate

air

ol voltage difference in a |

connected in such a way so that the generated ba

wddanee, Beverra et

of phase windings is not a function of phase current or phase i

tracting inform

n

al. [8] have presented a method of rotor pasition detection by

rwork, a

from rotor back emf for the permanent magnet synechronons motor. In thy

sed 1o detect the 2 ol the back emf of

) CToss

rier

six-switch full bridge

conneeted motor at vach time instant. Fhe

the motor by exciting two phases of a wy
third unexcited winding has the infinite frpedance and no carrent Hows throngh i,

s The winding s easily detected . The

eml

On the other hand,

the rotor can be estimated as the zero erossing of the hack el provides the necessary

information.

» far disenssed ave the major inherent dras back of low speed

Al the techniques

or standstill problems hecause bick emf is not available or is noisy at these stages,

Bahlmann [9) has suggested asnitable starting algorithm so that e

il

can be achieved for the determination of hack ¢

ator inductance

Detection of rotor position by monitoring the changes of s

s aninverter to

In this method of sensorless rotor position detection. one

e Lhe eurrent pn

probe the phase of an ac motor by alternate switehing Lo ge

The shapes of the current pulses are finetions of phise induetanee and henee e

position as shown in Fig. 23, A peak eurrent pubse 1, is given by the following
I 3 i i "

relations

(1)

where V is the inverter voltage. 7" is time period for which the phase is switehed



g

Position, 0,

Plase eurtent

FYNAVYVRE

Tosttion. 1),

e 24 Plase inductance, phase voliage and phase enrrent. during. probing of

phase [16].

ong Lois the phase induetance and 0, s the rotor position at peak enerent. Sinee
1 s measnred quantity, 0, can be determined from the knowledge of 1.7 and L.
Henee, the stator winding inductance is a funetion of rotor position ol permancent
magnet motors. Researchers [10]-[12] have suggested a method of position detection

senrrent sinee the rate of change of enrrent denotes

technigue by monitoring the phas

the ineremental change of rotor inductance which in turn dictates the position of the
rotor. Fras and Kuo [13] have used the change of stator inductance for the estimation
ol votor position of a single stack variable reluetance motor. They reported that the
step ol the motor is dictated by monitoring the enrrents of the independent phases

of inductance of the sta-

sinee the phase enrrents change due to the changing natu




tor. In another paper by

Kuo [1]. detailed mat hem

al analysix of this method

is given and it is suggested 1o monitor the current of the phase which has just heen
turned off and also that the maximum local value of this decaying current throngh

the fly back cireuit he observed. One important ad of this method is that

antag

it is applicable 1o low speeds even at standstill where t

ack el is i

of ch

However. the relationship between the ra

nge of current and rotor

becomes complicated hecause the ineremental change of indue

k emf aflects the

phase current itsell. Furthermore, the ba

siderable error. Rescarelie

sulting i

have suggested a simplhe methor

inductance by pubsing a voltage on one of the off-phises

ed monitoring the resnlting,

current ramps [15,16]. Current exe threshiold when win indn

is approached. Thus & controller can ue dos

et switeh thee desired pha

varying the threshold. th ntroller can precisely set the sw which re

vhing angl

sults

ster motor mesponse, E et al, [17] have presented an alterns

analogne technigue incorporated with linear frequency modulated converter Lo mea

s the induetanee of a non-condueting phase. T his pagper, a rogueney encoded

signal is generated whose time period varies linearly with the phase inductanee, The

frequency encoded signal of the phase inductanee can be de

1 by et

msors

or any frequen; voltage ronverter cirenit Lo obtain a voltag I o fre

> prosport i

auency. In a paper by Kulkarni and Elsani [15]. 2 novel position seusor «

technigue for interior permanent magnet synchronons motor drivee is proposed. 1

the knowledge of back emf. inductance is calenlited, The ealenlated phase indue

tance s then wsed o estimate e rotor position with the help of a ook ap table,

i searches for a vadue of phase ind - that s

A scauning algorithi is nsed wh

aleulated

closest to the
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As mentioned previonsly, the method of rotor position detection by monitoring

the change of stator inductance is not very reliable, becanse inductance variation is

measured by measuring the change of stator enrrent which in effect is not, directly

proportional Lo the stator ndnetanee at any speed of operation due to the conpling

effeet of both and also beeanse the back emf alfeets the phase enrrent at high speeds,

2.0.2  Flux linkage method

enerate the

age estimation method to

Lyon ot al. [19] Bave proposed -t T
phise commutation signal. Firstly a family of flx linkages W vs enrrents [ at varions

letermined. Then these data are stored in a look-np table, The

rotor positions are
estimated flux linkage W can be fonnd from the following relationship using measnred

valnes of phase voltage and enrrent.

b= [v-im (22)

istance. A reference value of

where 1 is the applicd voltage and # the winding res

Hux linkage W, can be determined for a desired value of rotor position 8, from the

enrrent [, A comparator as shown in Fig. 2.4

stored information with a known phas

When the ervor W, =

is used to compare the estimated and reference flux linka;
Wb, = 0is obtained. it is coneluded that the rotor s in the position of 0;. How-
ever, this method suffers from measnrement errors at the extreme angles of no-load

Aoad conditions. Ertugrl and Acaruley [20] proposed an improved flux

and he

yr
linkage method where the terminal voltage and line currents are used with the aim

At cach time step. nsing previous predicted

of estimating the winding flux link:

position information and the flux linkage value, the line current of the motor is esti-




Stored
1 fouk
Tal .~' W,

v schieme byt Tinkage method [19]

mated in two stages to correet the predieted position and the estimided fux linkiwe

respectivi

s method of rotor position mation is preferable be b s capable of

handling the feature at low speeds. But Lime consmming integration slows the pros

and hence is not suitable for fast response drives.

tion esti

2.0.3 Digital signal processor based rotor p

tion technique

Observer based rotor position estimation and micropre al signal pro

cessor based rotor position detection fall under this category. In hotl cases, i large

amount of mathematical calenlations and computa re involved and henee the

requirement for fast digital processors.




Observer based rotor position estimations

e developed a simple linear obscrver ou linearized model of

Okongwn. et al. [21] ha

tisfac-

performance is quite s

an ac machine where it is shown that the obs
tory Tor small perturhations abont a wide range of operating points. Lumsdaine, ot

ariable reluctance motor where

or method for the

al. [22] have proposed an obsers

phase inductanee variation effects Hluxes in the phases have been taken into account.

Lumsdaine and Lang [23] have proposed a state observer method which is driven by

atce motor. A non-

measurements of phase voltage and enrrent for variable rel

ate ubserver technique is used by Dhaouadi et al. [24]. They have used the

linear

extended Kahnan filter approach for the on-line estimation of the speed and rotor

and currents. This work is

surements of motor voltages

position by only using me:

implemented with the fixed point digital signal proc Greater ac-

curacy can be achioved with the loating point digital signal processor, Jones and

o

Lang [25] have proposed a rotor position detection technique based on state-spag

done at first. After consid-

v where mathematical model for state variables

eting a number of factors which might lead to error, an observer is proposed which is

k diagram of a rotor position observer is shown in Fig.

non-linear in nature, The bloe

This observer ntilizes the d — ¢

L tq and iy are known quantitie

2.5, where

tive feedback which is dependent on error in hoth

tramsformation to obtain a corre

wher ables are measnred.

imation

aland electrical

mechani

s only electrical

The main drawback of this ubserver based rotor position estimation technique

that it is very complex to implement. in real time,
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Lotor simmlator] i
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d-q converter
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ate-space model of rotor pos

ation

Figure

Digital signal processor based rotor position estimation

sor based control

ing and micropro

Recent developments in digital signal proce

2] o carry ont works by

Lools have encouraged many researchors [26] s

voltay Among, them

ables as phase enrrents or ph

computing the real time

Matsui and Shigyo [27] have wsed the Texas Tustrument digital signal processor for

the intensive computations. The control strateay they considered is ainly based

on voltage equations.  The block di ystem configuration is given in

2.6, In this work. measured value of currents and computational valnes of

1 (0,) w

is then compared with a

voltages are nsed to estimate the rotor po

anel

reference value of 6,”. The error is appliee to proportional intesral (1) contoller

Comparing the referenee earrents with

reference currents are producerd accordingly.

actual phase enrrents, dosired pulse width modulated (PAM) volta

on estitation scheme of penmanent

using hysteresis enrrent controllers. Rotor pos

| wing digital

magnet synchronons motors has heen proposed by Naidu aud Bose

insson

ors. but detailed implementation is absent in this report. Stei

signal proce

rimplementation of i disk

and Astrom [32) have proposed a digital signal proces
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re 2.4: DSP based rotor position estimation

on information is obtained from a position

drive controller. In their work. the posi
detector which generates a voltage. The generated voltage is proportional to the

absent in this

LA sensorless position detector is

mis-alignment of the head and tracl

work.

frer reviewing, the above methods of rotor pusition detection. it seems that

sor based compitational

prion of the digital signal proce:

all methods with the i

methud of rotor position detection are cither unsuitable for wide speed operation of ac

to implement in real time. Control

motors, or give slow response or are very comples

sor

an be carvied ont at various speeds using the digital signal proc

ol ac motors

Based computational method and no additional starting system is nocessary.

