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Abstract
Permanent magnet (P.:-.q cXciLl"tl sYllchrollol:s machines ha\'c ~hown incrcouing pop­

ularity ill TCI"('IIL yean for industrial drive "pl'liClllioll!l. 1I00\·c\w. the limitation im·

[)OR..I hy l)('rmal1cnl maglld l":'(cilalion cause! some rliHiClilties in cI'aluil.ling the ma­

chine PilTil.I1IClcl1i. This IhC!lis prcscnL~ the (!XI)(,'ritlll"IlLnl proo"lnTc of the (Ideemina·

tion of tile r.l\1. synchronous molor paramclcni, The work i~ illtcmlcd to evaluate

the d- and (I-axis reilcl.... llrcs i111<lthc pcrmancnllllilgllct A,cncralc'{l vollage undl:r load

condition.

The ;lir gap ~c1(Js or the P."" ~ynchcon()trs molnr afC ev~llIi\l.c,J ror specific rotor

and magnet configuri\lion~. All ilnalog simulation of the interaction of these field

flllanlilics in the air gap is developed. 1\ practical illlplt'lIlclltation of thc fligital

mcasurcmcn~ techniqllc for ,Ieterlllin;ng motor tor'l1le angles is realizcU. ,\ number

'of dilTeren~ test mr.thod! are developed and applied to a. 3·plta..sc, 60 liz, 'I-pole, I

horsepower 1),~1. sYllchmnolls motor. COlu·enlion.-.llf"!Jt metltOfls il.rc modified for usc

on this type of the mOlor, " s.-:arch coil ll''' ;5 fll:vc1olll!l'IIO locaw. variation of the

gcneralcd \·oll ...&c with incrl'il.sing load. Thr. innllf"llre of the arllli\tllrt' rr.aclion is also

i1\\1~stigatcd.

A nllx linka,lte test is de\'c1opcd to measure the static Illfluctilllce of the machine

ilnd the scarch coils inserted in the stalor slots of lhl: motor are used to meilSure air

gap flux distribution. Calculation of the (1- lind Il-iI.lIi~ rCll.clanc:es is !liL'iCt! on the nux

... nd the current mCI\.~trred, The measurement melhods cOllie from the lransf()rlllation

of the t\\'O-aXi5 theory,
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Chapter 1

INTRODUCTION

A significant technological change has occurroo in motor drive systems in recent

years, arising from the confluence of permanent magnet materials and semiconduc.t.or

switching device technologies. One type of machine often used for these systems is

the permanent magnet (hereafter abbrl!viated P.M.) excited synchronous motor. The

P.M. synchronous motor offers several 1Ilh-anlages over the d.c. excited synchronous

motor. A primary advantage is tha.t the P.M. llIolor does not need an external supply

to excite the rotor field. Hence, the field winding and slip rings arc eliminated. The

absence of the field winding reduces the cost anll eliminates the power loss MSDcialcd

with the field winding [1,21. l\loreover, the P.M. motor occupies less space than field

windings for a given size, which lea.ds to more compact designs [3). It also minimizes

maintenance.

Retent research has indicated that the P.~t.synchronous motor has also become

a serious competitor to the induction molar for high perrormance servo applications

[4~ 7). The P.~1. synchronous molor is more efficient and has a larger torque to inertia

ratio and polI'er density when compared with the induction motor. Tn addition, for

the same output capacity, the P.~1. synchronous motor is smal1erin size and lower in

weight which makes it prcferablefor cert ...in high performance application like robotics

and aerospace actuators.



Howcver, thc P.M.synchronous motor has some disad\·alltage.~ like other type of

motors. One of these is the existence of a hraking lorque generated by the magnets

during the starling period. This decreases the motor's ability to synchronize a load IS­
91. The problem can be rc<luced by designing a cage winding having a high resistance

to provide sufficient acce!erating!orque.

In order to understand the basiccharacteristicoftllc r.M.synchronous molor, it is

neccssuy tlrst toappredate the distinguishing conngllrationof the interior P.M. molor

itself. The followir.g description is appropriate only 10 inlerior P.M. motor where

magnets are mounted inside the rolor. By using the sample four.po\e rotor geometry

shown in Fig.l.l, the magnetic fluX" produced by magnets defines a direct-axis radially

through the centerline of the magnets. An orlhogonal quadrature·axis is defined

throllgh the inlerpolar region separated from lhc d-axis by 45 mechanical degrees

(i.e. 90c1ectrical degrets for a four-pole design). As sketched in Fig.I.I, the magnetic

flux passing through the d-axis magnetic circuit must cross lwo mAgnct thicknesses.

Since the incr'!mental permeability of P.M. materials (ceramic, rare-earth, etc) is

nearly that of free space, the magnet thickness ~ppeit.r as large series air gaps in the

tl-axis magncLic nux paths. Since the q.1\xis magnetic AIlX" can pass through the stccl

pole pieces without crossing the magnet air gap. the <1-a:<ls reactance is noticeably

higher than tha~ of lhe d·axis. This inlroduccs a Sil.liellC}' into the rotor magnetic

circuit in which the q-axis reactance is larger than the d·axis readance. III contrast,

the conl"ention~lwire·wound synchronolls molor has it valuc of S, which is ll''lfmal1y

60 - 70% of the valueo!.\J for the salient pole rotormachille. Different design of rotor

configuration and geometry provides dilTcrenl. v~lues for the ratio .\IllX,?, which will

alter the torque produclion and performance of the P.M. synchronous motor during

both sleady sh.te operation and the run,uII periOiI [10·131.

The valucsof Kd and X1 for the conventionAl synchronous motor can be measured

by ::;tandard test procedures (1.1). lIowcver, these procedures are not suitable for P.M.

synchronous molor because of its permanent excitation. Thus, available experimental



·.,.

...,

Figure 1.I: Principal magnetic flux pa.ths: a) d-axis, b) q.axis



methods by which the P.~1. machine parametcr~ can be evaluated accurately have

~n a subject of many investigators. This research is intended to determine the d·

and q- axis reactances and permanent magnet generated voltage of P.~1. synchronous

rnotor.

An outline of the remaining chapters ofthis thesis is given as follows:

Chapter :2 presents con\"('ntional tests for synchronous motors and introduces the

basic characteristics of the P.M. ~~'nchronous rnotor1l1nd threeof the important motor

parameters. A literJIture review dealing with the measurement of these parameters is

also presented.

