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High frequency models of an Induction motor stator windin

Theeranun Koonkeaur
Teerawat  Apieakpathom

Phaisan =~ Wangsubtawin

Abstract

This thesis presents high frequency dependent time domain models for induction Motor
using the MATLAB program. The impedance in the conventional equivalent circuit of Induction
motors are modified. This is based on Foster’s reactance, a concept from network synthesis
theory, to obtain the required frequency dependence. The time domain synthesis of the frequency
dependent resistance of the winding is modelled. This is based on time domain modelling of

frequency dependent three-phase transmission line impedance.
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HesFutiaBnvesasesuuu RLC Tugiiiz.2 duduvm Sufiuand

/1

31f12.2 29959170 RLC
Vi(s) _ 1

H(s) = = Z(5) =
- (), () A/R)+sC+ (1] sL)
%30
e\ Y (LD 2.6
s? +(1/RC)s +(1/LC)
M5 s = jonaaumszs la
H(jio) = < 27
1/ R) + floC - (1] w1)] '
ﬁdi‘fumﬁ@auauawamauwﬁgmamﬂa 1o
. ! |
Hljo——— = 2.8

=

\/6/R3)+[(UC‘~(1/(UL)] l

#(w) = —tan™ R[wC— —1—J —————————— 2.9
ol
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@ q’/' < o : { { @ :1’ a
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Lo rn Uil o, fELLM f i 5w
(b)
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A
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wlisesvesdyauduynie 7, = 7,20 o uaziiweivesdyanauoniyndo
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2.1.2.2 13 lafui ¥ (Resonance)
a Yy & ad ¢ A al @ a a g ad da & 1
Lsmmumsﬂsz@ummsﬂiﬂu"lmu iofaLs Ty o qﬂmmuwagmmmﬂmﬂﬂaﬂwmm
; 1 ) ad =} 1 4 Jd w [
gegansenga laoiAude AnuaNTNggRiSend1 AN lanuus AI98199993YUU RLC Tug22
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Fas Tuuudileanuavesitafdumsduiy o, =1/VLC Tavgruaasluirdenisneuaneives
a 1 a d o [~ a a pay a
wouwagauaze muauwagmmﬂaﬂwmmﬁﬂqaqmﬂw a)omsmuauawaauauwagwiugﬂzs
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(a) HAAIBNYAULNANWAURUTAUVDIAFIGANANIUD
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1 < ad d o a I~ " a a a
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a

o A 4 Ada I A 1 a [
UAUY AN luuuus o, =1/~LC ADANNIN auwmuﬁuﬂucﬁmwmmmsa galuanms27 u
< a ' ' a = o dy = I o ad 1
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<} ~ 9 %
UDUNUINYIANMUATUNIY(pure resistance)

2.1.3 MINIe iﬂEJ"UENLLiQQUMuﬁmﬁdﬂmJNMﬂmﬂ step function voltage surge
[ A [ '
Step function surge Ty surge mJwaquu,iwqmmﬂﬂamﬂﬂumqﬂgm A70819 19U chopped

v 0 T v '
wave UONIINH3UAAUDUN Iz IEIINMT IABMIVINANYDL step function MIEADUATDININBUATIANY

v

YUIAVDA step function JABYsENOURIBEANUAT TR

A a [ r'd
chmﬁmmmau (nuetral) ADNINIUY

i o S Lo S

sinh o

Tunsaitiansow (nuetral) §ouon

e Veosh(ax/l) .5

cosha
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sUfi2.4 msnszanous s IduIUIRR IRl uao
l1n15ABUENBINY step function voltage surge
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wias dagl 2.5 Anhilgagudnateuuunu z nazuaiids nadhigwiinszaw



11

\ }/ =

X
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dHdl =1
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1 A el e
Busratrams s I uifenufifiudus S (skin depth) vziouas

Frequence(Hz) O (Meters) O (Centimeters) o (Millimeters)