2.0.4 Vector control of permanent magnet synchronous mo-
tor

L PMS motors ean he controlled vectorically provided the posi-

As mentioned carlie

tion and speed of the rotor are determined. In the previous sections. works on the



sensorless rotor position detection were reviewed.  In this section. works on vector

control of different types of ac motors with and without position sensors has been

reviewed and linally conelusion is made

to why computation hased position sen

sorless algorithn is preferred for the control of permanent v

wnet synchronons motor

Lessmeier et al. [33] have compared the performance of synehironons motors

and induction motors incorporating microprocessors. They have proposel (e vector

control strategy of ac motors in a synchronously rotating frame axis. Quadratur

er

current has been identified mtrol parameter up to base spred

irrent is suggested to over

e direet

an additional negati

motor. Mech: 1l sensors have heen userd 1o

Tt

the maximum terminal vol

notor.

o

ept of sensorless operation of the

detect the rotor position rather than the

Kume and Twakine (1] have prosented a microprocessor based conty

motor drives. [n this work. two closed control Toops namely torgue and speed Toops

resnlts of

are nsed Lo drive a PWM inverter, The anthors have corapared the test

ac drives with de drives and linally naler that the performanee of permanent

good as de mator drives, Pillay o

is @

magnet synchronons motor drives

have presented the veetor and enrrent controllers for pern

the position of rof

motors. A resolver is proposed Lo s

i

. This signal is rompanal with a

al processor to give the position sigua

al sig

| the

reference to produce command speed, which is compared with the real specd

drive

mrrents. Using the enrrent contre

error signal is used to produce referenc

signals of the inverter are generated. Texas Tnsteament. digital signal processor is used

in this work. Qian and Rahman [36] have reported i veetor control strategy of perna

nent magnet hysteresis synclironons motor drives incorporating a microprocessor, In

this control scheme. a tachometer is used to sense the speed which is el 1o i sin/eos
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generator to produee the direct and quadrature axis cnrrents. The main control loop

cansists of two nested elosed control loops. The inner loop is the fast respouse current

loop with PD controllers and the slower onter luop is with PID controllers. Their

simmlated results ave heen verified experimentally . Matsui and Ohashi [26] have

reported adigital signal processor hased adaptive control of the brushless de motor,

In this work TMS320025 Texas Instruments digit or is nsed to im-

I signal process

plement the speed and carrent control seheme in real time. They have studied the

ellect of parameter ation on the performance of the drive. The important fea-

ture of their work s that the motor parameters used in the controller are identified

al eve ate. The sensoes used

v

sampling and so the control seheme is highly acen

for detecting the rolor position are mechanical, Bose and Szezesny [29] have shown
simmlated results of micro-computer baserd control of an interior permanent magnet

synchronous machine. This drive

stem includes a constant torque region with zero

speed operation and field weakening constant power regions at high speeds (above

the base speed). The drive system is only designed with an onter torque control loop

for a spes tion lik tion is not

fie applic eleetyie vehicle propulsion. General applic

are absent. Tu this

possible with this type of drive as position and speed control looy

i

e system, an absolute shaft position encoder is proposed to detect the position of

the rotor. Naidn and Bose [$1] have simulated a position sensorless permanent mag-

net synchronous drive but their control system does not incorporate torque control

loop and motor speed is limited up to the base speed.

A position sensorless permanent magnel syuehronous motor drive can e imple-

mented in the following way [37): The block diagram of control scheme is shown in

Fi

In this wo d

two line-to-line voltages and two stator currents are sens

and processed in an analogue form to produce the stator flux linkage vector. These
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Controller,
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Angle Aol
and SHNOR
speed Integrator
estimator s

el syichronoe motor

Nector contral seheme of permanent v

Fignre

1 to obtain infor n abont rotor |

finx linkages are processed an filt

The thiee phise

ol Lo produ stator curr

and speed w which are 1

s Lo elrive g enrrent von

cnrrents sensed direetly are compared with reference curre

perimental results

dgnals for the inverter,

troller which thus generates the drive

ol Toup response to a step spewd commaned. Thi

are provided for ol

where the con

s motor driv

work for permanent 1

of drive systetn always

But t

s Ly

and speed seusorless operation

sy is introdueed which mikes

ting, A separate starting str;

lias the problem of sta

the system complex.
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2.1 Summary

pter it can be stated that there is a need to design a posi

In concluding 1

drive which can b

tion sensorless permanent mag) 2 operated at any speed without

any separate starting system. After reviewing works of rotor position estimation for

veetor controlled permanent. magnet drives. computation based digital signal proces-

on detection technigue is preferred for this present work

sor implemented rotor pos

oS

beeanse of the following r

1. Drive van be uperated at any speed withont any additional starting cireuit.

A sigual processor. the propused drive

2. Becanse of inherent acenracy of the digil

wonld he very efficient.

sinee comp! x mathematical calenlations ean be carried out by the digital signal

sor within i nino seconds, fast response drive system is possible in this

prov




Chapter 3
Analysis

PMS miotors have the capability of high speed operation with high tonque and offers

smooth torque operation even at very low speeds. These characteristios of pernanent

v L i servo driv emalony

magnet synctronous motors enable one Lo oper 12

le of veetor control method s

with the vector control scheme. The basic prin

wedl as angle information of controllable va . Rotor

that it needs magnitude

gle of the variable and its detection is on

position determines the

ation. Nue el in

requirements for this type of driv

wrless rotor

i based s

literature for the detection of rotor pusition. bit compn

of its et

position detection technique is chosen for this present work |

1 typee of digital

curacy and fast respe pristies when used with a s

s possible

signal processor. A compaet form of rotor position deteetion algorithin

for vector controlled permanent magnet synehronous motor drives when the motor is

aeliine cguations

modelled in a synehrononsly rotating reference frame or when the

are expressed in Park’s transformation. I order 1o do so, the following steps have

heen 1.



o Relationship between machine indnctance and voltage is established for syn-

chronons mackines in general,

o Voltage equations are formed in machine variables for permanent magnet syn-

chironous machine variables,

o [eference frame theory is applied to transfer the machine equations from sta-
Lionary frame axis with stator variables to syuchrononsly rotating reference

Tramee,

o Equations relating to rotor position detection are derived using the machine

model in synelrononsly rotating frame.

3.1 Relationship between winding inductances and

voltages of a general synchronous machine

A two pole, three phase, wye-connected, salient. pole machine is ehosen for this analysis

- . - " -
as shown in Figo 3.0 10 (ay 4 02)™" and (o) = 0y)™" are taken as minimum and

maximim air gap length . then the air gap is approximated by [38]

aley) =

(1)

It sinee

Then it can be written that

o, ~t) =




b axis

N =(0yny

) '
 ais Vo=l ooy

Figni
i3

Two pole. thres phi

necteal, salient ol syu b i

where o, is the angular disy

cement of the statorand 8, is the ananlar displacement

of rotor as shesvn in Fig £.1 The air gap magnetomotive foree can e espreesed e

1,
MR = dogs B
i

where 1 is the magnetie field intensite. £, is the nragnetie s densive and g, e the

permeability of frev §

il is given by 17 - 107 s g is the relatize permealaling

(for permanent magnet, e = 11 Sinee the MMEF is i binetion of 2, cequiation C41)

can be modified to

A
Bloy ) = pope
l

145

10 it is assuaned that enrrent is flowing ouly in phase a. then

sity e 1o this



Conduetor

N '
N, = :
T T
! b
L 1

0 iz w art B

| ' il
] : !
i axiy s 1 i
: : :
MME, ! | 1
! 1 :

v e .

Fignre #.2: Distribution of phase winding and corresponding NP [38]

is given by

MM (0,)

Brlondh) = o o

(3.6)

The MME due 1o current in a pha:

. The

can be determined by analyzing Fig. 3.

sullix s stands for the stator quantity and is not repeated in the remaining test for the

sake of simplicity. The winding distribution is taken which is expressed

stator- a phase as

N, o= N, 0o

(3.7)

N,o= =Npsino. Fi0s

(3.8)

where N, is the maximum number of turns expressed in turns/radian, 1. s con-

sidered as the number of tuens of equiv=lent sinusoidally di;

ributed winding in



phase of the stator. then

[EX0)

Therefore.