An evaluation of the air gap fields of the P.~1. synchronous motor follows in

Chapter:l. An analog simulation of the interaction between these field quantities in

the a.ir gllP is shown and a digital measurement technique for determining the motor

torque angle is 1I1so developed.

The measurement of the machine reactance parameters is presented in Chapter 4

and 5. A nllmberof different test methods arc shown lind the analysis for each method

is given. Conventional t~t methods arc modified for usc Oil the P.M. synchronous

1110tor.

Finally, Chapter 6 presents the conclusions of this research work. Suggestions for

further study arc also givell.



Chapter 2

BASIC CHARACTERISTICS OF

P.M. SYNCHRONOUS MOTORS

2.1 Introduction

A general introduction to the P.M. synchronous motor was presented in the last

chapter. It was shown that permanent excitation of the P.M. synchronous motor

results in some differences when compared with d.c. excited synchronous motors.

Consequently, conventionallests fOf the synchronous motor cannol be applied to the

P.M. synchronous motor and alternate test methods must be devised to determine

its characteristics and parameters,

1n order to unde~tand the difference in test methods between the conventional

and the P.~·1. machines, the t~sts for conventional synchronous motor are introduced

first. Then the reasons of why these tests cannol be applied to the P.M. machines

nrc presented. Finally the literature covering the determination of P.!'.'!. synchronous

motor parameters is reviewed.



2.2 Conventional Test for Synchronous Motors

There arc two different types of synchronous machineduc to differ(:nl rotor ~tructures,

one being a cylindrical- and the other being a salient-pole synchronous machine. A

typical salient.pole rotor structure is shown in Fig.2.l. It is clear tha1 the air gap is

much larger all the quadrature-axis (i.e. in the inlerpolatorspacc) than on the direct­

axis. Since the air gap is of minimum length in the direct-axis, a given armature mmf

directed along that axis produces a maximum 1/alue of flux. The same armature mmf

directed along the quadrature-axis, where the air gap has its greatest length, produces

a minimum value of flux. The synchronous reactanCe associated with the direct- axis

is therefore a maximum and is known as the d-Axis synchronolls reActance Xd, the

minimum synchronous reActance is called the q.axis synchronous reActam:e X9 •

The conventional y,oa.y of determining machine parAmclers is defined by "Test

Procedures of Synchronolls I\Iachinc~" It·lj, which includes the open·circuit and short­

circuit test, slip lest, etc and will be introduced 115 follows.

2.2.1 Open-Circuit and Short-Circuit Test

This is a way of determining XJ from lht" measurement of the steally-state il.rmature

open·circuit voltage and short-circuit current [15·161. The rotor of the machine i~

driven at rated speed wiLh lhe fi("id winJing excited. and the open circuit armature

\'oltage measure<!. A three-phasc short circuit is applied to tl'e armature terminals

and the sustained armAture cmrent is measured, kccpillg the field currcn~ constant.

Thc direct-axis reactance may be fOllnl1 from the ralio of the open-circuit voltage

lo the short-circuit currenl. If the ntathiliC is saturated, the \'oltage read from the

open-circuit line should be used instea<1 of the air gap line. The teslll~ is the saturated

value of Xd , see fig.2.2.



O-axiS

Figure 2.1: Rolorslructure of the salient-pole machine

Figure 2.2: Open-circuit and short-circuit test



(2.1)

(2.2)

2.2.2 Slip Test

Th~ slip lest is carried out by applying a. rcdllced, balanced, three-phase voltage at

rated frequency to the slator, while the rotor is driven at a spced vcry slightly different

from synchronous speed wiLh the field circuit open {1,j·15!. The phase sequence of the

applied volti\ge must be such that the i\rmaturc mmf and the rotor lravel in the same

direction. The d-axis and q-Ilxis of the rotor thus allernatelyslips past the axis of the

armature mmf, causing the armature mm! 1.0 rcact i\ltcrnaLely along the dired and

quadrature axes. The Ilnnaturc current, and voltage, I\S "'ell as the voltage across

the open circuit field winding are observol The meASurement mclhod and a typical

oscillogram arc sbown in Fig.2.3. The minimum and maximum ratio or the armature

volLage to the armature current are obtaincrl when the slip is very small. For these,

approximate v:i\lues of d·uis Md q·axis synchronous readancc can be obtained by

the following eqUAtions:

Xl
0...

per unit (2.3)
Imi•

X, 0.;.
1,er Imit (2..1)

Imu

The reactance XQ is Icss than the rea.dancc .\4 hecause of the grealer reludance

of the air gap on the quadrature axis. Usually X~ is het\\'l,."Cn 0.6X4 and 0.7.\'.,..



~;;>r
c::3~

Figure 2.3: Slip test



2.3 Basic Characteristics of The P.M. Synchronous

Motor and Its Parameters

There arc three critical parameters for P.M. synchronous motor from which the

steady-sLate performance of the machine can be determined [i 1,li-181.

T. ![Eo,V sino _ ~{~ _ ~)siIl261
w :'\.1 _ .'\d .\q

Tl sinli-1;sinU (2..;)

In cfluation (2.5), Eo is the permanent magnet generated voltage and is equal to

the product Xmol. 1/"" where .\'md is the direct axis magnetizing reactance and 11m

is the field current induced by magnet nux, while .\d and Xq are the synchronous

reactance in the d·axis and the q.axis which arc similar La those of conventional

synchronolls motors. Testing and chal"ucterizalion of the P.i\L synchronous motor are

in principlesimiJar to the procedures applied to the conventional synchronous molar.

However, there are three c1\iuacteristic features of the P.i\-l. motor which result in some

difficulties in using conventional test procedllrC!! on Lhe P."'!. synchronolls motor [191.

The tests which are particularly affected are those from which X" and Xq clln he

ohtained. These relevant features of the P.M. synchronolls motor arc:

• The motor is permanently excited;

• X" is generally appreciably less than Xq ;

• The reactance parameters arc more sensitive to saturation effects than those of

the conventional machine.

Firstly, permanent excitation makes it difficult to employ the conventional slip

tP.1lt as a means for determining Xq • Open-circuit. and short-circuit tesls have to

be modified as well to be applied to the P.M. synchronous motor (hereiLftcr called

10



"modified conventiot1altest~).Secondly, since Xd is less than .\9' the second term in

equation (2.5) is opposite in sign to that obtained in the conven~ional synchronous

motor. Because of this, the peak torque for the P.f\L motor occurs at an angle larger

than 900. If the difference bclween d· and q-axis reactances is large enough, the

torque at small torque angles becomes negati\·c. This means that the torque <Hlgle

at no load is larger than zero (This will be verified practically during the no· load

test). Finally, lhe effects of saluration cause the machine parameters to vary with

10<'ld. Subscq'lently, alternate tcst methods must be devised to locale the machine

parameters.