60 8.53*10" 0.85 8.53

1,000 2.089*10° 0.2089 2.089

1*10° 66.085%10° 6.6¥10° 0.066

100*10° 6.608*10° 660.8%10" 6.6%10°

1,000%10° 2.089%10° 208.9%10° 2.08*10°

A131492.1 A1 skin depth YBINBIULAY

A a A d? 1 = o oy —wgym—g) A o
LUBANUDINUUU mmwumumaaﬂ‘szuawgruﬂﬂanmmuaﬂmﬂ ey

nszuaifomth auydiusudh ldoglusumissativhiy r udni Tae rviiuSaiias

depth

AUAITUHUILLY

111aUA28 skin

31128 skin depth
2INNSEILIRAINITUH UL LYDINTLUE SIHUINAN & 1A NARINTIIA AR NUNUD

Luueenseuayszana 11110 Y9 amMANUHUIUUNTZUANRIA1N waziinszuatesunnfiga va o

o ' 4 ) = =2 g "V aa )
fumisguinanavesindiluanazaawdge Suilumalszinumia TagauyAaimanualnaluig

Ao @
uuniinnunn & Aeg12.13
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2.2 299sayaveINaIMRIIHHE I

Freaquenoy dependent resistatio:

—AAA-
AAN—

%14

4 o c; el
giJ‘nz.()TiJma%dﬁumlmmmamammmummm

< [ I~ [l Y @ ! A
laouiengasauyaoanuaIullsznouniont 4 a3 Ao
AUl m Equivalent Circuit U94 Induction motor HU1 approximate

b 4 a d 4
@9uft2 ¥1 Synthetic Circuit H191N3 IAT121A1 impedance A201A399 Impedance Analyzer

[l ~ = [ a s Y 4 %
A2UN3 Y1 Shunt Admittance I1NNITIANT LLDANALAUA AINT 04 impedance analyzer

daun4 m Frequency dependence resistance model
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2.2.1 2995auyaiing 14910 No Load Test, Block Rotor Test 1tag V-I Method

\L o

o—
N

Tl

prm

gﬂ‘ﬁz.lo Nﬂiaugaﬂlmmmaiﬁﬁmﬁw[1]

Lf‘l’e') X,: Stator leakage reactance

X,: Rotor leakage reactance transfer to stator

R,: Stator resistance

R,: Rotor resistance transfer to stator

R, : Fix-loss resistance

X,,: Magnetizing resistance

S =(N-N)/N,

Ly=dibln s WAR . 6D Vel %

L=l tle

,= V(R +R/s) +] (R
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o

Ch17100

= ;:' 9 4 P o Y A -
Z'lh’lz.ll jﬂﬂiﬂi‘lﬁ’]ﬂﬁ@ﬂu@lﬁﬂilﬂuﬂju'l 3-tWe NI9ATU Stator winding

No-load test
R = V,/(I,Cos Q)
X, =V,/(I,Sin (PO)

T

Block rotor test

= R, X,
R =R+ R}
X=Xt x

1 phase variac

AC source

EA

Byl ¢

X Lg

s
" al
bridge rectifier

Pz

s1lii2.12 2993 ldmaaoY V-1 method

U1 V1 WH

W2

0.050nhms
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1¥1A1 R1 910 V-I method test
R, =V/I

R,=R,-R,

e SEphe g ¢ 4 °
Empirical Distribution of leakage reactance YBINBIADI wHea

L2

Fraction of

X1 + X2
Motor class Description X1 X2
A Normal starting torque, normal starting current 0.5 0.5
B Normal starting torque, low starting current 0.4 0.6
C High starting torque, low starting current 0.3 0.7
D High starting torque, High slip 0.5 0.5

A1357142.2 A1519UEA9AN Reactance Y99 Motor class #1199

2.2.2 195Ny Synthetic Circuit

s ) o A
2995aUYA Synthetic Circuit V99 YAIAFIAIADS UIRB S HE 1A INN 1IN MSABY
4 o 4 7 = W e :
AUBINIAIND JATNITIAAT series impedance mawaamammaﬁmamafmumm [CEGEGN impedance
A, 3 4 1Y 4 4 [
analyzer HP 4194A lagdoi/a1oisdesdiuunsuaadadianes | e un3ed impedance analyzer A9

=1 U = = 1 a a o PR [
werasTugyi.13 uazdesasuilatovesvaan 2 iaiimae MonLAUY UAZ yula fildannsda

s o o o A
YOIVAQIATUADTHOAD T LU UIIUT NANUDAT)

45951
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stator winding 1 phase

PR o NG Gy e g I

Ul

Impedance
Analyzer

2

51#i2.13 uaA 3682199310 1A Series Impedance

1 { o [ g 1 { 1 a a s
ﬂWﬂ'J”liJLﬁﬁEJ'Ju'lsl‘l«l'J\‘15]5ﬁ\iLﬂ'i'lﬁiﬁuullﬁ}i]']ﬂﬂ”l!,ﬂfdlfJSU't’)\'1ﬁ?uﬁ]uﬂﬂTWﬂJ@Q@Nﬁuﬂu“ﬁﬂ@ﬂUﬁu@\?