1

Now it is assumed that the field winding stributed with Ny equivalent

turn:

Nylag) = (i

Thus the air-gap MMF due to field eurrent iy in the rotor winding, vin e expressid

as

MMFy == [EXEN

el by snbetituting,

Henee the air-gap flnx density due 1o tield winding can be

cquations (34) amd (3.12) in equation (3.1) as:

s oy = nyeos (2o, )) (4.1:4)

Bylo,) = =gty

ribution in stator is considered as simsoidal, then s ditobn

If the air-gap flus

i from Fig

tion in phase a winding can b deters

oS [ENRY]

\,
MME, = 5

s boand ¢ it ean be written that

Similarly for the other two ph

MME, = %m cos (415)

(4.16)

MME = l:,:m
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Substituting eequations (3:3) and (3.1) in equation (3.3), the expression of flux density

due to eurrent only in phase o becomes

" &
Bo(o,0,) = mujee 55 i cos aon = oy cos 26 = 0,)] (3.17)

Similarly. the flux densities for enrrent in phase b and e, respeetivel

By(.0,) = poper (#.18)

B} = pup, (3.19)

If the votor winding is assumed to be sinusoidally distributend, then the rotor magne-

Lomotive foree can he expressed as

MMEy = 7 sin o, (5.20)

where ¥y is (he number of tarns in equivalent sinusoidally distributed winding and i,

is the rotor enrrent, Therefore, aiv-gap Hnx density due to enrrent only in the rotor

van he expressed in asimilar way as the eurrent in stator winding and is given by

N
propte =L ipsinoday = ayeos (20,)) (3.2

aes

Ihe fus linkage of a single turn of stator winding. located ¢ angle apart from a axis

and whose span Tength i 7 radian s given by

-
(o, 0,) BoAC 0l d¢

the mean radins of air gap

where s the axial length of air gap of the machine, r is
and s a dummy variable. Now the fux linkage in phase « due to current only

through this winding becomes:

W) (0.0, )do




a0

). one ohtains

Thercfore. substituting equation (3. in (3

.
Aneidiie [\',mf" BAC.0)rl dido @20

where L; is the stator leakage inductance due 1o leakage Hux at the end turns, Now
with the value of N, and B,(0.8,) of equations (3.7). (3.10) and (3.17) the expression

for Ay becomes

[y = oz cos 2 - 0|l dGdin

K = L,i‘,—/ i [;w,...u,%_—f

Vgl /' sin o
|

= Ly, +(-

1sing

vz 20, {sin i + 5 sin o) = ogsin 20, feos i | " contbo e

N .
= Li,+ 7 wpojterl (u. —"‘T'('n«:.’”,)l,

ol integr:

where ¢ is used as o dummy variable for the pur v Recalling Che

delinition of self indnctanece of i magnetically lincar systen as the ratio of i linked

hy a winding to the enrrent flowing in that winding with the absenas of all other

ents, the self i of a winding is given as

L

)

Similarly. the self inductances of the other two windings. (b and ¢) can be fonnd 1o

he

N 2
L= L+ S mp [.., - Sz (0, % )] (3:27)

A 2
b i %,—./mﬂ_ v [,.. - o2 (0. + ‘—‘")} (125

The mutual flux linkage in @ winding due to careent in b winding is fonned i a simila

manner, but in this case. the flnx density will be taken due 1o, and can Le written




as

/ N, rm/ B(C.0,)rl dCdo

oy = g s 2(C = 0! ,tm

—dl-.;’;/mll,l'f [..| +ageos 20, — (3.29)
Thus the mntnal indue n be fornd using
A
My = 2=
"
V5 =
= T piert [n, + oy cos2(0, — 5)] (3.30)

s can be

The mntnal inductanee M,y between the field winding
ol similarly by

My = “Lrpprt (... e (3.31)

In a like manuer. the nutnal induetances between the different windings can be

writ
i = | -_(n,{,g)] (332)
M. = - 1 iterl [og + azvos2(0, + 7)) (3.33)
NN 2%
My o= :/l.,/::l(ﬂ.-{- 2 sin (11,_7) (3:34)

vy, 3
My = - mprt {4+ 52 sin (04 5

The self (lux linkage in the field winding can be found using

Ny = Lugiy + [ Nytobta o,



where ®(o,) is the Hux due to lickl current and is given by equation (3.22)

b(o,) = L *

Now substituting the valies of Ny(o.) and @) from cquations (3.11) and (3,

' Be(Q)rld¢ (3.47)

equation (3.36) one obtains

Ny o=

[EEN]

After some trigonometric manipulations and necessary integrations. the sell fluy link

age of field winding due to the enrrent through it is given by

(:8.39)

gl ('n s m) (3.10)
where Ly is the leakage inductance of the field winding, The inductances in different

phase windings can be summarized by defining the following as

v

e e O (1)

Ly = 5 mpojterloy (312)
hay ’

o= 3 ‘r/m/l,r‘l(u, 2 (343

By mgtert (u. + '—;i) (3:41)

The machine inductances can now he expressed as

Law = Lo+ Ly = Lycos20, [BE ]



L = bt La= Lyeos2 (0~

L,+/,|-/.,,m.sz(u,+'“’;—:)

g = Jip#ly

] ‘s
M = —EI‘,{—LB"»[(”,—J)

] x
Mar = =3la=Laeos2 (0,43)
M = =bla= Lucow20, +7)

Moy = Mysind,

2
M= Mysin (0, -

My o= Mysin(0, 43

“Thus the three phase inductances can be written in matrix form as:

b Mo M,
it=| My Lu M.
Y M e

Sinee

M = Mye Moo= Moo M= My

substituting equat ions (3. A1) in equation (3 ). one gets

33

(3.16)
(3.47)
(3:18)
(3.49)

(3.50)

(351)




LitLy-Lpeonds “Hy= Lpem2 (o ¢ L 4%)
[L]= | ~32a=Lygom2(de=3) Litbla-Luam2(er - %) W= Lpmat 4 01
iy = Lpem2 (0. +3) R B L R A R TTeN LA |

Now the flux linkage inany winding is the summation of its sell inductances and
mutnal inductances due toother enrrents, Henee the flux linkages in phase o, boand

cand the field are given as

No & Lo+ Main+ Mode+ My (8.5%
A= Mo+ Luis + Mui, + Mugiy (4.58)

= Muia + Mais + Lo+ M, i (:3.50)
Ap o= Myic+ Mpin+ Mo+ Lypy (.60

So the voltage equations for the elementary wire-wonnd

ited synuchronons wachine

can be written as

]
2
P

|

|

o
o o= it =t

where rm and rare thestator phise e 1y i thee votor fiel e

vond exeitation. The

These equations ae valid for generalized machines with wire
next step is o modify the above mackine cquations For a permaent gt sy

chronons motor.
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3.2 Machine equations for permanent magnet syn-
chronous motor

The PMS motoris the same as the field-exeited synehironons motor from the analytical
view point. The only exception is that the rotor field excitation is replaced by a
permanent. magnet , which gives a constant flux Ayy. Now the flux linkage in the

different stator phase windings die 1o permanent magnet, rotor is given in matrix

Toran as:

My Aysint,
M= g | =] Asin(, = %) (3.65)
My Ay sin (0, + &)

So the s linkige cquations (357)-(3.59) are modit.. d as

Mo = owadat Masin + Moyeic + Ay sind, (3.66)
Mo = Mt Laniat M+ Ay sin (0, — )
Vo= b M osik Lo+ gy sin (0, + (363)
In miatris formone can write the above equations ax
\, Lo My M| sin,
Nl = b L L [ i |+ Aar [sino, - (3.69)
X L La Lo || sin 0, +
o, one canowrile the above equation ina more compact way as:
[N = (L] + M) (3.70)

where the matrices [2] and [\ o] are defined in equations (336) and (3.65), respectively.
Now, the voltage cquations for the PAMS machine can be written as:
d\,

o= Rt 371
v Fafa + = (371)



R

o
ta
or in matrix form
(% r, 0 0 (3 \,
ml=10 e ool al+p|m @i
[N L R 8 fu .

One can write the ahove equation in compact form as:

fead = [radfio] + pl\n ] (3.75)
where pis the op defined as p = £ In thee voltage equations the flux

compuonent contains inductanees which are Tunetions of wotor position 8, and

the coellicients of the differential voltage equations are tine varying exeept when the

speed of the machi 2. This miakes a iy very complex unk

transformed to the synchronously rotating frame where the niachine inductances will

1o longer be dependent on rotor position. The machine equiations in syuchronosly

rotating frame are known as Park’s equation.