Simply Xd and Xq can be found from the steady state \'oltage equations of tile

P.M. synchronous motor [18J, which arc given as follows:

('.')

(2.7)

where:

V: ilpplied voltage

Eo: open circuit voltage

16 : phase current

R1 : stator resistance

¢: power factor

6: torque angle

It should be noted here that the determination of Xd invoh-cs internal generated volt­

age which is assumed to be equal to the open circuit value Eo ilnd remains constant.

However, Eo in practice, is it quantity which varies wilh the load. The open circuit

"



voltage may be founu from the expression [20):

('2.S)

(2.9)

The follo\\'ingcxlll"C"ion can be obtained by substituting 8, = H·{~ot·, inlo

Eq.{2.9):

(2.10)

Since the open circuit voltage Eo involvcs thc lp.akage factor A"=l+fJl\', which

varies with the stator current under load contlition, Thus Eo is a machinc-sallirahle

parameter which depends on the saturation of the stcclleakagc bridges. Con~t'JlIelltly,

XJ is also a quantit), alTedcd hy saturation. To determine Eo, it may be measurL't1 only

as an open circllit CJuantity. It is impossible to meASure the open· and short·circuit

characteristic in the USUAl way because the excitation Cllnnot be v.uicd. Neith('r can

XJ and Xt be measured by the slip lest, becau.5C this requires the excitation to be

rernO\·cd.

2.4 Review of Literature

With reg;ud to the determination of P.~I. synchronolls machine p'\Huncters, tile lit­

erature of the recent years has been divided into two Iljffcrent types. The first and

largest group has been coucerned wiU, comp'ltationalmethods for dclermining the

significant parameters of the machine. TIlt: second gronp, which has a much snmllr:r

following has dealt with the test aspect of being able to m('llsure the machine p:lralll-

elen.

12



The computational metholls 11~ ,Ollle IIllmericill iterativ(> procedure to soh'(> th(>

magnetic field of the machine gi\'en some spedfic geometry. Of the various methods

availabl(> the finite·element meLhod is the most commonly report(>d, sec references

[2'2·27]. Other methods for solving th(> nonlinear magnetic field (>quations by iter­

ative methods have been pres('ntcd, SC(> references [3,17.21,28]. ,\mong them, V.B.

Honsinger 121J has pres(>nlcd a critical II·ork. The method presented allows lhe de­

termination of the saturated valll(-'s of the mnclline parameters a'ld the work is qnite

well for predicilting motor pel'fOfIJlilnCC at entire range of loar1s. These methods which

provine reli\livdy accurate models at the eXp<'llse of significant computationill ('iTorl,

arc primarily aimed at clesign work illid life I(>ss '.:oncerneu with the actual measure­

ment of parameters. i\loroo\'er, for these kind of methods complete knowledge values

of internal construction of the machine is requir('([ and is usually not available.

Without the ability to rcmO\'e fidd excitation from P.i\I. synchronous machine, the

cOn\'cntiollal method$ of ckctrical pi1Tameters identification cannot be utilized. Con­

sequently, a quite limited reporting of measuremenLof machine parameters is i\vilililblc

in the literature. The most significant works rlcllling with the ildual mellSllrcment of

pa.rameters have come from Gcnerill Clcdrics mot.or dC\'clormcn~ laboratories alld of

whom T.J.E. ?llillcr and V.D. [[ollsinger {I9.21] have been the principle characters.

Honsinger has presented sc\'eral modified conventional tests which clln be llSed to

measure motor paramclers. This method allows the measurement of both unsatu­

ra.ted and saturatcd values of nI"Ichine parameters ilnd lVork is suit-able for predicling

molor performance at no· load lind heavy 1011<1 conditions. i\liller has presented a

method for static determination of the Illilchinc axis inductances. His methods are

based on An earlier work hy C.\' ..Jones [29] IIntl incorporate the interaction or d.q axis

flux. Miller also presented i\ load t~t to nu'asllte the .\d and .\'1' His results clearly

show ~hat there is a region n(>lIr 7,ero d'lIxi~ currcnlwhete the d·axi~ inductance varies

significantly.

In load tcs~ provided by ~Iiller [19l, a set of data has to be measured including

13



nlac1lilV: to]"(1I11' nllglc. ~1()Sll'xis1.illg ll\CaSllrClllCllL dCI'ires for llIc'asllrill~ Lurque nll,t;lc'

usc 11 strohoscopc and II gnlllullteJ disc nffixcJ Oil thc 51.1tor frame. This kin.l of

mCa51l1'elllcnt has poor resolution and is not cOIJ\'cnilml to usc in practic'l1 tests,

~lorcol·er. it Cllnllot meet tIle requiremcnt of the machine dri\"<: SYSI'~lll whcre all the

rarllmekrs ha\"c to acquired dectroniclIlly and digilidly, rcfNcllces [:10.311,

'1l1~lId of thc rd"I"enCt·s dlNl <lhovc, although mention lI"as ltIilrlc of tlill I'al"ial ion

of the SClIcrlltcd \'oltaS", £0, all of thc fll1cullltion wcre dow' IInd/'I" the assl1mpl ion of

constant, Eo, Consequenll.\". satllrlltcd \'ailicof X~ prcselltcll by I1(JIlsillgcr [:!l]lllllst

he ("On~i(tf'rccl as a approxillli1te value. Thc agrccmcllt hd.Wf'l-'l1 load lest. and slat.ic

imluctoll1ce measurement presellted by Miller II!)I is also less Ihan s<l1.isfllctory, [t is

tile olJjcdh'e of this work to il1\'est.igatc Ihis varia.t.iol1 11101"/: thorollghly, to I"llli,loltc

the \·ariOliS Icst lI1ethods amll0 incorporate a digital tc'c1ll1i'luC for I11c<lsllring 1,0r'll1l;'

<lngk.



Chapter 3

FIELDS OF P.M.

SYNCHRONOUS MOTORS

3.1 Introduction

[Il order to (kterminc the m~chinc parameters, the air g<lfl fidd5 of the Illllchine ml1st

he knowll. The objccti\'cs of this chapter is to develop ilir g:lJ) field i1cscriptioml

fMscd 011 the configuTlllion of the motor with rlldially ol'ielll~d ;11111 inset nlllgrll'ls.