! a4 o 7 A ! o d? Y @i g
AenuETTINI I lABIAT e Impedance analyzer 1A WN1e IrlThduTu vl dNLD

senemanuH T ot aean L as Tannud deaunts

|

e ]
J 1+

l

ean

1

1112.14 2995V RLC

@=tan"' R(wC -1/wl)

Li— -
1/,/ e T ]/ / =
(\//le) 5 /({X/ ((}L) ____________________ 218 max = 1€
1
Z(j@)| =
Tey: e ()
\/(4) [ (/a)L)] ___________ 2.19

Auouilagaves Z sxiinunniigaiie

naC-(V )=0
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e c:manugnviflunesdunned Lc
L. sanuwmiionihluisesdunns L-C

d' 7
F.: A0 lasuuud

2.2.3 197 0UYAVYDI Shunt Admittance
3 a Y] J a Jd 9 4
NITANYAVDN Shunt Admittance 15 TNHTTHUIVINNITIAA LDANALAUA AIY Lﬂ%l'ﬂx‘i Impedance
a s = - 2 ¥ A o ' 4 9 [}
Analyzeriﬂm%m’i Open Circuit Stator Winding, Shunt Admittance Qmwu"lma%i Funsied todaswau
' ¢ o @ ' 1 4
slli’Nﬂ’J'lll"ch.ll“Nﬂ15$ﬁ31ﬂﬂlﬂﬁ’lﬂlla$ﬂﬂﬂuﬂ L‘]JN@]'JLL‘V]H%J'OQ?H?]'N?Jil‘vl‘wﬁ'l'ig‘}'i’JN‘U@]@']ﬂl.Lﬁgﬁﬂi'l'Juﬂ
1 1 I~ 3 A o [ =
avesnnuy Ifluazmanudumuiduaundon ldnamsia lumsianisaouausmeniunves
a 4 o @ 1 [ 1 o, o - i
UIDANALAUR “lsffmma’mszmnmmmnuninuﬁ(mmﬂﬁaﬂuaﬂmamamas) Iﬂﬂ‘ﬂ'lﬂﬁ Open Circuit

Winding ﬁ&gﬂ

stator winding 1 phase

D N ey s TR =i
U1 U2

Impedance

Analyzer

d .
gﬂﬂl 15 Shunt Admittance Measurement

[ a J d'o.l S/dy o o 1 a; s dy
i woaiiauaud uazyulafidalatis iy frudamal G uaz B mdvawaunsaai
Y=G+jB

G=Y cos (6),)
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B =Y sin (Gy)
R=1/G
Xc=1/B

Rav — Cav

gﬂ 2.16 WATaUYA Shunt Admittance

2.2.4 1NITANYAUDY Frequency Dependence Resistance

29956 UYAVBI Frequency Dependence Resistance w1 1aon13141ann13 Time Domain Modeling of
4 '
Frequency Dependence Three Phase Transmission line Impedance (6] mméfmmuﬁuﬁuﬁummﬂu
: 5 s 1 = 1 ad dy 1 I c?/j '
Time Domain Analysis %ﬂdﬂ?ﬂ??ﬂg@tﬁﬂil&ﬁ?ﬂﬁﬁ?ﬁﬂWSULﬁWlLUQ cable panilu WU (layer) Taauaay

layer HEAIMTIMUIEANYBINTADBYNSUANUA TN TUIATANUIK I

the”,
m ring
,, nd s

@ ring
SlEssa
1 En e
Rm Lm
Sy L{m-1)
—AAV -
.
L]
Ro> ' L
——AAAA L
Ry
ﬁhnl

‘g‘ﬂ‘ﬁ2.17 993 ANYAUBY Frequency Dependence Resistance
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INAINATDUAIWIT V-1 Method 157151191 Rdc ¥4 Stator winding 101NN HHYDL Chu-
a < Y ' Py
Sue Yen [10] erussg@itia cable oonilu 5 layer Tais19zidon198as1aauv0sANNALMIUN layer A1
[ ] P 3 ' y T} @

wonidlu 2 hvesanudun I layer dulu Tumsfurawesmanudiumuiiansoumouiuges
AN WAIUMUANUDGIVDITY cable NNIITUIVDIHAYDA skin effect