3.3 Transformation of machine equations in syn-

chronously rotating frame-Park’s equations

3.3.1 General equations on transformation

In genernl. Bphiase variables in any wferenee franwe cn e wanstonmed o te o

thogonal components by the following aship [

(gl - llr) 476)



where
(gl = | 4 (3.77)
Iu

is the orthogonal components matrix transformed from three phase variables and

% (3.78)

len) =3 (3.79)

is the co-eflicient matrix of transforination, where
'
0 =/ w (1) dy + 0(0) (:3.80)
o

Here gy is the dun iable of integration and 0(0) is the angle difference between

axes of transformation at 1 = 0 and w is the speed of the transformed axis. The

inverse of (°y is given hy the following equation:

cos 0 sin 1
™" =] cos(o — sin(0—-%) 1

3.81)

cos(0 + ) sin(0+4) 1

[ equations (3.76)-(

L can represent any variable such as voltage, current or




3.3.2 Park’s Equations

Park’s equations in machine variables can be achieved by transforming the equations

of the stationary axis to a synchronously rotating frame axis. Starting with the

equations described in section (3.3.0). the only modification is that v is taken as the

superseript or subseripts with the variables to sepresent that the transformation is
taking place to the rotating frame axis. Thus cquations (3.79), (3.80) and (381) are
modified as follows:

) eos(0, + 4

cosll, cos(l, -

sind,

sin(f, 4

0, = [ w(y) dy+ 0,(0)

and the inverse of the above matrix can be found as:

s, sind, 1
=1 vost, - sin(0, - | (351
cos{, + 42) sin(0, + I

The voltage cquations in a stationary referenee frame can be transformed to e

orthogonal components of a rotating reference frame as:

[ = (04[]

Now substituting equation (3.75) in cquation (3.85) yields

o = (O llie] + s}

But since it can be written that

i) = 1]
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|20 A (G el O | (3.88)

[Aase] =

) el (3.89)

Substitutiog cquation (3.57) and (3.89) in (336) one gets.

[l = Gl IO G + G D)
= [l + GG Wyl + OGNl (390)
Now [Ca{raJlC]=" of the above cquation can be determined by substituting the

valies of [, [row ] and 07" as:

1€ el =

vty ven(d, - 8Z) o 0 0 :
§] s singe, - 42y mou (0, = &) 1
1 1 oo .
4 L (e 4+ 5] il 4 )1
(391)
The evaluation of the above matrices yields
[l Lradle 2] = [rand] (3.92)
The second term of equation (3.90) can be evaluated as
0o, M
[ 1Nl SLouff A= w |y, (3.93)




n

Equation (3.93) can be also he written as

[l N ol = =0V, @an

and since

[l
The last term of equation (3.90) becomes
(e[ PN ] = NG (BRI

2o

Now the voltage cquation (3.90) can be written with the value, siven in equations

It

-(395) as:

[ = T e d & <N 0 Nl 136

(1497)
(4.9%)
then from equation (3.97) it ean be written that
= ey b w Ay, [BR]
rp = rag 4 A+ Ay 100y

ol Ny .101)



sl 3 van e deterniined in the following way:

AT it ean be written that

From equa
[Vt ] = L]l + [AF] (3.102)
It is tansformed 1o the rotor reference frame, then it becomes
[N = [N a] (3.103)
Now substituting equation (1102) in (3.103) vields

= (eIt + (e

= [CACD ) + (€L (3.104)

The first term ol equation (3.104) is evaluated by patting the valwes of [(3].[L]

and (€3] 1 from the equations (3.82), ( and (3.50). respeetively and after some

trigonometric manipuli tions, the following equation is obtained.

Li+ 3(La—Lg) 0 0 [i;
{CLe " l = o Li+ila+ly) 0 |} 7
0 0 Ly l o

(3.105)

Phe second term of equation (3.104) can be evaluated by putting the values of [Ca] and
[\e] from equtions (3.82) and (3.65) respeetively. Again, after some trigonometrie

manipnlations, one gets

0 i
[Nl = ANy | 4= A |1 (3.106)



(b)

Figure 3.3: Park’s moddl of permanent magnet synchronous motor: (i) o axis (h)

q-axis

ing inductances in equation (3.105) as

Now defining the magnetiz

3
,E(Lx—l-n) it o (3.107)
é(l._.+l.,.) = Lat (5.108)

and letting L, = L+ Loy and Ly = L+ Lo it can be written that

N Ly w0 || 0
A=l o Lo ||+ A | (3.109)
1 0 0 Lo 0

Therefore.

A= i, (4.110)
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Ny o= Laih 4 (3.111)

= Lyl (4.112)

Now substituin ations (3.110) and (LT in (3.99) and (3.100) respectively, and

ignoring the zero sequence terms. one gets

= (A ply )i 4w L+ Aar (3.113)

o= (g pla)il - Ly (3.111)
Usitig cquaations (3.113) and (3,111 the permanent magnet synehronous motor can
Do tepresented in e and  ases with the cquivalent cireuit diagram as shown in Fia.
4.,

stablish & 1elationship hetween orthogonal quantitios of ro-

The nest step s to

Lating and stationary relerence frames,

3.3.3 Relationship between orthogonal quantities of sta-
tionary reference frame and synchronously rotating
reference frame

Relationship can he established between quadrature and direct axes variables of the

rame by the following equation:

stationary reference ftame and the rotating reference

(3.115)

(G [l
where superseripts 't and s are used to denote rotating and stationary reference

is the coeflivient. matrix which can be evalnated

respectively. [¢

Trame quantities.
as follows:

From equation (3.76). it can be written that

(1] frand (3.116)




Substituting equation (3.116) into (3.113). an

(B (GY{ Ee | [EX T ]

1 he written as

Again following the relation of cquation (3
riml = (e 1S
Thus comparing equation (3.117) and (GLUIS) it can e written that
{0y rnd = {Cran | G
from which
e =1ea)len™ (i5.120)

Now substituting the value of [07] and [C]7 from equations (3.52) and GLS1) in

(3.120) one »

cost,)  —sin(f,) 0

[ =| sin(0,)  cox(g,) 0
u u 1

From equation (3.115) it can be written that

frsd = [0

and

[ =1

Ak (3.1:28)
Now substituting ¢ for .« in equation (3.115). one gets

L B (G o (.120)



substituing the vabie of (4] from equation (3.121) and expanding vields.,
o= sty — esind,
o= sintl, + vjcosl, (3.126)

and (3.123)

L nsing equations (3,122

where zoro sequence torms are ignored. Simi

it can beowritten that

[ I (G (3.127)

L inoring zera sequence terms and espanding, one

e eosl, 4 efsin b, (3.128)

©o= sty = esind, (3.129)

The same relationships can be established for enrrents as given below:

it eost, — ifsin G, (3.130)
oo ising, 4 o0, (3.131)
5= ol + sing, (3.142)
i o= ieost, = i7sind, (3.133)

0, = 'wr,(t)+ 0.(0) (3.134)

and @, (1) s the synchronous speed of rotating frame, 0,(0) is the time-zero displace-

ment of rotating frame quadrature axis with respeet to quadrature axis of stationary

frame. e, asis of three phase voltages as shown in Fig, 3.4,

The next step is to establish a relation between direct and quadratnre axes quan-

tities and three phase quantitios. so that the algorithm can be used to oblain rotor

position and speed information with measured stator voltages and currents.
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s

aavis

i

3.3.4 Relationship between three-phase and orthogonal quan-
tities in stationary reference frame

e equiations are Lansforued into dieeetand quadea

In this seetion. threephase mig

ture axis on the same statio ce fraune. So equations (3.76) C1.79) can be

Here the value of 0 in equation (3.50) is evaluated as follows:

wsed for this analy
.

