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Example 1-1 (a) Determine the voltage that must be applied to the magnetizing coil in Figure 1-6 (a)

in order to produce a flux density of 0.2 T in the air gap. Flux fringing, ~which always occurs along the
sides of an air gap, as show in Figure 1-6 (b), will be assumed negligible. Assume the magnetization

curve for the core material (which is homogeneous) is that given in Figure 1-5. The coil has 80 turns and

2
a resistance of 2.05 Q0 The cross section of the core material is 0.04 m
(b) Using Egs. 1.6 and 1.8  Determine the relative permeability of each of the three legs of the core
and compare the calculated values with the corresponding values obtains from the permeability curve in

Figure 1-5
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A PR ] Y ] 3 A

g‘]J‘VI 1-5 %”lﬂmmmwumuummmmmuumaﬂ fo

Bige ~ 145T

v
v @ o ] < 1
ﬂ\‘lu‘L!i]TL!’JL!Lﬁuuﬂlmmﬁﬂiuﬁ’)uﬂlﬁ]ﬁ bede ﬁﬂ

q)b = B.A =145 x 0.04 = 0.058 Wb
cde

Y "4 o !
LlﬁgF\Iafl")llsll'ﬂillﬁulli\i!Lllﬂ’iaﬂ'ﬂﬂﬂilﬂﬁi]’]ﬂjﬂEJGU@EI'J@ ﬁ'ﬂ

() =0 + O = 0.008 + 0.058 = 0.066 Wb
efab gap bede

uag By = q)efab/A = 0.066/0.04 =165T

Y T g Ay Y Y ' Y =
ﬂ’J"IiJHJ?JGUE’NﬁouLLllmaﬂﬂ@ﬂﬂﬂ"li{l‘lfﬁiNﬂ71”Ill‘lriu1LL°L!‘LHJ’ENLET‘L!LL§QLL3JMﬂﬂ 1.65T 11!51]1

¥ - v o a
Fregveaunurani laninnim magnetization curve §,‘]J‘VI 1-5

FIl F) ] I
ilzllﬂﬂ'lﬂ’)'liJ!fU‘JJ"llE]\iﬁu'liJm\ll,Wﬁﬂ
v A
= 37 oersteds HUAD

H = 37 x 79.577 = 2944.35 A-t/m
efab

v o A = ' ' A
ﬂ\‘]“ﬂ!li\uﬂaauuulﬁaﬂﬂﬁﬂﬂﬁ@uﬁluﬁju efab 19

Py = Hopy ! = 294435 x (1+0.8+08) = 765531 A-t

4 ] < ag;’ {1
LAZHATINVDILTUAADULLILHANNIHUAN 18 1AY magnetizing coil 1D

Fp = Fpe t Py = 765531+ 833 = 848831 At

WWhﬂigLLﬁhl‘V\l‘ﬁﬁﬂﬂﬁiJﬂ'li

Fr = NI = I =Fr, /N = 848831/80 = 106.1 A
1 = Yo .. . Y a
#1171 Voltage Nneliny magnetizing coil Iﬂﬁlcl“]fﬂ;]ﬂlﬂ\‘l Ohm’s law A1®

E=1IR =1061x2.05 = 2175V

Ans
$ 1 :;I 1 <
(b) Gl‘lafl’dllﬂﬁﬁ 1.6 and 1.8 ¥1A1 relative permeability NIFTIUVIVBDILNUYIAN INTUNIT

TR TVITIE B/H)/(47x10) = B/[(41x10 ).H]

-7
By = 165/ [(@mx10 )x 2944] = 446
-7
Heenier = 02/ [(47mx10 )x 37.4] 4256
-7
igne = 145/ [(47x10 )x 277671 = 4156.1
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o PR 9 v 3 I dy = @ 1 . my 1 o
’1]3'ﬁ\uﬂﬁ]]’lﬂ'ﬂLLN'J']LL‘V]Qlﬁaﬂﬂglﬂulu@mﬂﬁﬂu@]a@ﬂ AN permeability %z‘lu"lmmﬂumaaﬂ