R5 X5
___/\/\/\/_mf\

R4 X4
L AAAN e

R3 X3

L AN A
R2 o
R1

=i \ s A o
gﬂ‘Vl2.18 The frequency dependent resistance UDINUDAD I UYIU

{:

R, = P\ D72 £8y-3
A
L,» ol /u(r/'—l * f/)
27T,

R. = 2L (1 =1,25085 28 672 Y@
total

r, : from measurement
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a9 Yo
aas N 1¥A1U4 23U 11 Frequency Dependent Resistance

fmua P, =1.672¥10" L, = 1 uaz91msia Winding r, = 0.04025 mm

910 V-I method R, = 4.688 {2

A :
fﬂdzﬁﬁf-ﬂf) =£§_:1il=i§_=2
R, __p_l_ (’iz_rzz) 4,

7z(r22—r32)
&zzz___(r;_r“z)—_—fl
R, o) 4
R, Gn) A
R, (r32—r42) 4,
B ).
R (dz—@% A,
1137}A,=a
A, =2a
AL 4y
A, =8a

A,=16a A% TR

total area of winding = A, + 4, + A;+ A, + A; =3la

e s Al
SR
total a 727[
R .&_160;/17‘;2

= e

B 16a e R 3 bl i

bl D

5

B %/(i ~123,45);0=1.672%10"

i
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2

= 72”‘5 2 =2 ,7'52=2r42—2r52

z(r, —r)

7zl —rl) il o
= =2 (r, —n)=2rn=2r

ﬂ.(r32__r42) (4 5) 3 4

=2 7(r32 "T‘42)=2r22—2r32

4 ozle )
p= il
A TBR) g -y =2 -2
o)
FrROM L =20n=")
' 27,
T :/u(rl—rz)
- 27w,
T :/l(rz_r3)
: 27,
I :/1(1‘3—r4)
4
27,
L :/[(V4 —FJ)

23

sls = lgél‘*rl ﬁndr5
2

3Ty = E_”s_ :fil’ld?’4
2
25022

P Sy
2
PR

- /3_%_"4_:ﬁnd,2
2
DRt

o BB g



2995euyaild01nn1sNARLY Motor 2 1393

3.1 NMINABBUNDT I IaNYalaeIT No Load Test, Block Rotor Test, V-1 Method

3.1.1 HANINAQDA 2 US9XN(Hp) TAY V-I method

f1 adaft 1 aeit 2 ﬂ'izq‘ﬁ 3 %ai asa
\Y% 10 14 18 23 28
I 2 3 4 5 6

R 5 467 45 4.6 4.67

A15199M3.1 HanN1INAa0a 1Ay V-1 method

R1=(R1+R2+R3+R4+R5)/5

Rl = (5+4.67+4.5+4.6+4.67)/5

=4.688 €

Zb = Vb/Ib<- (b = 70/3.8 <-61.2°= 18.42 <61.2°

Rb =18.42 Cos 61.2°=887Q)

Xb =18.42 S6m?° (B LA

R2 =Rb-RI

R2 =887-4.69=4.18 ()

J (X1+X2) = Xb

f - o
1NA13192.2 Empirical Distribution of leakage rcactance Y91 0IADT MY class A

X1=X2=0.5Xb=16.14/2=8.07 Q

3.1.2 Hansnaandlaeds NO LOAD TEST

CHI1 Volt/div = 10 V/Div. Time/DIV =2 ms, Probe X 10

CH2 Volt/div = 0.1 V/Div, Time/DIV =2 ms, Probe X 1

Vo

lo

do

220V

2.55A

86.4°

A1919713.2 #an1Inaaod 1auas NO LOAD TEST
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3.1.3 Wan13nAaed 1ae3s BLOCK ROTOR TEST