0 w(! o 035,

[| (1) -+ 0(0) [EAEST]

b ool the transformed Trame, aml

It has been already mentioned that w is the spe

for this partienlar case as transformation is considered from stationary Lo stationary,

w =0, IUis also assumed that 000) is zero by considering the a agis 1o coineidie

as shown in the Figo B0 Superseript s will e nsed 1o denote that

with ¢ axi

Subistituting

transformation is taking place hetween stationary to stationary frame,



O =000y of cquation (:

[y =

and e inverse of [0 econie

e

s the quadratuge and direct axes voltages

from which

Substituting cquations (3.136)

panding one gets

9) now

becomes

TR
sl -4 & (3.136)
L L L
| 0 1
. 3 0o
JET B (3.137)
I

san be found as:

[yl = [Callra]

(3.139)

] = ()7 [l

and (3.137) in equations (3.138) and (3.139) and ex-

(3.140)

(3.141)

(3.142)



and

[ERREY

[ERRRN

[EARNI

(3.016)

Uhree-phi

[rame whicli is given as:

A (4.117)
G o= (£.11%)
Inversely
o= i (3.119)
i o= (3.150)
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3.4 Rotor-speed and rotor-position in terms of

stator currents and voltage

The direet axis volage eqnuation of Park’s machine model derived in the carlier seetion

is given as
np= ey pla)iy — i Lyiy

Substitut eruations (3.130) and (3.131) in equation (3.152) one gets

vy = (g pla)(sin 0, + iy vos0,) +
wi Ly cosll, = isind, )
=eos [y b Lapiy = el = Lais] +

siv e b Lapiy +w (L = L)

Now putting cquation (3.126) in (3.153) one gets
evsinl, b ejeost = cosOraiy 4+ Lapiy = wo(Ly = Loij)+

sind [0 + Lapt) + @ (Ly = L))

Or.
costy (i~ Lapty = < (Ly = L)y = 03] =
sin 0,03 = vy = Lapiy = wol Ly = L)i3)
Therefo
v, = SO it = by = L)y
Or
0. = tan-! =ity Lapiy— (L,

= vt = Lapis = w( Ly — La)ig

(3.152)

(3.051)

(3.156)

(3.157)



The position of rotor can thus be obtained in terms of machine voltages and cnrrents

in the stator frame provided w, in equation (3I57) can be evaluated in tenms of

voltages and currents. For this purpose. Park’s quadrature axis voltage equation

(3.113

is used. From this equation it can be written that
= Ly iy e il 4w My Cas)

Substituting cquations (3.130) and (3.131) in (3.158), the following cquations are
obtained:
o=y ply ) eos O, = Esintly) +

o Ly sin 0, 75005 0,) 4w Ay

= cosle[riy + Loy = wi Ly - LB

sinlp[=roy = Lypi'y = w,(Ly = L] 1w\ [N
Substituting equation (3.125) in (3.159). one obtains
vseosl, = ysinty = cosO [y b Lypiy = wolly = La)ii] §

ST = o= n il ) v

(4160

Substituting equations (3.142)0 (3.0438)0 (3 1T) and (1 EIN) inequation: CLEG0) one

obtains

cosOu[in, = 1oty = Lypis —

ol Ly = La)iy ~ )] =

sin -

1 |
Lyplin = 1)+ —zw Ly = L)l - 0] 1w Ay

iy =0y

(5.161)
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Or,

A1

costl,

1
wrlly = La)liv = i)
1

0y = oty = Lypi, —

_— 1 5
- tan !l,[—l—_‘(:-,. =)+ —=rdin = i) + —=Lyplin — i) +

7

1
el = Latis =]
(3.162)
Substituing exations (31421, (05, (3147) and (118 in equation (3.155) and
assuming
sy m i i L= =)
=t = i = Lapta 4 ey = L= .
(3.163)
| Lo .
i = i) = oz Laplin = i) = il Ly = Lalia
(1164)
(4.165)

(3.166)

where

i= (3.167)
The expression for . can be simplified by taking equal value for L, and Ly which
can Lo assumed as [31]

gy L) (3.168)




Now substituing (3.163) in equations (3.162)-(3.161) 3 iclds

el
cosl,
|
= redy = Lty = tan O {=—=(m = )+ = 1))
v
|
+—=Laplin ~ i)
[RA TG
N TS (3170}
!
y = ﬁ["” =t == i) = Laplin = 0,)] [EHE]

il

conll, =

Lt 4 )
0 = 1y = Lypi

e = i = Lapia )+ T35 0 = = 1akin = 30) = b = 1)1

(8178

Substituting equations (3.172) and (3.173) in cquation (3.169) and simplifying

sets

_ Vire =iy = L)+ He = e = =i = L. .(‘[_,, L)

Au

(4.074)

The rotor position 0, can be found by substituing the valie of w, in the following,
equation:

0, =tan™!

(4173



Tl Trom cquation (4174) and (3.173). one obtains

(3.176)

where

A= Aypbon = o = mlin = i) = Laplin = i)} = ULy = Ladia

=ty = Lapry P {oy = vo = ribiy = i) = Lplin—i.)}?

and

1= V3Nl = vy = Lapia) + (Ly = La)in = i)

i , :
%w,, — iy = Lapi i g = o= ralin = i) = Laplin = i)}
Pl initial position angle 6 or time-zero position of rotor can be determined by

putting w0 i equation (3.075) which follows:

L= o= raliy = i) = Laptin = i)}

s i AT
O, = tan [ T L, (3.177)

3.5 Summary

ions for the rotor speed and rotor position in terms of stator

T this chapter, espres

voltages and currents of the permanent magnet synchronons motor have been derived.

In the znext chapter, these expressions are used to simulate the veetor control scheme

of the permanent magnet synchronous motor.



Chapter 4

Simulation of position sensorless
permanent magnet synchronous

motor drive

The present work deals with rotor pesition estimation for the ve tor control of e

nent magnet synchronons motor drives. Ty chapter three, expressions of motor sl

and rotor position were derived in terms of stator voltages and enrrents Tor computa

tional purposes. In this chapter. computer simulation of drive systens are pr

for the following conligurations:

. PMS motor with sinusoidal supply withont contiol s b,

. PMS motor drive systenn with only speerd loop up o base specd (31]

L PMS drive systen with spred and toraue Toups operated g o e Bise spel,

. PMS drive system with speed and torque loops at any spreed ( Lelow o abuse

the hase speed).



e confignration is provided with its block diagram. flow chart and sinmlation

i
results.

4.1 Simulation of permanent magnet synchronous
motor with sinusoidal supply without control
scheme.

s block diageam is shown in Fia. L1 for this simulation

A st af 3 phiase badaneed ac supply ean be written as

\, coswl (L

Thiese balaneed 3 phase voltages are applied 1o the stator terminals of the permanent

magnet syuelironous motor. The resuliing phase enrrents are given by

5 )
i 11.5)
' LG

whete 5 is the plase angle between phase voltage and current. These input voltages

and enrrents arve measured and transformed o diveet and quadrature axes in stator

frame. These are used for the sensorless algorithm derived in equations (3.174) and

adgorithm ean he implemented by < digital signal processor

(3176). The seusor]

sueh s the Toxas Tnstrument TASS0EVML The fnputs to the digital processor are
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Ac ‘
Supply

i

A0
Transtom

ure L1z Block diaeram of apen foop simmlation of 'S motor

phase voltages and phase eurrents transformed to dog quantities. Phe ontputs are

rotor speerd @, and rotor position ana!+ 4, Fig. 12 contains the o it for open

Toop simmlation of PMS motar with sinnsoidal supply caltase, Fie, 13 Gy showe the

simatated speed as o finetion of tine fon the open bop control of the PMS o

Fi

13 (1) shows the simulated rotor position angle as 2 fanton of tine for open

loop control case.
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Figure 12 Flow ehart o open loop simlation of PMS motor
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Figure 4:3: Open loop simulation of PMS motor. (a) Rotor spred

angle.

(b) Rotor pusition



3

4.2 Simulation of closed loop vector control of

permanent magnet synchronous motor

As mentioned earlier, the PMS motor can be controlled veetorically when the stator

variables are transformed 1o the synelironously rotating reference frame axis where
the sinsoidal quantities appear as de quantities. So from the concept ol de motor

ed as

control, the developed torque T, can e expre:

= Wil (17)

where 1, is the armature enerent and 17 is the fickl currents and both are orthogonal

and deconpled veetors, I synelirononsly rotating rotor frame Lorque equation

(L7) can be written as

T = Kijly (1L8)

where 7, is the quadrature axis enrrent component in rotor reference frame corresponed-

ing 1o torques and £p s the equivalent field enrrent: produced by the rotor permanent

magnet. Since in permanent magnet svachronous machine, synehronous

rotor produces constant fux of Ay, the torque equation (4.8) can he expressed as

KuiiAu (19)

Thus the motor can be controlled vee! provided the enrrent i is controled.

T practice, the speed of a PMS motor can be controlled precisely if 77 can be obs

s proportional

tained at specds by using varions types of controllers siel
(1), propurtional integeal (P1) or proportional integral differential (P1D) controllers.