1 1 I A 9 A o ] I 1 9 9 A o 1 = e °
NOAIUVDIUNILHAN TagNvigneisruaianuInnIzn lnaynoua uaveiim permeability 11

1711 UBGNIN
1 dy I = = 1 . e 1 3 A 9y
msnae Il szilumsnlSouiien relative permeability Vot 1vemiananinildain

. . A v 1 dyy o
A3l magnetization curve gﬂ‘ﬂ 1-5 Ao ldaninmsdiuim

Core H (A-t/m) B (T) ur (calc) ur (curve)
Left leg 2944 1.65 446 450
Center leg 37.4 0.20 4256 4000
Right leg 277.67 1.45 4156 4100

Example 1-2 4222981191 300 501 IA1WAIUMU 4.8 Q ADBYAUNUANGIVYUIA 48V WU
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I 1 A v W S A A Y o 2 =
LLﬂu&Waﬂﬂ’N%’u@ﬂigﬂﬂﬂﬂu@ﬂllﬁﬂﬂiugﬂﬂ'lw (a) UNUAANUNUNKUIAA 1224 cm LASUAIINYD

{ LY 1 3 [
Taanaomnu 4 m A relative permeability Y9UNUHANNAT

-7
LL, = 20000 KL, = 37150 W, = 4tx10 Wb/At.m

“’rl

L
T

“’ 2
(a) (b)

[l <}
WH (a) Lﬁluuﬁmumaﬂ (core flux)
< o [~ ] 1 ' <}
(b) swnwwrangnildueneenaniuiuszezie 1 mm awsd (b) Tagluliduusamiman
o 1 < ] ~ 9 ] 3 A
37 LAZA1 reluctance ﬂl@ﬁllﬂu!ﬂaﬂhllltﬂﬁﬂuuﬂﬁﬁ WHRUFTULTILULHAN (new core flux) UALLTIAADU

] < 1
HUKANAION air gap
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Solution (a) /@UNTUNIKAN (core flux)
-7
nngums WU = WK, = 2000(@nx10 ) = 0.025 Wb/A-tm

uag R, = L/ WA =(4/2)/[0025)1224x 10 )]

= 653.595 A-t/Wb
nAEuAT o= W, = 37150 (4mx 107) = 0.047 Wh/A-tm
1oy R, = £/ WA =(4/2)/[(0.047)(1224 x 10]

= 347.657 A-t/Wb

19109 ohm’s law miAnszua Il
I =E/R =48/48 =10A

ngums @ = ND/r = (ND/ (& +r,)

(300 x 10) / (653.595 + 347.657)

2.996 Wb Ans

< o [V ] 1
(b) swnwmangnilduenoenainiuiuszezyiie 1 mm awgd (b) Taelufiiduuss
] 3 o 1 < oA ] <
UNIMANS 1Az reluctance YoNUMan linlasumlas s uduns wtiman (new core flux) 1az

4 ] < ]
UIUAAOULILANATBY air gap

nnauns ry, = L/ppA =(1x 10 x2 /[@dnx107) (1224 x 10™]

13002.855 A-t/Wb

Y Dy = ND/Gy+ry+ry,)

(300 x 10) / (653.595 + 347.657 + 13002.855)

= 0.214 Wb Ans
NNTUNT  F =0 .r = (0.214) (13002.855)
gap new * gap
= 2782.61 A-t Ans
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1-6. ANUAMEANIIZH192995 11T D29951EN (Analogies between Electric and
Magnetic circuit)

v W ' 4 ] [ ] < ] <3
ﬂDmfmWU‘ﬁ”ﬁxﬁ%NLLNLﬂﬁfJMLLMﬁﬁﬂ L??f}uu,imumaﬂ L!,azmmsgﬁummmmaﬂ Glu’Nﬂﬁ
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Hyrvan %5Lﬁﬁ@uﬂﬂﬂ?’]uﬁmwu'ﬁﬁgﬂ'J']\ulﬁ\uﬂﬁﬂull%hﬂ'] ﬂi$LLﬁ1Wﬂ1 llagﬂfﬂllﬁgl}'luvnuﬁlu