CH1 Volt/div= 10 V/Div, Time/DIV = 2 ms, Probe X 10

CH2 Volt/div= 0.1 V/Div, Time/DIV =2 ms, Probe X 10

Vb Ib db
70V 38A 61.2°
A1519713.3 HanN1sNAaee 1ae3s BLOCK ROTOR TEST
468800 18070 7807 Q)
__I\/W YRy YL
1348 Q) 786.44 Q) 4.18/s

= . A Y 9%
g‘ﬂ‘ﬂ?).l gﬂawiamga (Equivalent circuit) UBNUBIABD IV UHIIUN
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3.2 MINARDUNOH1IWITUANLH(Synthetic Circuit)

x 10°

151 -

impedance

0.5 -

e S BT AW Y
U 1 Il AU A7 . B o Syugef 1 b o W) 1l § 1 L R e | 1 e

10° 10° 10° 10° 10° 10°

frequency

[l l Y .
51/13.2 a3 series impedance yoaluuaadauemesmiisnifivuegiuaud

l“il
|
|
J

degree of impedance

100 A W o B M D L Lol 1 L1l 1 1ol e T s 2 1T &

10° 10 10° 10° 10 10
frequency

5133 wamsmumﬂﬁ 0(2) ¥4 series impedance JuyaIANBIABS MY

ﬂ%u@gﬂﬂﬂi?uﬂ
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qUHULYB9 L-C YUIHUBY Fosters circuits[9)] gminnlFlumsdunsizi equivalent circuit #il
mIneuaueIRNLAREIfulR T UvAaIaNemesilunidings  TasaseuAguiUAWE 100
Hz 4 10MHz 9n#amsnaaesdauanslugilil 3.2 1ag3.3 (Aa resonance 1 3A NAWA 89.125 kHz

9y
Fariufea519 L-C circuit 184 13993
1 9 a J 1Y I'd 9/ [ 9 9 ]
manudumuiignaeumlinsesdunsizd L-¢ Tdnnndimaaudmminldnndau

a 1Ta o a 4 o 9 @
ﬂiwaamanwuﬂumwmmmiTcmmwv ’N‘\]iﬁ\‘lmi"lgﬂﬂlﬂltﬁﬂﬂ ﬂﬁzﬂ

mH

e

51/13.4 299503A Synthetic Circuit if1UI 18
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3.3 waf 1d91nM3IAA1 admittance 4oz phase angle Tnenn3eq impedance analyzer

0.018 . : , T

0.016| d
q
£
E 0014 -
9]
8 ooz} : H
]
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s}
=i
; 0.01} : -
&
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w |
o 0.008 + (e
] /
T |
3 /
A 0006} i
— s ’,/\/
g
< /

0.004 | / _

% :
0.002 A .
.r///
0 L A e WA N L1 i
10° 10° 10° 10° 10° 10’

Frequencv (Hz)

{ v 1 d ~ o
zﬂﬁ&S HWAN1IIAAT shunt admittance VBIVADIANBDIADILHUYIUT
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3.4 wanlnoin Frequency Dependence Resistance

Amplitude of impedance (ohm)

(degree)

angle of impedance

30 T T T T

g S

28

26

24t

20

10 1 it sty | L R | " Faral i, SV n T SR | L e G L B

10 10° 10 10° 10°
Frequency (Hz)

9

= ' ¢ A o A& w =
21]‘1/]3.8 A1 Impedance luraarnumas MUy IUINIUNTANUD

20}

15

107 10° 10* 10° 10°

Frequency (Hz)

o gD o
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{q 9o
qa9 1128411 Frequency Dependent Resistance

fmua P, =1.672*10" 1L, =1 4a291nM53a Winding r, = 0.04025 mm

990 V-I method R = 4.688 {2

FROM Ri=———2€l—2—
ﬂ-(rl —ri+1)
s .
R, _ﬂ(",z—rzz) _(n —h) A
= = e
R, _T'OI—T =0 4
Zr )
&=2=__—(V32_”42)=.A_3
R, & =) 4
R
R, (r32_r42) 4,
nl“ﬁ/A1=a
As=12a
A,=4a
A4:8a=’ﬂ:r4z

Total area of winding = A, + 4, + 4; + 4, =15a

_ A _A\¥
de N 9
Atolal 15(1 727'12
/
.
oa
Riz 8 e
-L: = 42 :(—4-)'
Roiai5g T, £
/ 8
R = —j—(i — 12245 . p=1.672%10"