Phe envrent 74 can be used to drive an inverter 1o operate a motor at different speeds.

the relation hetween the peak

Before going into frether details of control aspec



Fig. (h)

Figure 44z () Veetor dingran for drives npto lase spred (1] (h) Torque specd

characteristics,
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vitue o the applicd voltage and the 7] is established first with the help of the vector

diagram. I e vertor dingram of Fig, 4.4(a), Ay is shown on the direet axis of the

rotating frame. ence, the back emf produced will be on the quadrature axis and is

given by

Jwedy (4.10)

V=L

o
where ey s a constant. the value of which is given by L5 [11]. Thus from vector

diawran of Fig, 1), the applied voltage is given by

W+ juweLg)j ] (111

So the three phiase voltages and currents are now known quantitics corresponding Lo

are nsed in the simnlation of

adesived speed of the motor. These known quantiti

the drive systenm,

4.2.1 PMS motor drive system upto base speed with speed
feedback loop only

stem is capable of operating upto base speed only 3], The torque is main-

“I'his

Gaited constant upta the hase speed as shown in Fig, LA(b). Thus., for this drive,
constant voltage to frequeney rtio is maintaived which is obtained from the PWM
operation of the voltage sonree inverter (VS1). The feedback loop used is only the

tem can be deseribed by the following block disgram as

speed. The whole drive

shown in I
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The block diagram (Fig. 1.5) consists of a number of small blocks which are

designed o perform specilie functions for ihe operation of the drive. The general

deseriptions and the functions of these blocks are disenssed below:

PI controller
“The proportional integral (1) controller cousists of the following transfer function in
the Laplace domain as

ils) = l\'.+¥ (1.12)
where Ky corresponds L the proportional part and & accounts for the integral part.
If the input of PLeontroller is X(s) and the ontput is ¥'(s). then it can be written

that

) _ ., K ;
Yoy = it (4.13)

whicl can also be written in the form

SY(x) = K2 X(5) + K SN (s) (4.14)

el is considered very small. then the derivative

107, is taken as the sampling peri

can be written in finite ditference form as

05 - LI L) B P 7{,\'(,;4.;.)-.\'(,;) (1.13)

where sizi b §are the subsequent sampling instants. Now equation (1.15) can he

written as

Y (i 4+ 1) = Y (i) + KX + KX+ 1) = KX () (4.16)

The equation (1.06) is used to simualate the PTeontroller bloeks.

The fanetion of the PLeontroller used in the block diangram (Fig. 1.5) is o give a

cnrrent command from the error signal of command speed and actnal specd.




Vector rotator

o stator refer-

This is the block which transfers the rotor reference frame qu

ence frame quantities. By this block. the command output 4 and 3" are fornmlated
using equations (3.130) and (3.131) with command input currents 277, % and unit

vectors cos 0, sin 0.

2 phase-3 phase transfer block

The fanetion of this block is 1o transfer the deg stator enrrents to the three phase

are wsed as references of the enrrent

or eurrent s

stator enrrents. The three phase s

controller as shown in Fig. 4.6,

4.2.2 Current controller and voltage source inve (VsI)

S aOnree invener s

m of the enrrent controller and the volt

The schematic

shown in Fig. 16, The curront controllers proposed for this drive are kiown as the

ram of this curent controller

is current controllers, The funetional bl

§ phirse

is shown in Fig. 1.7. In these enrrent controllers, the output of e 2 phase

» reference waveforins are compared with the actual pl

transfer block, the s

and

ry within a preseribed hi

currents. The actnal phase currents are allowed to

is baanel. When the actnal phiase enprnt exerds tie

lower limit known as the hyste

alf brielgee foor thaat. particulan

AT (b)) the

higher Timit (Fi; ipper transistor of the
phase is tuened off and the lower one is taened ong giving a change of ontput voltage
from the positive half of inverter de voltage o the negative half. When this switehing

LT (h). As the

action oceurs, the phase enrrents start decaying as shown in ¥

wer ansistor

band. the

B the lower limit of the hyst

phase currents just rea

is again tarned on. I this particalan Bashion, e

is turned ofl and the upper



Voltage sonree inverter and current controller [39]

Fignre LG

switching action of the inverte, goes on and the wetual eorrent wave is foreed 1o track

s band  Beeause of the use of this type of

the reference wave within the hyste

re considered as sinusoidal.

enrrent controller, the phase enrrents

tion estimator block

Initial rotor pos
For the implementation of the proposed drive scheme, the initial position of the rotor

newds 1o e abtained, This is done by feeding a high frequency triangnlar wave to the

RIRUPT switehes actnate [31]. By the application of

veetor rotator hefore the IN'T
such asignal, the rotor does not move due to the zero average torque. Initially, the

inf, = 0 are applied to the vector rotator to get

arbitrary unit vectors cost, = |

the inverter. The ontput

the reference signal for the current controller which dr




Hysteresis

comparator

Reference
wave

Phase

current

()

Hysteresis
band

Fper s
it " ']fﬁkw band
it

PWAM voltage
wive

(h)

Figure 1.7: () Hysteresis cavrent controller () nverter ont put [39]

> Lower transistor hase



of the inverter is the PWM voltage which is applied to the machine. This results in

. the

rrents and voltage

stnall pulsating motion of the rotor. By measuring phase

0 Oy can be estimated nsing equation (3.1

il rotor positi

Polarity detection block

ial position of the rotor is dependent on the polarity of the magnet

ity of a reference axis of the stator. For example. if N pole is in

the vienity of phase @, then the tre initial position will be
= 0+0y

bt if§ pole i lose to phase a then

ity of « a then the

square wave is applied o phase a. I N pole is in the v

pplied voltage will aid in the magnetization and negative part

e will he

will decreases the magnetization. Henee the phase current with this vol

e part than that due to the negative part of the square wave. If

e, then it can be concluded that S pole is close to @ axis. Thus.

s to which one is added to 6,.0

by following the above procedure, decision is tak

or .

Rotor position and speed estimator

1

sing equations (3.171) and (3.176). this block outputs the speed w, and the rotor

position 0, Onee A, is known. the nmi veetors sinf, and cos 0, are generated. This

blu tuation of INTERRUPT switch.

rts working after the




4.2.3 Working principle of the drive system

applied 1o the P1 controller which ontputs the refe

The command speed w;

current i+, With the initial nnit veetor <in g and cosfhy. the vector rotator prody

s which are transformed to three

the quadrature and dircet axes reference enrn

ine reference currents for the input of the hysteresis enrrent controller. Fhe

phase

tages Lo the machine te

current controller drives the ter giving PWM v
As the motor is started. the interrupt switches are turned on and the estimator
estimates the rotor speed and rotor position and the unit veetors, Next the estinated

mparison and the estimated unit.

rotor speed is fer back Lo e command specd for

nrrents.

vectors are fed to the veetor rotator Lo generate command st

Lis given

This drive systen is operated np to base speed. Thus the command sy

simulation of the PMS motor drive

up to that limit. The low chart of the computer

with PI controllers is given in Fig. 1.8 The simmdation has heen carried ot with 1

ken at 10000 Hez. "The cor Is of the I'Leontrller |

sampling frequen

en as Ky == 0.001 and Ky



Fignre L8z Flow chart of PMS niotor drive with one feed bac
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Fig. 48-112 <how the simalated reference spec

sition. unit vectors, phase currents, reference torque

voltage of the inverter with s
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Figure 19 Sinmlation of single loop (specd loop) PMS motor drive. (a) Reference

rotor speed. (B) Actual rotor speed.
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Figure 4.10: Simulation of single loop (speed loop) PMS motor drive. (a) Hotor

position (b) Unit vectors.
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Figure 1112 Simulation of single loop (speed loop) PMS motor drive. (a) Phase

currents (b) Reference torque component current
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4.3 PMS motor drive with two control loops

 so far discussed [31] has only the

The permanent magnet synehronous motor dri

speed control loup. 1t is unstable if there is a la iation of torque due to any

a1 he operated ina more general way by introducing a torque

reason. The driv

able and efficient. Morcover,

K loop which makes the drive more

contiol fred]
Uhee deivee response can be improved with the introduetion of this additional feedback
Joop. Tl Wlock diagran of this madified drive is shown in Fig, 113, The fanetional

an liave already heen disenssed in

prions of different loops of the block dia
the previons section. Here,an additional PTeontroller is nsed to obtain the reference

torque after the comparator. The generated torgue expression can be written as [1]

P

To= S (4.17)

i
The feedbiack torque is ealeulated by using this exprossion and compared with the

reference torque, The compared signal is applied o another P1controller known

as torque controller, the ontput of which is the relerence Onee this enrrent is

obtained, the drive works in a similar way as the previous one,



Fignre 4.13: Block




The tlow chart of th

computer simulation of this modified drive is shown in Fig.

A0, Starting with input data and an initial speed, unit vectors and the torque

component eurrent. the subsequent speeds. torque and unit veetors are calenlated

by the sensorless algorithm. The estimated speed and torgue are compared with

the reference speed amd torque respectively. Using some Pl controllers. th

The

of arrent controllers drive the invertes

srrent controllers are generated. The

modified drive system is simulated with the following constants for the Pl controller:

Ky = 0.1, b . Ky = 200. The sampling frequency is 10000 1z

A Ky = 007

The reference speed taken for this drive simulation is the base specd. Fi

8¢

119 show the simulated referenee speed, rotor speed, totor position. mit veetors,

ntroller.

phase cnrrems, inverte tpnt voltage. reference ontpnt torgue of the Pl

" 1 torpie, torque-specd and | characteristies respeetively. By

ntrol loop in the modified drive, the speed response has been

s shown in Figs. 19 (1) and 115 (b), respectively. The generated torque

improved

o is now available which is absent in the pres drive. The variation of the torque

is compensated by comparing the generated torque with reference torgque and nsing

another PLeontroller, Thus, the responses of the previons system can be improved

with the additional cost of PLcontrollers and comparators.
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Figure 4.1z Flow chart for the conipater simlation of modified PMS motor drive.
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Figure 4.16: Simulation of two-loop (speed and torque) PMS motor drive. (a) Rotor

position angle. (h) Unit veetors.
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ence torque. (b) Cenerated torque,
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Figure 4.19: Simulation of two-loop (speed and torque) PMS motor drive. (a) Torque

vs speed characteristies. (h) Voltage vs speed characteristics.



