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Abstract: This paper presents Lhe numerical anslysis of wmagnetic and
eleclric characterisiices o & permansnt-split  capaciter =ingle-phase
induction metor by the 2-dimensiconal finite elemert methcd which tzkes
acrcaunt the electric rield and Lhe termnal valtage. The maln arnd autyiliary
winding currenits are calculated and compared with the measured valocesz,
agrzement iz obtasnec, More precisely, the [(lux zand maxipum Clux Censiiy
ciztributlions, axis-ratio and iron loss distributiant are ceteriunea and
anzl yzed vaking inLlo account the core saturation and secondary eddy curranl
eI fect. The speed and capac:itilive charactericiic eurves of tha
maLor are also analyzed and investigated.,
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1. INTRODUCTION

Induction motars are electremagnetically compl#ss devices composed oI an
intricate and intilmats arrangemant of materials, which Pave a diwversiiy of
nenlingar ant anisolroplcec phy=ical propertlies, and wiiieh zrée i relative
metian, To improve Lhe efTiciency of the ilnduction motor, it 13 necessary
to make guca use ©of 1ts material craracteristic for assigr. It 15 kEnown
that the zauges of the increase in llon loass are partiel rturbulence of
flux, occurrence of rotating flux, =tress and =trzain caused (n the core.
Therefore, 11 1= .mporvant to securs the material characteristicz ol the
core and to know the loss disurlbution 1n the apparatus by analysis
cdecrease @I thoZe loasses, A methed of =Zalculzating the erffects of

material changes on moetor gperformance -5 nesded.
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In 1970 cthe finloie slement mechod was applied by Silvester and Charafll! to
the analysirs of =lzctrical machinery. Since then, this metnod Ras been
applied extensively 1o a.c and d.c generaltarsiz,2, to tranzfermerz(<.51.
and to inguctian moloarsi3-13]. Induction mcbor performance 1.

crecified 1n Lerms ol Sperabicn at coRstant enarlation, and
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2. THEORETICAL DEVYELOPMEMT

2.1 Prellminary Considerallon And Assumpllons

One of Lhe features that makes the finite elemenl method attrative for
induction motor analysis is its ability to model monlinear materlal
propertles, It is lmportant that thls capability e incorporated in the
proposed method of analysis., =so that iron saturation ls lncluded. A
complete representaticn of the magnetic behaviour of the lrom in a machine
would require =z time-stepping sclution, with incremental rchanges in rotor
position and the magnetic histery of each Individual iron «lement being
storead., Although such an approach is possible, it i3 not as yet feasibla,
because the =ztorage and processing time required would be predigious. A
numbar of simplifying assumptlons are Lherefore made:

CadMagnetic wvector potential and current density have only the

Z-axis
componenl,
Ck3Conductivily of laminated core is cero, and eddy current 1= ignored

without the secondary conductor.

CedThe leakage flux is neglected in the air, and magnetic vector potentlal
on the zurface of the iron core 15 constant.

Cdd3The phase of the fleld changes 180 degrees per one pole, and slot ripple
is ignored.

C2dFlux density varies sinuscidally wilh Lime al all points i1nside the
machine.

2.2 Formulation of The Field Equatlons

The standard approach Lo solving electreomagnetiz fField problems by the
finite =slemenl mathed is to express Maxwell 'z wmqualticns (n termz of the
magnetic wvector potential as feollows;

IxE=—3gB- at. =—juB

FuH=1 <13

7.B=0
where dlsplacement currents are neglecied. E. B, H, and J are the electric
rfield intenzltvy, magnetic [lux density. magnetic fleld intensity and

current density respectively. The vector potential A is deflnd by

Fxpa=B [r=h)

The magnetiszation characteristic representing the relationship between the
magnetic field vectors is generally given as:

H=ug& C

0

3

where = i3 the relvetivity of tLhe medium and a funciieon aof magnetlc
inductian B . Equati1opsCl2-C3) can be cembined and written expllcity as