1

9InNguq [10] Aoega R, #20 0.9
18 RrR4=79110Q

R3=158220 Q2



R2=31.6440 2
R 1=63.2880 2
oy
r 15
A rk
Lot =2 =220
A 7zl =)
A, #(rl-r? :
e (3 4)=2 ’(r32_r42)___2r22_2r32

2 —”("22_"32)
5 gy
N, =L
_i:_Lzz__:*z.)_zz ’(r22_r32):2r12_2r22
Az a )

PN

18 r,=0.04025 mm INMTIA
r,=0.03889 mm
r,=0.0360. mm
1 , = 0298 %ymnd

FROM LB M=)
: 27,
- w(r, —rY)
- 27,
I ue=n)
27y
L i /’l(r:i = r4)
! 27,

MmN [10] Aga L, 428 0.9
o T dsemil
3=10.35mH

L
L 4=28.98 mH

32

31}

4 .

f = i : find ry
312 2

1, =4 —— find 1,
I —pt

1 =4 find 1,
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63.288 £ 28.98 mH
31.644 )

AN

10.35 mH

BN YN

15.822 €2 45Ty
b AN e i
7.911 Q2

AN~

3 1/713.10 2993 auya Frequency Dependence Resistance
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3.5 nf3ouraiildnnianazmssnalasngud
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A ' 9y o L4 - 5 3 A = @ A
5173.11 A3 YBIAT Impedance 129111905 § A1 (synthesis circuit) HBITEUNUAINIA
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11/915UNY frequency dependent resistance tadSoumeunNuAINIA
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x 10
2.5 T T T T

2t i
£
i)
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18]
N S B e e simulation ]
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£
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0.5} d
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1/ O\
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) L N A | Tk -
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Frequency (Hz)

~ 1 1 a Ay ¥ o d % : o
5107315 ns1vlve 121959999 Impedance? 19131099 TTUATIZH (synthesis circuit)

U

4
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(ohm)

----------- measurement i
i

------- simulation I

Amplitude of resistance

0 10° 10* 10° 10° 10

Frequency (Hz)

~ (e a g ¥ o 4 4 . .
51/#13.16 N3 YDA INITIVDN Impedance® 1491029957 4AT 12 W (synthesis circuit)

A a9 5 Y =} 1= @ | Ao
ifi9U5ud frequency dependent resistance HAWToUIRTUAUATNIA
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x1d
1.5 T T T T T T T '*‘
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g i
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1.5 L Pieraral ! L S i)
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Frequency (Hz)

4 1 1 a Pt [ I'd
3ﬂﬁ3.17 NI INVDIAEIUIUANTNUD Impedance‘if]llﬁiﬂﬂ’lx‘i%iﬁﬁtﬂﬂzﬁ(synthesis circuit)

——————————— measurcment , |

amplitude of reactance (ohm)

s e e R s simulation
\
| |
‘ |
e d
i
|
-1_52 ,_J_._LHJ_S__;.J_A—J—LA—-—L% Py ,A..Hus S ,,‘,6 s :
10 10 10 10 10 10

Frequency (Hz)

i‘lJ‘YIS 18 ﬂﬂﬂﬂlmmmuﬂummwmm Impedance‘ﬂ"lﬂ‘iﬂﬂ’N%ﬁ’dﬂmﬂ‘”‘ﬁ(synthcsxs circuit)

LiJE)"Ll‘ilJﬂ’JU frequency dependent resistance wauls U‘UL‘VIUUﬂ‘UﬂTV]’m



Jeesanyaitidoinmanaasues Motor 1 4338

4.1 miﬂﬂamnﬁm’mmi ﬁugﬂﬂfﬁl% No Load Test, Block Rotor Test, V-1 Method

4.1.1 HAA1SNAADY 1 15331(Hp) 1Y V-1 method

f asad 1 adeh 2 REE adait 4 AT
Y% 6.7 135 19.5 26.5 32.5
I 0.5 1.0 1.5 2 2.5
R 13.4 135 13 13.25 13

A151974.1 Wansnaaond lae V-I method

R1=(R1+R2+R3+R4+R5)/5

R1 = (13.4+13.5+13+13.25+13)/5

L2 C)

Zb = Vb /(1b< @b )= 85/ (3.1 <-39.6%) =27.419 <39.6°

Rb =27.419 Cos 39.6°=21.13

Xb =27.419 Sin 39.6° = 17.48 Q)