4.4 PMS motor drive operation above base speed-
Field weakening method

The senerated or back emf of a permanent magnet syneironons motor is expressed

by the following equation:
Vi = jurdy (1.18)

Mg s the constant s produced

where w, is the rotor speed in eleetrival adian fsec.
by the pevmanent maguet oton, As the rotor speed inereases, ack emfl inereases in
a linear Fashion stnee the excitation finx is constant due to the permanent magnets.

Thus 1o seach a desized speed, e terminal voltage must be inereased 1o overcone

e back el This plhenomenon is observed elearly in Fig, 119, 10 is shown in

L9 that in order to obtain twice the rated speed, the terminal voltage has 1o bhe

inereased to almost wice the terminal voltage at the rated speed. 153t is assumed
that the inverter is capable of supplying the required voltage by PW\ aperation up to
hase speed wie then an indireet flux control method known as field weakening method
way be applied to the drive, so that the terminal voltage will be constant after the
base speed. s previously mentioned. owing 1o the permanent magnet. construction
of the rotor, nothing can be done on the rotor side from the control point of view.
It is possible to weaken the field by controlling the stator enreent in sueh a way that
wolireet axis enrrent component in the rotating frame axis can be generated which
will appose the main field produced by the permanent magnet. The position of this
eurrent and the resultant terminal voltage ave shown in the vector diagram (Fig 4.20).

enee the expression for Vyis moditied

= (A e LT+ jwn L] + jus Ay (-h19)



Fignre 1:20: Veetor diagram of PAIS motor 4

The demagnetizing enrrent 7 can he generited Dy introducing an integraton in the

driv swiin the block diagram (Fig. 1.21) where the relerence maxinumm valie

cratend U annd the error signal is applied to an integraton

s compared 1o the ge

The

tained i the following, wa

pression of the demagne

Zing enrrent
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In Laplace domain. it cau be written that

(155 (L2
In difference equation form. it can be written as
= k) Ky = A 'I{ itk
Or.
Ak 4 1) = (V7 = VAR KT+ ik (rz2n

Where T, is the sampling §

amd k4 1k ane the subsequent samipling instants.

The components of the block diagram are the same

additional brancly Kiown as the integrator block [82]. Tt purgose is 1o ol

ve the bas

demagnetizing enrrent speed. The computer simmlation for 1his

paete drive is done in sueh a way so that it can he operated at any speed (e above

or below the base speed ). The flow chart is shown in Fig. 1. Uhe valiues af tie

)

constants for P1 controllers and the integrator are given as follws:

Ky =0.1. K

= 100 1t is ta be noted that

= 2. Ky = 005, Ky o= 200 and K

below the base speed. the inverter voltage va linearly with speed and constant

torque operation is obtained in the speed range 0 < w, < wi. Above the lase speal,
the inverter voltage is constant and torque decreases, The simulation results avealy

tained for twice the rated speed althongh the drive is e

able of operating ny

sped. Torque-spood a

d voltage-speed characteristios are obtained from zero speed

to twice the rated speed. Figs, 1.2 10 128 show the reference spedrotor speed o

w currents. ref

tor position, unit vectors, ph: e torgue, generated torgque, torgue

enrrent, flux 1l curren!

pcsspeed and voltage spees) b,

teristics, respecti drive system is capabile of operating at any speed giving
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s

smooth torque and speed

shown in Fie. L2830 The spevd response problens in driv

with only speed loop has been minimized i this complet

drive by introd

ng an

additional torque loop. same as in moditied drive (Fig.

L13). But she moditied driv

i

abuove the by of the

caunat be uperate v spead b ool inverter voltag

This problem has been overcome by maintaining the coiling voltage of the inverte

above the base spoed |

¢ the liekl weakening method as shown in Fig. 128 The rotor

position and the unit vectors obtained for this position sensorless drive are el

noise froe as shown in Fig. 121 which ensnres smooth o

moof e hyst

enrrent controller and valt nverier.
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Figure 4.23: Simulation of general PMS drive operated at various speeds. (a) Refer-

ence speed. (b) Actual speed.
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Fignr
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Figure 4.25: Sinulation of general PMS drive operated at various speeds. (a) Phase

currents. (b) Peak voltage of the inverter.
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Figure 4.26: Simulation of general PMS drive operated at various speeds. (a) Refer-

ence torque. (h) Generated torque.
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4.5 Discussions on Simulated Results

ve information

Pl vesudte of open foop <imulation of the PMS motor (Fig, 1.3) o

abont e sl 2 and toton position anle 0., To obtain a variable spoed PAIS

nfur iy it Beneeessary 1o lave w elosel Toupoperation: The ol feradéaitage of
lomend oo aperation is that it s able to account for any parameter variations anid

also any unwanted exterial nol For variable speed PMS motor drive, desived spe

1 aed oeline effeet b ot of primary concern

i el s teference or command 8

e magnitude of the anmatme cient or power ontpat of the drive mainly depends

o e desived referenee speed,

Ieepme the alonve s innined. simmlation has heen carried ont using speed in the
Leedback Toop at ste Ditferent responses teaa., totor speed, totor position angle, it

vectats, armature cugrent. elerenee torgue component enrrent and inverter out put

|

soltiase) have been presented in Figs, 19 10 L1201 has heen found that alter sevel

iod e speed hecomes constant and the rotor position

aneillations i e transient

angle responds aveording to the speed. Nrmature enrrents. unit vectors, referenee

torgue component enrrent and fuverter ontpit voltage have also heen alleeted from

st her feodbiaek Toop orgie loop) makes the

Pransient oseillations. Tncorporation «

walso been improved in the transient

e vssentially more stable, The responses ha

For this confignration the drive has

petiod as can be seen from Figs. 115 10 1]

I

sinnlated with different reference speeds (from 010 twice the rated speed). The

characteristios have heen shown in Fig. 119,

torque v, speed and voltage vs. spe

Tt has heen observed that inorder to obtain twice the rated speed. the inverter voltage

Tras to b donbled of s vated valie, The problem s been solved by introdueing the

tield weakening method. The simulation vesult with lield weakening method in Fig,



128 shows that the inverter voltage fncreases linearly upto the huse speed and then

remains constant for the subsequent spe

The sampling frequency for the simnlation has been taken o he 10 KL

Ble with sampling fequency i the

time implementation of this type of drive i poss

kilo-hertz range by nsing dsp boand [27]



Chapter 5
Experimental Results

or the suecessful operation of position sensorless PMS motor drives. the simmlated
rotor position anele and rotor speed need Lo be verified experimentally before the
implementation of the contral scheme. For this purpose. a laboratory prototype
permanent. magnet synehronous (PMS) motor has been operated with a balaneed
set of sinusoidal voltages and parameters used in the sensorless algorithim have been
measured. Using the measured parameters, the simulated results of the PMS motor

drive nsing sensorless algorithi for the open loop condition have hee vorified. The

sperimental PMS motor is given in Appendix A,

5.1 Determination of the magnet constant, \y

In the sensor rotor position and rotor speed estimations (equations (3.171) and

T6)). the magnet constant of the PMS motor, is one of the parameters which

(.

neads to he carelully determined, The rotor of the experimental PMS motor used

i the Neodymium Boron Tron (NABFe) permanent magnet. The B-Il curve of the

NdBFe magnets in the second quadrant is a straight line. Thus the magnet constant

a8



ie —{Wire-wound]

supply e—
—

Tnverter [———r excited

motor
= Pachometer

Vi motor

xperimental setnp for the determination of magnet constant \y,.

d from the following imear relationship:

\ "/ ph

w

Mo =

foee)

mine Ayr. The stator teiminals

The following test is performed to de

need el in the win

the rotor is rotated at constant speed. The in

tional to the magnetic fux, Using the relationship of cquation (5.1), Ny can thas

fna

be dotermined. The above linear relationship holds whon s produed by g

nstant Ay

it line funetion of magnet «

nent magnet rotor is considered as the st

o Bt For heavy Joading

NdBFe, vt

for high co-creive foree permanent naguets li

nration

toon the

condition of motor. Ay beeomes also depen

ol drive are st

and other factors as well. How

yste

wr, propos

variation uf Ay, Henee the linear relationship for Mgy expressed in

be used for this present work.