VLT Tt 1 =l Exvenl FeAS 1 =T
43

whera 2 13 zliw. 235 the angalar freguencsy of stater current, o« 13
conducti-tr and v 13 Lhe ceiocyt,
EquationC4dl 12 retformulabed D (o
= — ! Y L4 - )
firzt-oraer “riamngular sleaments are uzad L disgratize the
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lipear simultanecus equatlons, which is solwved using 2a preconditioned
conjugate gradient method. The resultlng magnetic vector pobLential are used
to determine the performance characteristics of the motor,

2.3 Formulation of Clreuit Equatlons

1n general, the electric machinery and apparatus are exclied by connecting
the external ceonstant power =ourc=z., Then it is necessary that the
characteristics are calculated under the constant terminal wvoltage.

The permanent-spllt capaciter moter of analytlcal model consists of Lwo
kinde of current circuits. The current cirecuit equations are calculated in
the maln and the auraliary windlings. that ls, by Klrchhoff's cecond law.
First, in the main winding,

{drdtdFA. dS + CR_+ R 31 + L Cdl ~dtd = ¥V [4=D]
o ™m ™ m m
Then in the auxiliary winding,
CdAdtlfA dS + (R + R 3T + L (dI ~sdtDd +C1,CO5I . db =V CEd
ca = a a a o
wher e R and F, are tLhe reslstances <r the main and awallary windings
rﬂspnﬁtlvily P and Rﬂ are the external resistances, Lm and L\1 are the
leakage inductaffes. I°"and I are the currents flowingd 1n each conductor.

¥ 15 Lhe Lerminal vultgge. ¢ %ie Lhe capacitance.

3. RESULTS AND DISCUSSTIOM

3.1 Analytlcal Model

The algorithm described ln sectlon 2 was develeped for use in the study of
a particular Lype of i1nduction moter. Fig.C(12 sheows Lthe sztructure anpd
dimension of analyzed =ingle-phasze sguirrel-cage 1nduction motar. Thisz
motor has 4—pole, and the rated wvoltage, freguency and power are 100 V, S0
Hz and 0.1 Kw, respectlvely. Gap iength ©.5 mm. It 1= driven by connecting
the 14 pf capaciter in the auxillary winding. Fig.(2} sheows the subdivision
of finite element region by first order triangular element. HNumbers of
elements and nodes are 1122 and 60B respectively.

3.2 Maln And Auxiliary Winding Currentis

By finite element method which takes Ilnte aceccunt the terminal wveltage,
unknown current values are obtzined with the magnetic wvector potential of
gach node. The ccmputational currents flewlng :n the main and auxiliary
windlngz are compared with the measured wvalue=. at 100 ¥V and SO Hz, as

63, mm——t=—18, Smm-—'|

Fig.tl)amalytical medel Fi
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shown in f1g.{32. In this figure, black points are Lhe measured values and
white are the calculated ones. Both values are in good agreement with each
other. Above all, the finlte element method which takes lnto account the
terminal voltage is a reasocnably good method for analywing the motor which
consists of two or more current circults whether stesdy or not.

3.3 Flux and Haximum Flux Density Distributlions

The magnetle flux disutributions at Cad slip s=1 and (b)) slip ==0.03 are
shown ln fig.C4). Where =ztandard time 1is the mecment when supplled voltag=
is zero. When sllp is small, the eddy current ln the =secondary conductor is
small. Therefore, the flux passes through the incside of rotor because of
=mall effect of the field caused by eddy current. But when sllp ls large.
the eddy current shows a large value. Then the rlux from stator makes the
fluctuation of the whole rotor. Above Lthig, the results show that [lux
distribution is asymmetrical in each pole. These results point out that
electrle field can not be ignored.