R2 =Rb-Rl

Ry =21.13-1A% 9 £

T (X1+X2) =Xb

911®13142.2 Empirical Distributio

X1 =X2=0.5Xb=17.482 =8.74 {2

412 HANINAADI1AUIT NO LOAD TEST

Il

CH1 Volt/div

CH2 Volt/div

Il

10 V/Div. Time/DIV =2 ms, Probe X 10

0.1 V/Div. Time/DIV =2 ms. Probe X 1

s o
n of leakage reactance UDIUDIADILVHYIUN class A

lo

do

220V

2.08 A

7992

A1919914.2 Wan1INAAa 1aeAs NO LOAD TEST
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Rc=Vo/(Io.*.Cos (1)0)

Xm= Vo/(Io.*.Sin (1)0)
Ro=220/(2.08*Cos79.2) =564.46 {2
Xm=220/(2.08 Sin79.2) = 107.67 {2

4.1.3 wan1sNAasd1ae3s BLOCK ROTOR TEST
CH1 Volt/div= 10 V/Div, Time/DIV =2 ms, Probe X 10

CH2 Volt/div= 0.1 V/Div, Time/DIV =2 ms, Probe X 1002

Vb Ib db

85V T1A 39.6°

A1519014.3 namsnaasdlasis BLOCK ROTOR TEST

132200 18.74Q) 18.74 ()
% R Yt

564.46 (2 7107.67 £ 7.9/5 €

4 s A °
51141 312993 0u3A (Equivalent circuit) YBINDIABIIHUYIN
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4.2 MINARBUNONIIIFUATILH(Synthetic Circuit)

x 10*

3

25

1.5

impedance

05

T 1l

\//
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11l

L g O s ] Ty 848 ¢ o
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44 "o =
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U
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80

40

20
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1l cop gl

-100
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Py [V i 5 o a °
‘g“‘ﬂ“ﬂ4.3 wams’mumﬂﬁ e(Z) Y94 serics impedance Tuvaalrauaa I tHUYIU

a4 o 4
ﬂﬂuﬂgﬂUﬂQWNO
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g’ﬂu‘l.l‘U‘UfN L-C YU1U 03 Foster’s circuits[9] Qnmm‘h’f'“lumsﬁ N[{ab 1°"H equivalent circuit ‘Vl
SnsaeuduesnNaITHAENRY IHfuuamauemesmiivnh fand1) Tﬂaﬂmmqnmummn
100 Hz &9 10MHz mnwanisnaaesdaiaaslugiil 4218343 1fia resonance 1 99 finawd 119.4
KHz §aviuS aa319 L-C circuit (i 12995

manudumuiignasuiunsesdunsied L-C I@nanaimanudumuldnndiu

a P a A ol 4 ¢ o v Y
%5wEJam’emwLmuwmmmﬂmmum 'N%iﬁ'ﬂlﬂﬁ']&‘?ﬂﬂuﬁﬂﬁ ﬂ\izﬂ

16.53 mH
e

29041 k Ohim

AAN—

| |
Y\

i . o SRS R Y
gﬂﬁ4.4 199301 YA Synthetic Circuit Agaula
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4.3 Nt\mﬁlmﬂm‘ﬁﬂﬁ admittance ita2 phase angle Tnen3e4 impedance analyzer
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—— 4B nF 4.29 M Ohrn

3U#4.7 2095e13y@ Shunt Admittance fifiuan 14
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4.4 wanldain Frequency Dependence Resistance

Amplitude of impedance (ohm)

Angle of impedance (degree)
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50+ i/ 2
40| 4
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= ! s A o AR o 4
51/#14.8 A1 Impedance TyuanIaueAes o niivuAuaLd

/“\\ J
35} \
30+ .
25} .
o |
{
|
| |
15| |
|
‘ 1
10k
\
5 \\ -
__L_L_AAJ,A.l___._-J;_I——A—JQLA_A_J_L‘.__,?I PRz g );JJJ;,_AA_.._X*‘?L,A_L“J._—.——A___.A___A_A_-JA-L—A—*A
107 10° 10* 10° 10° 10’
Frequency (Hz)

a ' J = o A.f @ =
EIIV]4.9 ﬂ’l?{ulwﬁﬂ]@\‘i Impedance GlumﬂajﬂuﬂkﬂﬂilﬁuU'Ju]Vl‘UuﬂUﬂ'nuﬂ
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aas ﬁ”l%ﬁmamm Frequency Dependent Resistance

fmua P, =1.672¥10" [, =1 4AZ9INN133A Winding r, =0.03 mm

970 V-1 method R = 13.22 €2

FROM R, 2'01 -
(% Ty
2 2
Rl ”(rlz —}"22) = (r2 r32) — A2 =
R, G ) 4
”(’"22*”32)
Ry r s
R, o 7)) 4
WAl=a
A,=2a
A3=4a=’ftr32