1995 17 Ao

d® = r/r = 1 = E/R
1 < ] [
® = Fuusaniman wlanyauzadienany I = nizua i
4 [ <3 A o [ 4
F= USUAADULNINAN (mmf) elanyazAdenany E = usundeu 1 (emh

AaNnudumuluagas i

9 1 < A o Y 2 o
R= ﬂmumumuiu’mmumaﬂ THANYUSAAYAAINTY R

T 1 reluctance ABOHNIN

ﬂ'mw,a reluctance U9 reluctance ﬁwmu n (99]}3 asi@mgﬂsmﬁ”u ‘Viﬂﬁjﬂmﬁ‘nﬂﬁ

R, = R, *+ Ry + Ry TR, T ..ol +r —*10

7T m reluctance ADUVUIYU

ﬂ'mw,a reluctance VY94 reluctance U n ﬁ’J @iamumﬁu ﬁWqﬁjﬁHﬂm\lmi

l/Rpar = l/R1 + l/R2 + l/R3 + l/R4 ....... + 1/Rn

130 Roar = 1/ Uy + Uiy + Uy + Uy oot 1) 11

T A reluctance ARRUNIN-VYUIY
[ A [ A ~ Y
ATNYa reluctance U9 reluctance NABUNTN-VUIUNY mummm“lugﬂm 1-7 (a) 61511'

{ I ] < : I {
uMUAI8 lumped reluctances Noglusesuimanauya wazlugii 1-7 ) Tagld3T AN

1 quJ ' S A v IA
'J\ﬁ]'ihlfi/‘h?h f11 reluctance MNUUAVDINITUNINANNADD YN TULUASVUIUNUNAD

R

T =Rt (R2 ) R3)/(R2+R3) 112
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Example 1-3.  Assume that flux @, inFigure 1-7 (a) is 0.25 Wb. and that the magnetic circuit

paremeters for this condition are

r; =10,500 A-t/'Wb R, = 40,000 A-t/Wb

The magnetizing coil is wound with 140 turns of copper wire. Determine

(a) the current in coil

(c) the flux in R,

(b) the magnetic-potential difference across r

3

Tr

Ry = 30,000 A-t/Wb

Fi

Py

®

X2

R

—— — ———

(b)

(a)

R

T
|
|
SSIEREER A |

| P

A 1 <3 @ 1 1 <3
71N 1-7 29930HaNV0IAIPE1 13 (2) JUNMEAN (b) N1ITWMANTUYA

Solution_ (a) 3Mn31/# 1-7 (b) 2evsiimanauya '8
Roar = (R R5) / (R R3) = (40,000 x 30,000) / (40,000 + 30,000)

Rp = Ry TR = 10,500+ 17,142.8571 = 27,642.8571 A-UWb

ANTUNIT

®, = Nl/rny = 1= (@ r)/N
I

(0.25 x 27,642.8571) / 140 = 4936 A

= 17,142.8571 A-t/Wb
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1 1 v J 4 ] < 1
(b) ﬁWﬂTﬂ’NllﬁNﬁﬂﬁllli\i!ﬂﬁﬂulmmﬁﬂﬁﬂﬂiﬂll Ry
' A g ' Y
ALIUATD LU ANANATON Ry 1’i1]1ﬂiﬂﬂ’(?f3Jﬂ1§