Hysterisis loss gives a large effect to the maximun Tlux density. Flg. (52
=hows the distribution of mawximum flux density at Cad s=l and (b} S=0.03

In thls flgure, equi-maximum flux density lire ls drawn by step 0.2 tesla.
When slip is large, the value of flux density .s small as compared with the
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case of small slip. In the teeth and the behind part, the flux density
shows large value In both rconditicns. The values of the maximum flux
denzity are very different in each part. This ls the rcause which makes the
vibration and the nolse in the single phase induction motor, and which
reduces its efficiency.

3.4 Axi==Ratlo and Iron Loss Distributions

The axis-ratlo iz the ratic betwesn mazxdmum and minimum flux density. Axis
ratie 1 and O mean the circular [lux and alternating fluwxw respectlvely
Flg.(6) shows Lhe axis-ratio distrlbution at Ca2 s=1 and (k> 5=0.03 . The
rotating flux wikh large axds—-ratio appears partially in the stator yoke.
Its wvalues show that Lhe lron loss rcaused by rotating flux 1s large
partially. The partial lron loss iz computed by equationC73(82]. Here Lhe
applied upper limit of Tlux densliy is 1.4 tesla.

w=k B "%+ c1. 3108 +1.19@B% °7 WoKg 7T
max Mo mLn
0 < B <0.75 K=2. 62
0.75¢ B <125 K=2. 30
1.25¢ BT "<1.75 K=a.71

(s} s =1 (b} s = 0,031

Flg. (S)Masximun Tiux density distributions

(b} s = 0,031

Fig. {8l Axis-ratio distributlions

Fig.C7) =zhews the ircn loss distributicon, where the distributicn is similar
to the distribution of the maximum flux den=sity. In Lhis ligure, the large
iron less iz ordinarily caused 1n Lhe part of large awmis-ratio. But the
large 1ron loaszs 12 zeen 1n sprle of the small axas-ratio. It 13 because ‘he
alternating Flux iron less is larger tham Lhe rotatino rivx 1ron Ioss. As a
result, tha Lurbolanze of Lthe I'lux increazes Lhe partial Lron lezz. That i-
in the garoove cart . 14 13 pecassary Lo discuss in bhe desigan for Lhe shace

=¥ iron core.
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3.5 Speed and Capacitive Characterlstles

Flgure (8) shows the speed characterlstle curves. Where power facbtor L=
calculated by the current values obtalned in fig.(3) and the efflciency l=
calculated by the {ron loss cbtalned with eqn.C7).
ignored., In thiz fllgure,
1s nears 0.1

The mechanical loss is
Lhe efflclency bLake=s bthe maximum value when slip

Slnece bLhe permanent-splitbt capacitor motor is ordinarily connected Lo a
constbant capacitance, the capacity of which 1s selected middle of Lhe
optlmum value when its starting and excitlng., Then, [(l1g.{39) shows the
capacltive characteristics av Cad s=l and Cb) ==0.03 re=spectively.

(b) s = 0,031

Figc.C72Iron loss distributions
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4. CONCLUSIONS

Thls paper preopesed a (lexible and =fricient Ltechnigque (or analyzing the
magnebllc and =electric characterizlics of a permanent-zplit capacitor single
Fhase induzbtien woter. The technigque iz bazes on :
=lement electromagnelic field analysis.
zludy are a2z follows:
C13Dum Lo iow

the Z-dimensional Fimite
Main conzluzions drawn from bLhis

les=z snd high efficiency

= the indusiion motor. it 1z
macensary ! Terure Lhe material characterisbtics used inm 1L and Lo kpow
“he ithnmer lozw dizteoibubion of Lhe motar witbh
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Flg.<9)Capacltlve characteristlcs

{22The eddy current flowing in the secondary conduclor has a large effect
to the flux distribution in the iron core. The effect varies by tLhe slip
value,

C20The ewrellent agreement betwesn numerical and experimental results
verifies the numerical technique developed in this paper.
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