Total area of winding = A+ 4, + 4;="1a

Alulul 7; mﬂl—
a2 A
R3 = 4— =-—3
a i
Rdc __4_0__727‘_32_(7’_3)2
R a N

R = —'Z—l'(i —1.2.3,4,5); 0 = NGIRX 1 (¥

anngu (10] desgu R, 478 0.9
16 R3-208215%2
R2—41 643:C)

R 1=283.286C2
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n 4 g
— == Sh == TR : findr.
A 7 T e
A ;) i

s m e = ifindn

14 t1=0.03 mm 1AM
r2=0.02777 mm
r3=0.02268 mm

FROM LFM
27,
L= M1 —1y)
27,
e M, —13)
27y

ninngud [10] Aeegm L, 47009
18 L2-fif38mH

L 3=28.98 mH

20821502 28.98 mH
41.643€) 10.35 mH
__JV\/\/* YR Yay A\
83.286€2

LN

.

gﬂ‘ﬁéHO NITAUYA Frequency Dependence Resistance
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x 10
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1L el
----------- measurement /
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------- simulation /.
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11/91/5UAY frequency dependent resistance sdlSeumounuAINIg
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Jeasauyaiildainnanaaes Motor0.5u393

5.1.1 WamsNAaB4 0.5 Us5(Hp) 18 V-1 method

5.1 MInaaeuienNIsanyalaesds No Load Test, Block Rotor Test, V-I Method

f1 g1 ade 2 A%ait 3 REY A%aft s
\% 12 14 16 18 20
I 0.6 0.7 0.8 0.9 1.0
R 20 20 20 20 20

R1=(R1+R2+R3+R4+R5)/5
R1 = (20+20+20+20+20)/5
=2002
Zb = Vb/(Ib < (b )= 56/1.15 <-46.8° = 48.7<46.8°
Rb =48.7 Cos 46.8° =33.34 0D
Xb =487 Sin46.8° =355
R2 =Rb-Ry
R2 =33.34-20 = 13.34 (2
J (X1+X2) = Xb
910M15192.2 Empirical Distribution of leakage reactance ‘II?N‘JJE)LG\’E)gLWﬁEJ’JﬁW class A

X1 = X2 = 0.5Xb =35.5/2=17.75 €2

5 1.2 HaN1INAaed1auIs NO LOAD TEST
CHI1 Volt/div = 10 V/Div, Time/DIV = 2 ms. Probe X 10

CH2 Volt/div= 0.1 V/Div, Time/DIV = 2 ms, Probe X 1

220V 0s15°A

Vo J\ lo (1)0

A151915.2 Han1Inaaodlauls NO LOAD TEST
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Rc=Vo/(Io.*.Cos (l)o)

Xm= Vo/(To.*.Sin ¢o)

Rc=220/ (0.75*Co0s82.8) =2340.43 Q

Xm= 220/(0.75*Sin82.8) = 295.66 £

5.1.3 wan15naavdlagds BLOCK ROTOR TEST

CH1 Volt/div= 10 V/Div, Time/DIV =2 ms, Probe X 10

CH2 Volt/div= 0.1 V/Div, Time/DIV =2 ms, Probe X 10

Vb Ib db
70V 1.15A 46.8°
A151975.3 wamsnaasdlas3s BLOCK ROTOR TEST
20 Q) 1525 Q) 317.75 Q2
__J'\u/‘\’)\,f YRy U W LB AR
2340.43 ( 7295.66 £ 13.34/s€2

< : - Chabes
51 5.1 31903 eruya (Equivalent circuit) VOIUDIADSITUUIN
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5.2 MINARBINDHIDTTUATIZH(Synthetic Circuit)
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5.4 panldain Frequency Dependence Resistance
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