~Iorl'O\'er, the interaction of the field quantities in the IIiI' gllp is \·I~1"irlr.c1 by illinlog

circuit. simllilltion. The resnlts of this simulation is cmllloycd (0 lll('<I-,;Urc the: motor

lorqll!~ angle by digitallcrhuillllCS.

3.2 Air Gap Fields

Ail' gOlf! nelll of the P.~1. synchronous l1\ilchiliC can he describ,"] by a consi,I"l'111ioll

of the configuration of the rotor and magnetic circuit. of the ll1aclrinc. Tl1ere IITC

(.\\"o f111X sources (ontributills \0 the air gap field in the P.~1. synchronous m;,chiIH~.

One is prQ(!llccd by the lllilsnc!s in the rolor, The other is generated by the stator

current. The nux density distrihutioll in the nir gap is the result illlt or these L\\'O nllX

1.1



cornpOIJ('IlI.~, eilch of which will he dis('11~SCrl scparately illlh,_' f"lIowing ser.tiun~. Th,'

field rnodl!ls ilnd all111~ ,i~ bilsl'd 011 Honsinger's fCSCilfdl PI] .In' gil'pll first. TIll! work

is rxtelHled to den'lop an ilualog circlli~ to Silllulille tIll.' fil'hl 1lI()(1e1~ ami a digit ill

circnit Lo mellSllrC Lhe motor torqlle angles. Figure 3.1 illld fi,l:\llre 3.2 show mlnr ilml

magnct configuration 11~d in this study and the variolls pilths ill'ililahle to tIl<' ITlaglid

flllx. Since 11le 111llgllCls ill IIII' rolor lie in the dirccl-axisof Iii" milchille. tlie Illil.L!;llds

will iuHw.'ncc the d-axi~ fieh!. wilhont ,,[ccting the q'ilxis lipid,

3,2.1 Magnet Fields

Six ('llllill.iollS ilrc 1I~.~d 10 d,~scribe the Inagnct fields dUI' to Ill'~ P.~l. acting 'llone:

B, -1/;111 + IJrI 1:1.1)

B, -11;1f1 + 11'1 1'1.'1

~. 1~1 + ¢If FI.:I}

ifiLl - 21/1 £1 = II (:l.-I)

'!..'I1l1 - 1f1/>1 = II (:lJi)

'~' = 2 ¢I~l~r, (Hi)

F:'[IIi1tioIlS (:l.1) 10 (:UI) arc hilsed olllhc rotor configllralioll shulI'n in figllr,):l.l

and flllx ]laths .~ho\\'n in Figure :1.2 as wel11he lllilgnpl Ch,ll'lI.;I,'rist.ic ,IS sholl'n hy

figll1'e :1.:1. [n this work, the alli1lysis is applicable for \'i1riOllS llIagnf)1. ll1atcrilll~ ;'11]<1

re(l1lircs a rotor con51rl1(1\011 with radiilily nri.ml(,.l an,1 insf'1 lIl'lV.lld~. Tlli.~ is the

mo~t willmon cle~igll of P,~1. synchrol1ol1slTlolor~, The t!eril'ill ion of 1his set "'[Ilalion

is s!lmql ilS follows,

I, ~lodd of The ~Iagn('t,ic Materials

Consi(lcring tile rotor construction s1l0wn in Fig,:I.l, ii, is d'~ill' thal tlll~re life

two magnet sections ill I,he rolor contrihuting 10 the tolill 'Iir giljl rhlX, Thl~ hilsic

'"



0)

b)

Figure :1.1: Rotor and mAgnet geometry: a) rotor lind tnllgnet conngura.tioll h) di·
mensions
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Figmc :1.3: Ill! characteristic of the magnet Illatcrials
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demnr,lIrlizlIlioll (un'l' of 111l~ prrmilllenl mll,;net mlll"rinl in IhN'C S<.'Ctiollll lUil.l· II<'

mocl.·I... IM:

wIWl"l' slOIlC I" is cqUlll10: +8. / If•. Thcrdore.llw rCfoillJ1I (hilr1\CI~'ri~licof

the Illil.l;lll'l is written ilS fol101\\'8 for magnetic !It'Ctioll I nlld Sl.'C:tion:!:

n,
n,

-II~ fI, + 8'1

-II; 111 + IJ.~

.) Flux Rillllll(c ECl'latioll

TIlt: flux 41", crcillccl 1Iy the tll"O milgnct~ is l'cI"allll ,IIC: ~'Illl of Ihe lIlilglll'I air

gilp nllx '~I nnd the sted hridgcs leakage fl'I.~ '~'. and lilily he \\'l'il,t.~n liS:

(:I.lll)

P·I~1

illl'[ 'fa, willl)l~ gin.'n 11'I1er.

:\. .\pplyillg Ampere's cit'('uilallaw to the 1\\'0 nux plltl,s: pllth .r!}: cros."!':, the

1'Iir g;'1' 11110 the sLlIlor to link the stator winding. while p",h IIbc is located ,'ulin'ly

ill tIl<' rulor ilud links ol1ly 1he rotor milgneh•. ']'1.11.... till) e'IIIilll011 ha:'l'd 011 ,\mll"re's

clrc";'illlillV mny be written il~ (for [lilths "In: 1\11(1 .r!!: I'I':<pcc:t,i\"cly}:

111 LI -211, I., = 0

29/1/-111 {'I = 0

19
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TIl!' \"('c\or dire'niol! for III,: /I ilml fJ fields is opl'llsit,· in si.l;11 ['"II' Ill" lI)a~11<'1

millo'riHI hilt is or t,ltt' !i1H\l(' ~igll ill thc ~ir gnp,

.1. J."ilkilgc flu", in Till' Sleel Bridges

TI]I' leilkilgc fill", ill tlll~ sll'c1 hridges is depeudent, 1\11011 t.he comhillilliollilf tllf'

flltl,l;!1I'1 II1mf ilIl,1 the ilrllllllllrC 1Il1l1f. In or<l('1" In ";I],-nlille till' 11';\kilf;f' ihlX. thl'

folloll'iu,l;: i.~ <\ssHllled,

• StiltOI" \\'i1ll1il11; is OI"'lH'irl'uill·(I. in which CliO'(' .~I alor ("lIrn'lll i.< %1'1"0. 11111.< 111"[0'

is no 11l'1lIaLIII'C ("('aclion:

• 1'1:1'1llf'ilhility in 111l~ irnn is illfin\ll' ('\'('rywlll'c"(' "",,'I'pl intllc sh'd hri,j~,'1' Slll"­

l'olllHling tlie Illngm'ls.