F = q).R

| T = 0.25x 10,500 = 2625 A-t

1

1 A 1 I Y
ANLTUATADULUUIHTANUDINIT (RT) ‘Vi"lllﬂ’ﬂ']ﬂﬁllﬂ'ﬁ

Fp = NI = 140x49.36 = 6910.40 A-t

(% QaJJ 1 1 [ 4 1 1< 1
ﬂ\‘]uuﬂWﬂ’J"ﬁJﬂNﬁﬂglﬁﬂLﬂaﬂullmﬁﬁﬂﬂﬂﬂﬁﬂﬂ Ry ﬁﬁl

—F, = 091040 — 2625 = 4285.40 A-t Ans

1 ] I
(c) WWﬂWLﬁngULLﬁQLLﬂJLWﬁﬂGlH Ry INTUNIT

q) =F /R

) — = 4285.40/40,000 = 0.1071 Wb Ans

' ] < ]
w?ammlﬁ}umummaﬂiu Ry ANNHNITHUINTSLLE (current divider rule)

D, = D x[ry/ (&y+r)] = 0.25x[30,000 /(40,000 +30,000)]

®, = 0.1071 Wb Ans
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1-7 Magnetic Hysteresis and Hysteresis Loss

dusundeumimanves ihnszuaadugalddn I luaswiman amwivaadluzli 1-8 () A
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517 1-8 (b) 151501 hysteresis LazHavVoUFU IANAAINATINIS 8131 hysteresis loop
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Flux density (B, T)

o

R ——

z

\van v, o Fiel?j intensity (H, A-t/m)

AC Source

(a) (b)

A 1 S A A [ <3 o . .
:Jj‘]J‘Vl 1-8 (a) WITLINANNYUTUAAD UL ANTAY; (b) representative hysteresis loop
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1 I Y
AULNANT A9 NANTENUVD hysteresis (hysteresis effect)
9 9 ] 3 A Y A d? a o 1 <
anszua liihuazanuduvesauumimaninerdosgmimudulufiameay  Srunauimian
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ANANNYA b azanawuadinuiluInegaunsenitega ¢ suilunamanumuuduveaduns
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Vg 9 v & ¢ ' s . R Y, Y
wimanansegilugud Fondn usalaneidvl (coercive force) FMUAIIAU Oc DULNY H
H 1 1 ] .
mmzﬁmmﬁ"lﬂﬂmg“lu cycle 9l N7 plot ns M Beo H ﬂi]xllﬂ@nllﬁm c-d-e-a-b-c YU hysteresis loop
] <3 Y 1 <3 1 1 <
Hysteresis Y0UH1ANITINANTENUADSATINTADL AUDIVD AT UL LN ANAD AUIMLNIKAN
4 { [ [ Q wvado d < o 1
Tuseunaduma Il wu wileuad Wil Fedesmsquanianduiuvesnnuswazdadiunms
9 1 < 1 = A 1 I Y = ] <
aovauevaudULT Bnianaemslasuulasvessundeuutman i dremsliawsdman
1% 09.:’ IS aa { 1 4 @ 4
vaundotos auiundoulasihisdedldmanganounliqguamgs daunsesinsnaluihou 9
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i inseanuta lWiheia selfexcited dosmsunavanias By naimanande iehag
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#3149 voltage @@ (buildup voltage) @7 stepper motor 1ag DC motor A8 1FLIMANINITNIE
o Yo ] S A n vy (% 3 A ' I A I ¥ 1 3 Ay
mldsunauimaniisgaazased lauu daiumsidonunavanie 14 ldmsuimanidons
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Juognuini lFnutueiestnsnaldihiszonla
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T msgayasludamasaFavoausimian (Magnetic Hysteresis Loss)