The experimental set up for the determination of Ay is shown in Fi
PMS motor is conpled with a wire-wonned excited synelironous motor, A inverter has

riens speeds and Lie open cironit voltages

been nsed to drive the driving motor v

at varions speeds have been measured at the terminals of the test PMS e

- given i

. The experimental results a

tachometer is used 1o measure the rotor spee




10U

Speed. rpm 230 1 769 | 1208 | 1300 r 3012
Voltage/d. volt. 92 ] 303 478 | T I 93.9 | 119.3
Aary volt- d 0.27 1 0.266 ] 0.267 | 0.267 ; 0.267 | 0.267

Table 5.1: Open cirenit voltage and magnet constant at various speeds of PMS motor.

“Table 5.1, The average value of Ay has been fonnd as

(5.2)

The wave shape of the induneed voltage for the PMS motor has been shown in Ap-

pendix 13,
The value of Ay fornd in the exporiment is approximately constant at overy speed.
1 i T ¥ Y sp

ssame experiment has heen repeated after running the motor for several hours to

ariation of Ay with temperature. No significant variation

check whether there is any

of Ay with temperature was observed..
5.2 Verification of rotor position angle and speed
using sensorless algorithm

For the veetor control of the PMS motor. the speed (w,) and the rotor position angle

(0,) needs to be sensed, The present rescarch deals with mechanical sensorless on line

caleulation of w, and 0,. For this purpose, expressions of w, and 0, have been derived

in chapter-three. The parameters of the expressions for equations (3.174) and (3.176)
are found experimentally and using these parameters, the rotor position and rotor

speed have been sinulated for open loop condition. In addition, the input. power,



1}

Mechanieal
Resolver for v

¢ torque angle
P

ion of sensorless algorithm ot PAIS

Figure 5.2 Experimental setup for the veri

motor.

phase angle. torque angle have been found theore

and enrrent

rameters. ng the two-wattmeter method. and monitoring the volt i

writnentally,

i

wave shapes, the inpat power and phase angles have been determined e

Stead,

s phasor diagram (4] has been azod to determine the input volt:

ol with

the PMS motor in the drive system. A theoretical torgue angle

this vector diagram. A mechanical vesolver is used in the determ ool the tormne

angle of the PMS motor in the experiment. The speed w, obtained in the experiment

is used in the following expression o find the rotor position.

0, =

(1) + 0,(0)

jon of theoret

The laboratory setup for the v 1 results of thee sensorless aleo

rithm is shown in Fig.

Sinusoidal voltage is applicd to the terminals of the PMS motor. Three arnmed

are connected in series in the three phases of the PMS motor o determine the phase

currents, T'wo-wattmeter method is used 1o determine the input power of Ve motor.,

A multi-channc! - corage oscillascope is used to monitor the wave shiy the input.

e anglee. A disk s wonnted on

voltage and current in order tu determine the pha

the shaft of the motor which gives the direct axis position of the rotor. A pusition




o2

PPMIS motor | Tnput power | Ph angle, 5 | Torq, angle, § | Speed. rpm
Sinlation 2 N 267 1810
Fxperiment L (6 N0 29 1500

“Pable 5.2: Simalation and experimental results of open loop PMS motor

a | w40

755

1, e (]

Sim 0, indey |00

72

Expr 0, ey | 00

motor.

sensor monnted on arelerence phase of the stator deteets the zero erossing ol the

indueed voltage, Thus the phase displacement. between the applied voltage and in-
el which is the torque angle of the motor, The speed of the

d

dueed voltage is recon

splayed o the oscilloscope.

tacho-generator and is

motor is oblained by usin

The simmlation and test results are tabulated in Table 5.2 Simmlation and exper

wental results for the rotor position angle are tabulated in Table 5.3. Fig. 5.3 shows

the simulated and experimental rotor position. The plots of the experimental phase

angle andd torque angle obtained from the seilloscope are given in Appendix A,



Lo

0, (ead)

0 0.005 ool 0015 002 0025 003 0.035 004
Time in sec.

(C]

0, (rad)
.

0.005 o1 0015 [I7 0.025 003 0035 0.04

Time in sec.
()
Figure 5.4: Simulated and experimental results of open loop PMS motor: (a) Simu-

lated rotor position angle (b) Experimental rotor position angle .
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5.3 Discussions on the experimental results

The concept of using steady-state phasor diagrams 1o determine the input. voltage of
the drive system is appropriate as the torgue angle found with this phasor diagram
is almost the same as that found experimentally.  Thus. in the drive system, the

ation (h11) rather than

input voltage of the PMS motor can be calculated nsing <

i additional sensors. This will not only simplify the system but will make it less

bulky. The theoretical vadne of 8, conenrs with the experimental valie of 4. thus

alenlation of rotor position angle can he used in the practical

implying Lhat on-line
drivesystenn, Based on experimental evidence, it can be coneluded that the sensorless

algorithm developed is very acenrate and can be nsed for the control of PMS motors,

Iu practice, a fast. digital signal processor is nsed to implement this algorithm. The

ul signal processor for the control of PMS

perinentation witl TNSEVM30 digi

motor is winder process at the Power Eleetronies laboratory of Memorial University.

This part is beyoned the stated seope of the present. investigation.



Chapter 6
Conclusions

This thesis explores the role of the PMS motor in drive systems. Veetor control

lered for the operation of the m his method requires

strategy has been cons or.

information regarding the speed and position of the rotor. Eliminating the require

ment of mechanical sensors, Lhis work develops an algorithm for online calenlation

of the rotor speed and rotor position from the knowledge of phase voltages and

currents, Previons works used voltage sensors to measure the phase voltage. In ]

work however. caleulation of input voltage is provided. [L climinates tie need of

voltage sensors.

Chapter two investigates varions schemes of rotor position detect i

tion based rotor position detection has been chosen for this work. I chapter three,

general machine theory is analyzed at first and then Park’s machine model has been

documented. Using axes transformation theorem, rotor speed and rotor pusition for-

have been derived in terms of machine parameters, phase voltages and phase

muly
currents. In chapter fonr. computer simulations have heen performel for various con

Kk lop (spevd

figurations namely open loop PMS motor, PMS drive with ane fevdbi

loop) and two feedback Toops (speed and torgue loops). Based on the resalts of 1

105
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sitnulations, it can be coneluded that the two-loop drive exhibits a better transient
response than the one-loop drive. Incorporation of the torque feedback signals in two-

loop drive systems would be able to compensate for any instability which is likely to

se e 1o the abrupt change of load - a problem which is inherent in single loop

drive, For variable speed ac motor drives, problems always arise when the niotor runs

above the base speed, because the inverter voltage needs to be increased by an equal

amount to balanee the back emf which is proportional to the speed. Field weakening

method has been nsed in this work 1o operate the motor above the base speed so that

er voltage remains constant beyond the rated speed. Computer simulation

the inve

of this drive has also been pecformed: and the res ilts ave in agreement with the the-

wretical coneepts. T chapter five, tests have been performed on the open loop PMS

s have been nsed Lo verify the sensorless

motor and the data obtained from the tes
algorithm formulae developed in chapter three, Again. the results obtained from the

data are in agreement with those obtained from the simulation. The torque angle

obtained from the calenlation of the input voltage of the motor is in agreement with

that ohtained experimentally, thus confirming that the operation of a sensorless PMS

drive is possible without the physical measurement of the input voltage.

6.1 Recomimendations for future research

This thes

primarily foruses on the computer simulation of speed and position sen-

sorless PMS drive systems, The ©llowing recommendations have been made for the

real time implementation of the proposed drive

Sinee the work de ds with the computation based rotor position detection tech-

nique for the veetor control of PMS motors, high speed digital signal processor (dsp)



w7

Texas Instrument TN

is a tool for the real time implementation of this project.

SEVM30 dep is capable of performing floating point caleulations with extraordinary
computational speed. Thus. it is strongly cecomumended that this processor e used
for future roscarch. Suitably programming the processor. which will eliminate the

system s also recommended. This will in

need for various controllers in the dri

effect greatly enhance the efliciency of the syitem and make it less expensive.
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Appendix A

PMS motor design data

Rated power= 1 hp.
Number of poles = 1

Basee speed wi, = 377 val fser.

Magnetic flus A, = ( vols/ral sec.

&N

Stator resistance ry
Stator leakage indnetanee Ly = 0.6205 mll.
(raxis maguetizing inductance, Ly, = 7.86 mil.
d-axis magnetizing indnetanee, L, = 3.33 mllL
Lyo= gt Ly = 8085 milL

Ly = Lyt Ly = 39505 mil.

11



Appendix B

Experimental waveforms
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