II.\" considering til': Ol11<'r h1'idge, Ampel"c's Lim IT''lllls in:

1/1/'1 - "II {,I = 0

2911J -111 1. 1 = 0

('ollihillilig lllc ilhon~ f''!lIaliolis. gi\"e's,

rl.l·j}

(:I.lri)

(:l.lij

R" 1'1 11"
1'129 III
-/,-,-

T!I!' Il.'ilkilgc 1l1I", for 1\\·f).~llch hri(lgcs (Ilf:r pole) is:

0'1211 f,
2<flJ 1i1
R;;-

:20



\\·Iu'n' 'PI = IJJ :l3

R, = f;
RII=~

(~11 + '~'2

2'~ I !it

.). The Flllx Ikll~ilyin Tllp. :\irGap

..\ ~,~t of CqlllltillllS Eq.(:J.I). ElJ.(:l.G) has becn sci, Hp 10 gi\'e i\ (k'llcril'ti'll1 ror

the lllagnet. nel(1s. Tlw nllx df'nsity in lhe ilir g<lp Ill'odll(cd hy the lI\ilgllCls will be

Ihin:d rrotll these l~lllIlIlions. TIle dcri\·1l.lioll is as follows. Slll,stitllling Eq.(:I.I) iHId

[q.p.:!) ililo Eq.(:l.;l) ;111(1 reMl'illlging, gi\'{'ll,

Fl"<llll I~(l.(:l..\) arlll Eq.p.Ti). gi\·"s.

p.::!I)

/I,
2ylfJ-'-.,­
'!.y III
""Tf:;

Sllhsl itllting Eq.(:J.li). Eq.(:l:12) and Eq.(:l.:!:!) ill Eq.(;1.21), yields.

21
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n,

n,

lI11r!.sl/bst;lrllill,lt Ihrll1 illlo Etd3.2-1). til!' rolloll'ing i~ ohUii'Il:.I:

1'1.26)

F1.:ti)

.,
1+2~+21/,lrli+rliil.,
1t/lh:,

\\'lwrc

fI ...=~

,i=~

!I'I=I+~

'flr air gil[l flux

TIll' "f(ltiltion (:t2!)) sllllcs tll1\llhc lola I rlosi,lllilll1l1x "rllll: 1l1aglld '11. is 1"<,,1111"',[

hy till' 11llldlinc sporlwlry ,; IIlld lhl~ 1I.'ak:lg/' flux !\'/. ""i1rrllllJ;illg or E(l.(~.:.!!I) with



ll,,.I,,,

1+111\/

B, A, III: ~.;'~./

This is the nil.>;; d!'lI~i!r clllI~1 hy the 1l1ilgnl;(~ jlf'l ill.!; ;,lone. T],I: f],lx il"'I~ilY

wllI·dorm (]I'scrihed hy Eq.(J.:II) is a lrilIWwid;\\ l\"ill"l·fnrlll ilnd sholl'lI in Fig.:!. I.

3.2.2 Armature Fields

The .,ir Silp (jelll cal1~I;II1J.I' 1he ilTllliHurc CllrrCl1l i1cliul; ;,I"lIe lias II ,I-axis comporll~lll

allli il 'I-axis COltIIKl(II:nl. As slil{{"I"1 at the lx'~il1nillJ:: or lhis >'f'CliOIl, the tll;I!l.IlI'ts in

the rolor arc IOCill!'rl 011 rhe d·.,xis 01 the lllilchille.l1,.:n.furt' !loth lhe mhgll<:(~ lill,l

lhe ilrlrll1111rC Il'"il1lli/lg N>nlrihule 10 the d-axis l111x. TIll" ,.(.,Ior r:lIrrl'nls lin: 111l' :<ole

!'Ourcc or nux on I he 'l-ilXiill. This slll.:cial r'~II'llr!' willi,,· illll~id(~r<~1 in ,Ill' f"II"wil1g

/lllalysi:'lof the Ilnnillll~fichi.

1). Oirrch\xis Fidr1 eilllSt...l by Slal,or Cum'uls

If; I.. -21f~ 1.2

2!11f~" + If; I.)

0; =/1' If;
IJ~ = /,'11;

o
0.$::- 1::',"r(l"«~lQ

'~;" +,r,;



'f

figure :\.-1: Flux density due to the magnets

pole --­
pitch

Figure :3.5: Oircct·~xis field vue to the ilrmalllrc current
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Eq.{:l.,1:!) (0 E:q,(1,:Il1) Ilreohlllincd frol11 Eq.(:l.l) 10 EII.p.(i) \\'illi sortlCl'xr"jlliolis

11sroll,,\\'s;

• The circui!. ('(111111 iOIl ror palb ,r1l= ellc1o.~('s 1111 <llIlOlIll\. of I.lw stili or Cllrr('111 givcn

hy (2 Fd... clls{p/2)/I) which is sole SOOl"c('ortllc I1l1x.

• Tile Illllglwts al'c IllJ1l1agllctizc<1. in which (as(' tIl<' l11ilgncl hill' z':ro l"/'mil1\l;nl

mllgllclism,

• TIll: flux hillilll(c I'qlliiliol1 changes its for1l1 10: '1""1 == '1';" + ,r,;.

111 Ihe ,1bovc e'luill.ioliS. '''.'' b the nux whidl nos.''''''' Ihe ilir gill! i1l1l1 ciln he

detefilliucd h~' intcgrilting the d·,lXis nux fldd n.", 0\·"1' our; poll' l'ilcli:

t:;p [J." /" dO

DL·l"!I'I1.d '/O

Ile!lcc,lhc nux halallCl'cqlliltion h rewritten as:

The IIlIx gCllcl'i1tcd hy lhe 111'0 milgnet -"c(lions is gi\'l'l1 [ll'l:\'iollsly hy:

Sllh..,1 ilill ing Eq'liltioll,~ (:U:2), rel.5) 1II1d (:l.:1fi) illl 0 1':q,{:I,:I!l). gil·';s,

21..,(111// n;+111/,' II;)

n; Ll ( ~ + ~ ~l )

II; Ll-n::

(:1.171

(:I ..1SI

(:1.:''')

(1..101



wlwrc Rl • R1 illlU Rift line h(Tn given rre\"ioll~ly. The illlt'grillion or Clillillion

(3.3;) i~ performed hy ~llb~lilnling the "lIlne or 11.<1 fmm rflllation p.:13) whrn' IJ.J

Of,./Io 1</' ".,/dO

rIp 0.$ P II; 1. 1
DI','II0111 (T;jF./.. CII'·IO-~)r!O

Ilo2~, (l.liF4.. - U;J'll (:l.II)

11g = f;: .. irgilllrdllctllllCC

..I, = £lfr: ;jn~a of air gap

SUhSlilllling CfIUillion (:1.-1 I) :lnd (:1.·10) in CfIUlllioll n.:lS), gi,'Cl.