Yy (Y v Y o 1 < A ~ 1 A 1 <3
oot lihnszuaaduaoniuuaatauimanauiuaaslugli 1-8 () Awsuadoumimian
o o Y 1 1 < <3 ~ o ] <3 A ~ o Y
nszuaaauIzih Iinguumianian  Feeda ldawuunuwiman mawaeunves luanaszi 1A
a 9 3 Aa [ a 9 A o w A oI A .
annuseu TaamaniuaNuuIRINIZINAANNIOUIN  MIgaTenIaIgamesade (Hysteresis

o Y a A o o 1 < £ A 1 =
Loss) ﬂ']ﬁuﬂulﬂi]"Iﬂsb"l!ﬂ"'llf’)\iﬁ'ﬁﬂu'lll"lvl'lllﬂﬁlﬁﬁﬂ C]f\‘l’l]&ﬂﬁflilﬂflﬂ@ﬂﬂﬂ?']ﬂﬂ (frequency) HaY
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v A

1 ] 1 < o w % o
ﬂ1q\1?ﬁ]ﬂ]i’)Qﬂ’J111‘Vi‘LlTLL‘L!u!&luui\mmwaﬂﬂﬂﬂTﬁ\in C’fﬁmmiaumn%uaums”lﬁ’mu

n
Ph = th B max 1.13
A
o
P = hysteresis Loss ﬁﬂﬁ?t‘l!‘ﬂu Watt (W)
Kh = constant
f = frequency of flux wave ﬁwmmﬂu Hz
B = maximum value of flux density wave ﬁ’ﬁﬂi)&l!“ﬂu T

max
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1 1 Y] I 1 < ] ] { 9
ﬂ'lﬂ\iﬁ Kh "U"Ll’f]ﬂﬂﬂﬂ?1ﬂlﬂullmtﬂﬁﬂﬂ]ﬂﬂﬁ1i ﬂ'ﬂll?iu'llluuﬂl@x‘lﬁ?il!ﬁgﬂujﬂﬁ(l%
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Example 1-4. The hysteresis loss in a certain electrical apparatus operating at its rated voltage and rated
frequency of 240 V and 25 Hz is 846 W.  Determine the hysteresis loss if the apparatus is connected to a

60 Hz source whose voltage is such as to cause the flux density to be 62 percent of its rated value.

Assume the Steinmetz exponent is 1.4

n
Solution ~ AWMI P, = K, B wld
max
/ SR !
(Ph)l (Ph)Z - (th B max)l (th B max)2
n / n
Ph2 - Phl X (th B max)2 (th B max)l
/ / !
- Phl X (f2 fl) X (BmaXZ Bmaxl)

1.4
= 846 x (60/25) x (0.62/1.0)

= 1.04 kW

>
2
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1-8 MINITMUBIAHINUINHANIINDY (Motor Action)
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1-9 Elementary two-pole motor
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1-10 usanaulilvhimaoinmamieninveauiman 1 (Generator Action)
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e = N (do/dt) 1.4
A
¥V3}
€ = induced voltage (electromotive force : emf) (V)
N = number of series-connected turns (t)

d®/ dt = rate of change of flux through window (Wb/s)
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€ = induced voltage (V)

B = flux density of field (T)

U = effective length of conductor (m)

v = velocity of conductor (m/s)
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Example 1-5. Determine the length of conductor required to generate 2.5 V- when passing through

and normal to a magnetic field of 1.2 T at a speed of 8.0 m/s

Solution NNENMT e = Blv = (= e/Bv)

{ = 25/(1.2x8.0)

= 0.26m Ans
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1-11 Elementary Two-pole Generator
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E = 2MfNO® 1.26
max max
A
W = 27f
1 Y
A layan
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E = QnfN®_)/\2
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E = 444 fN O 1.28
rms max
A
110
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Example 1-6. An elementary four-pole generator with a six-turn rotor coil generates the following

voltage wave :
€ = 24.2 sin (36.1)

Determine the pole flux.