II; = l.li,loFJ..

"1 (I +dl\,)

1I"11I:rc; 11=2#;, siw:nl,rc\'iously.

Till,: ilir I-\:lp nux 11('n~ily IJ.~ (fIll now he fllllll'1 frolll E!j,n,:l:l) by c1ill1inlltinJ; U;
whidl is ~i\"l:n in EII.(:l..l:!l, 1111I1 r<..-';lIlts ill:

JJ~J = O..l/I(JgJ'F
4M [r"fl.• ~O-l"!.~(~:;:-,1 (:1..1:1)

II i:-- (Jh"cr\"(~1 thill tIll' ,I-ilxi" fidll d('scrihcd l.y Ell.(:I.l:l) ill{"hllll~ IWOCOIIIII"Ill:nls.

Olll: lwillJ;;j Sillll~oilial tpI'1lI 1I1l11 the olher 11I'ing 1I11'lllll'wi,11l11"I'IlI, IlllrllherolTlll1,,,ite

wIII·,.("r111 ill "ho\\'11 in Fi,:;.:l,.i.

:!). Qllllllrill lITC'ihi" ripI,] ('illIS('(1 hy ArrnalllTC Currents



Ttw q-axis fillx den~ity n'l i~ sirnilu to tlie ([-axis nllX dengi!y n.~ (:;':I:<:llt [or

COtllpnll.'nts relaled to Ih~ lIlol,l;lIels ilnd is gil'en hy t 111' "XIHc:;sion:

3.2,3 Air Gap Fields

Up to tIOW, threc primary ('(Illations hal'e b~~ll ohlili11l"\ which 1I11W GIll bE! lis.:.l to

de~(,tjl~: Ule air gilp fields of the P.:'.!. sYllchl'OlIOllS 111olor, The Ihn,'c: eqllatlOlis Me

l'f']ll'at,:d hel'c for COl1l,(,t1i('llrr:

0" 0.161

IInsf.'(1 011 Lhe ;\ll;dy~i; gin'lI aho\,(', iL is cleM t.hal. the !llIX dl'llsity in Lhe nil' ~jar

on:I'IIIIP polc pitch ami hns iI tralM'r.oidillwi\\'f~foTl1I,The lI'arerorl11or r]-ilxisMIIl1'lllire

curn'ut component is the resullant of sillllsoidal aud I rlllH,'widill trl'lllS; whill.' .. Ill: l'J'

Ilxis ilrmi\tllre current COlllp0l)cnl lI1i\Y Of.' Ilcscrilwd hy ol [lnwly sil\ll,~oidi\\ II'ill'cfnrlll,

The al\O\lysis of the ilir gar f'i(,Jds itS <kscribccl nllo\'c n:~lIhs ill fullowing Wl11l1l1:nLs.

Firsl1,l', nIL ilnalog simulatioll ("illl be implcll1elltf:d 10 sillllililte \·ilrioll.~ COmpOIIl.'llts in

tILe airg;,p il1I<I their illlcrflcl ion from which it will he sll11wl1 wlletl,':r tll;s fleJ,1 Lllo.ld

gi \'1'.< ,1 l'I!<1sonable dl'.«uiplioll lo adllill flf'ld or 1he lllilr:hinc, S~:cnlldly, it. pl1l,'i,I,_'S 1111

i\ll;II~'lir111 cxpfl'Ssioll~ to ill\'csligale inrloicilce o[ Lhe ill'lllillllrC reaclion on gell"I'lIwd



\'olta~eilt load condilil!llS Wll;dl will he llf sigl1i~(~I11. tlW;llling Il~ JlI"l:,liciltill~ .~I'·;I,ly·

stf!.lr. performance of llw Illil('hilll' hy Ilseofl.11C 1001,1 tt'~t.. Iloth of Ih'~e willi)!: t"'lllixcd

in fhi, lI"ork.

3.3 Analog Simulation of The Fields

Ilil~"rl on 'hI.' r('Sull.~ of !hl' 1)!"I'n'ding llllalyslH. i\ ~inl111illi'1l1t:ilTllil 111:1,\' III' ,1"",'10111")

to IlI'lJllllldl'l"1Ill1ll<l 111" air F;iI[1 fif'ld dC'l'rrilw,1 ill thl' Iilsi ~f'di()lI. TIt,~ sillllll;ltion

cilTnil i, rOlllllO~ ..d of a sip;nil 1~rll1r<:{', wa\'({orm shapillg drOlil alld pl1ils,' shifl ,'r. A

hlod tliagnl1n"ftlw cirrnit is shown in rig.:Ui;lIul tilt' ..(rrnit is ,,1I'>I\·tl ill ApIlI'lIllix

I. Tlie sigllill gel1l'l"ll1or 111·o\·id,'.s 111'0 tyP(':i of sil;nals. sinllsoida 1all,] I riilnglililt· II'lu~11)

t 11l~ th': t.r;ilngulal' is 11""<\ to forlll 11 trall('zo;,lal sigtllll II'llich l".'llI',·s('llls Ihe 111i\.~nct

!,(ctH'raleti \'oltagc by lise nf il wan'form shapillR Cirelli!. Tile 0111\1111. "f Ihe sllblracl

lhe IIlIx in the d-Ilxi.'. Th~ olllplit of lhe phase li!tifl,:r is nS/'11 to reprcs'mt lhe

flll.~ in Ihe '1·axi,. TII"~I' 111r<~' sil!;llllk wpresc'nlinl; fJ.i. 11f <1IU\ 11.", rrsp'TI ird)'.

ill".' s.rlltll<!sil.t~1 in t h,: Silltlll.iltioll cirrllil It> sillltllat.· lit" ,1ir t-;all n'lx JJ~, ill I<'llidl

op"rilt;oll is h~~ ..~l on tllP ilS~lll1lplioliS ~i\'('ll 11.1':

1'\·'''1

\\'ilh ,lilfc!'Cllla 11gullir ,liHlllMl'1l1enL IlCl\\",~:nll",1 illl,l/lj. Ill" fl'S1111 s Or~illllililtilln

ilrt": ~11'11\·tl ill Fig.:~.i. Strit'I.I.\· ~p"?lking.lhe lid,ls ill lh(' ail' gl1prllllll'lllw 'll'\;lilled

1,y a lilll'11 I' srnlhcl>i.~ llr IIll' 11m'/' COmpUIlf't1ts, Tl\l' fl'a,,"" f"r this ;s lhill till' mlnr

iroll i~ lllilgnclil:illly nonlitll'm illtll t.1H~ It'aka);" 1I11.~ ill 111'~ sl,·,'l I,rid~..s sllrr"'lll,fin~

'lie ma!.;llds is nonliu(,ilrly ,1"I"wlelll 0111.111.' Jllilllillg nuul;linll.

II0II"<.'\"<.'rllpOll comparill,!.: lit,: n'slIll,sof 11l1'sin11l1illiollillH! Ihl';ll:tlla!ilir g,;'pllllx



JV\

Figure 3.6: Block diagram of ~fl1\logsinlllli\tion
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• the three ~ir s~p clllilponclils uscd in L1w IIl1a)y~is Slllfiril~nt ly (I~(l"ib(~ I,he act lIill

cOlldilions,

• sllfl('rro"i~i()n is villid rQI' general opcmtiol1 and the nonlinear effects arc only

S~l1at highlo1l.dinS.

3.4 Digital Measurement of The Motor Torque

Angle

In 01'(1,,1' toc1l.kulatel.he lIIachine pMillllcl.ers fl'OlllllliHI t.:s~ it is lLC({'S.<.1l'Y to I11CilSllH'

thl' lorrli1c angle 6, ill. ('Mh IOild .-Iell. The COl I\"l.'l\tiOlliiI I\lCI!lO(! for 1I1C<lSlll'ilig this

qualllil.'" is by 111>r of il .,Iroho.,cope and gradlliltl:11 dirk ;lIri.~l'(l to thc Illotor frillllC.

The sl ruhoscoric ILlcthorl prO\·i,lcs o11ly approximate .1l1glllar qU<llltiJi,'s since Sh.1f~

oscilliltiol1s and O"._h irl"q;IIJarit ii's ("C1;lllt in a 1'l.'llItil"rl.1" [lO(lr II1CflSllrl~IIICltt ilr'rnl';'\Q',

An i111.t'!l'I1alc digital t('cllllililic which is bolh silllpicilnd practical forc1,:<:Ir1lllir illl·

plCLLWlll"lioll hils hecn Ik'\"f'lop.',1 and is llrr:sl'll\,:.1 inlhis section.

Til!.' torque angle of I h,' 1'.:\ I. synchrollol1s ll10lnr i~ ,1(,nnl~1 ilS II allgnlar di.'pl<lcc,

nwnl. hctwren till' nliX nllnpOllf'lIls gCllcr~ted hy til" 1l1i1~1I"t 1111,1 ~I'p!i(.'d I"oltaw'.

Th1.'L"'.'fol'e, tl1l' torqllc a ngl., nl"ilsllrclnt'!nt rc<plil'('S Ilie l1il' ,f;"p /lux \\'n\"!~foI'11I i1~ 1111 ill·

pill lIll,l relies LIIJOtllhc facl 111<11. the Ilux (OI1lPOIH.'lItdll(' 10 the 111ilgnl~l, is I.rill1,'zoidlll

ill ~llalfl? ~1){1 thlll thp. <lpf1li,~1 \·oltagc COI11II(1I1<.'ll1. is ~inl1soidlll. ,.\ sillllilat iOIl hy 11~C

or all :luillog circuit i~ l'ilTl'ird Ollt Lo in \·(-'sligllll.' tlie tl'1'll.i{)lI~hip .lllt! i.~ d,-,~nih('d ill

r-ig.:\.~1 where 0 0 i~ Ih.. siglllll lI,.,.in,,1 fromllw il11<1log ~illl11\alil1n Ollt))Ill, sec '·ig.:U1.

The .<i1l1111I1tiol1 is Jl(~l"rol"ln,-~1 I,.,' ~djllSI ing thc il 1Il1llitllrll' 'lr tlil.' tl'al~'zoid<ll fOlllpn·

1It'III, E; 1111(1 the phil.~~ (/,.Jo, '1"\\"11 ~tatcrnenls 0111 lJr d1"il\\'11 rWlll sill1llhltiOlll1~slilts

which i~ shown in Fig.3.10 .111,1 Tnhlc :).1, II~ follO\\'s,

• poi II! P morcs din.'cll)" ;IS the phase OrJo ch;1I1ges:

:11
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• ~lIlp1it\1dc H varies directly as the amplitude of the trapezoidal compor\l~l1l. is

\'aded.

Tlil~ former is useful to measurc the tor{IUe anglc which is given below and the

later is helpful to analyze \'ilriation of the generated voltage which Il'ill br. gh'cn in

t,he 1IPX~ charter. The block ,liagram of till' m"ilsurelllcnt is ShOWll in Fig.1.! t 'lnd

the circuit is shown in "rr'-'ndix 1/, The circllil consists of a flip·nop :'ln,l iI pha~

ddet:trll' AS well sCH'Tal schmitt tl'iggcrs ~nd phillie shirl.er.~, Illpul of this Ilip-flop

com(~s from t.he trapezoid'll COI11I)ol1ent in the air gap llWlIsurcd by search coil alld the

sinusoid"l compon<.'nt mr.ilsl1l'ed by a. \'olt~gc trilliSfol'1ll{'f. ,\ clipper i.q usell in Ihi~

ll1e:tSlirCII1Cnt circuit to shape the \I'a.vdorm il1\d a \'oltagr. folloll"er is lise:.] lo hllffef

the olilill1t. The schll1itt trigger COll\'Cl'ts a sinusoidal warcfor1tl into a rect~l1gular

one. At the heginning of LlU) measurement the I)hasc shifter is used fo adjust the

initial phase angle 10 z~:ro. ,\s the Illotor is loadell, the nill.flop produces a sigll~1

tll<.';l:<llred 1»' the pha~(~ r[declor u.~illg lcrrnillAll"olt~gc()ftire 11l1lchiuc as a rl,ferr:l1ce

.~igt11l1, This angnlal' di:<pl~cclncllt hetween Olllpllt of the flip· flop and the rdercllCr.

is 11. rdlt~clion o( t.lre Illotor lorrplC angle. Fig.:l.12 prc~ellt5 i\ compnra.th'C rC:<lll1.~

be!.\\'("11 1l1('A5urcd 1IIIi1se ()"" ;lw!l,he torque all.~le 6 111(';lsured by the stroho:;cope, Il

is d,~;,rl~' sho\\'nlhat llre~' hare 11 gOMI agrC('111'~1l1. This lccl11lifJlIc pl'()\'idl~~ 1><,'11,:r

resol"lioll 1In(] is more ('onl"cllient t.hAn thcstrnlHlscopc method, Furthermore, it call

be "ppli':fl ill machine (lil"f'!systcllIs which rCfl"in: 11 fast.rcspolisc <.ligitallnc1Isul"l'111clIt

o( 111<.' tOl'qllc 1Ingl.:,

TIr..: test mcthods (or <lelcl'lilining machine p~1'1l11ldcl's will be gi\"l~n in tilt' !I<'xt

two dl~pt.crs,
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Fjgure 1.9: Simulat.ion circuit
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.) b)

Figut'c :1.l0: Results or simllll'.lion : comparisoll of different amplitude of trapezoidal
componell~s - a) smaller I'.mpli,ud~. and b) largfll' amplitude
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Figure 3.11: Dlock <IiAgram for lorrjne. Angle measurement
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Chapter 4

DETERMINATION OF P.M.

SYNCHRONOUS MOTOR

PARAMETERS - PART ONE

4.1 Introduction

1'111":',' 1'.~1. sYI1t'hl'lJll()lI~ m"to!' pMarnd"'I'~ W"f{' dC~("l'ih,~<1 in the first two chapt'.'fs

IIlul it II'~S showll thaI, the p1lHI111Clcrs of th ... T1l1ldlirIC Gill he .leterlllincu hy USl'

of C()IllPIlI ... tioll<111llt:lho'l.~ or 1l:.~I, nlf'lhod~ of which lh(~ (ormel' is prilll<lrily aimed

at design lI'ork. Tlw \\'ol'k pl'l'.S/·111ed her.! is COl1l""r1w,! with the 1Ir.11l1l1 measltremenl.

Tlwl'cfol'l',11 numher of .lilr(~rcnl 1l'~11l1cthodsar<~ developed to determine the machine

pilraTlI('lcrs. Tlie rnilcJlilic liS... ,] ill this sludy is 11 :l·phasc.·l-polc. GO liz. Y-c:ollllcc(cd

llCrlllillll,lul fllilgncl SYllChrollOliS motor. [Is rall'd slll.'f:d. l"olt1lgc ilila currenl <He 18110

rpm. ~OS\' all,1 :\.0:\ 1"('SIll>clin'ly. III this ('11;11'11'1". Ilie 1Ill}flifieri COII\'I'lItiol1~1 tl.'~lS

111111 ~"arrh coillf'~t ill'f-' Ilrr·~"111"II. Tllf' 111<1111 nl.jl'l:lil'l~ of thi.- Chilpt,'-'I' i~ 10 111'1r'l'l1li11C

IIll' 1'1'l'ii,1 iOIl of II.t:llCl'illl'll \'011 111;1' 11111]..'1' InMlill,!!, which will bl~ 1l~t'lI10 cOl11pllll~ll-I,xi~



4.2 Modified Conventional Test

Sincf) the SPCCiill characteristic features of till' P,M, synchronous lI1(>lor arc different

from the cOllventiontll synchronous motor. lliis results in .~OIltC difficulties in Ilsi!!S

conHmtionallt.'Sl procedllres Oil the P.~1. nh)tor. Tllerdorc, the tes1s including ()jlel\·

circuit ilm[ short·circuit tClils hil\"(~ to he modified. These tests will he referred 10 ils

the ~ll1o(lilicd conventional lr~st.~ and aTe l'ilrrird out 115 follows.

4.2.1 Open-Circuit and Short-Circuit Tests

The tests pl'rforme,[ on the 1'.:-.1. synchrollol1s lllotor 1Irc simil..r 10 those normally

performed on il corwell! iOIl"] \\'ollod rOlor synchronolls motor. \\'ith the c:-:ccption lhat

the Iidd c.xcililtion (11llll0t. he \'Micil. /loth open- ilIld short-circuit characteristics arc

ll1Cil~llrt(1 while lhe mildlifll: is 01K'l'iltillS 115" gf~neriltor tlrivcn at rated speed, During

the 0llen-circuit lest, the nux ill lhe the "ir gflp is produccd solely by thc magnets

which indl1ce a mllilgl' in tlll~ ~lidor lI'illdilig ("lId the 0pclI-circliit \'ollilgc Eo. TIle

short circuit. current 'A< i~ 1I51'r] 10 ,lclNmilie t.he molOl"'l; sillnrilted d·a~\is l'cilClance

.\"~, which is ilpproxim'lled hy 1.1\1' riltio F'-nl'"c' Volt.ilgc Wil.verorms nU'ilsllTCII r1'Om

t.he ;lir !;ilP of the n1i1chiue t1l1l1<~r 1Iol.h Ihe 0]11"11- ilud short-circuit conditions "re

prcsclllcil ill Fig..!.l and fil:\ ..1.2 which il1'l' rcconll'll hy Ilsing sen.~illg cnils as machinc

is r1ril'l~n ill, l'OllNI sped illid illso (olisisl<'lI1. with that of the ilil' gap fidd d~ril>cJ

in prl'ccding chaptcr. It is rll'arly sholl'1\ Ihilt Ihe sllort-ci1'l:llit t'llrrcllL contains sig­

nir,c;lul, hilrrnonic cOl1lll<lncnL in \\'hich thc lhirrl II;trlllOllic is IIOlllilla!,~, Thcn{ore,

the innlleliCC or lhe third harmonic 1Il11~1 1,1' ('ollsidl'rI'd W!ll:ll r.,klllat.ing W,H'lilllCC

llilt'alllt'li.'rs of I,he ma("hi1\~' lJy 1I~l' or Olll'ft-"in:ni1. all.1 shurl·cir':lIil, I('SI.~. "l"h,: l.f'SL

(lata islistt:d ill T<llJlc·1.1.
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