Solution MM O=2nf = f=w/2n = 36/(2x3.14) = 573 Hz

RIANMS E_ = 2mfND = [0)) = E__/27mfN
max max max max
®  =242/(2x3.14x5.73x 6)
max
= 0.112 Wb Ans
HIOVINAUNMT E_ = 444N D = ®@® = E_ /444fN
rms max max rms
® = (E_ _/\2)/444fN
max max
= (242/2) / (4.44 x5.73% 6)
- 0.112 Wb Ans
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1-12 Eddy current and Eddy-current Losses
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P = Lk f.B 1.31

€ (5] max

P_ = eddy current loss (W)

k, = AN

f = ANYDVed flux wave  (Hz)

1 [l I
B .= mmviuummﬁuuﬂumwaﬂqqqﬂ (T)

1 ~ d? 5% A ' <3 9 '
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Example 1-7. The eddy-current loss in a certain electrical apparatus operating at its rated voltage and
rated frequency of 240 V and 25 Hz is 642 W

Determine the eddy-current loss if the apparatus is connected to a 60 Hz source whose voltage

is such as to cause the flux density to be 62 percent of its rated value.

4 2 2
Solution PFUNITN 1.31 P = k f.B
(S [ max
2 2 2 2
P /P, = [k.f.B 1/ [k.f.B 1
2 2
PeZ - Pel X [f2 /f1:| X [Bmax,Z Bmax,I:|

642 x [60 /25]2 x [0.62/ 1.0]2

1.42 kW Ans
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Elec.deg = spacedeg x(P/2) - 133




e

Example 1-8. A special-purpose 80 pole, 100 kVA generator is operating at 20 r/s. Determine:

(a) the number of cycle per revolution.

(b) the number of electrical degrees per revolution.

(c) the frequency in Hz.

9 9 9 9 9 9

Solution (2) §1UIUIBV 1 cycle AD MINYUATUTITIUIY 2 97 (U7 N 4azad S) AWIUT I
:ll Yo A

80 17 92 183119 cycle Av

NUMcycle = P/2 = 80/2 = 40cycle Ans
(b) $rwauesen lwvhaesoumsvyu wmldnnaums
Elec.deg = spacedeg x(P/2)
= 360x(80/2) = 14,400 Ans

(©) AN ‘Vi”Ih],@Q]IﬂTﬂﬁllﬂﬁ

f = (Pn)/2

= (80x20)/2 = 800Hz
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SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

F o= NI (A-t) H=¢/l=NI/{ (A-t/m)
B = ®/A (Wbm ¥30T) ® =r/r = (ND/r (Wb)
L =B/H  (Wb/A-tm) Ho= p/pg (laitiviing)
R = L/WA  (A-/Wb) R=0/p oA (A-t/Wb)
R = Ry T Ry + Ry TRy + R (A-t/Wb)
Uk = Uy + Ury + Urg + 1y + 1k (A-t/Wb)
M50 ko= 1/ (U + Ly + kg + Uyt Uy (A-/Wb)
Rp= Ry T (Ry . Ry) / (Ry*Ry) (A-t/Wb)

n 2 2
P =K fB (W) P =k, f.B (W)
¢ = N (do/dt) (V) e =B/lv (V)
e =NO (Dmax cos (mt) V) (I) = (I)max sin(mt) (Wb)
E = 21fN®__ V) E_ =444fNO®__ (V)

f = (Pn)/2 (Hz) Elec. deg = space deg x (P/2)

(GN)



UNN 2

vidauaslvih (Transformer)

2-1 UNiN
= H A o \
Transformer (Mouas i) WuglnsainlFlumsimuwioanszduusuniou Wil (voltage)
15U Glmzuummfﬂﬂﬁnmqq (Transmission Line) 921%  Transformer lumsmuszay
4 I
usaunaou ilihldgann 9 vinszun 12/24 kv w3 11/33 kv 1hiluszun 69 kv w3e 115 kv wie
230 kV dwmsuaasaa Iihdmunena ludsaaunvelnawn o iellsendavinavesaneds
n3olumseadns Wi AC. motor 214 Auto transformer lumsanausunaeulWfhvae start
o
YoINDS
d' 9 a‘ = [ d' ~ 1 . d!
e Transformer N lumsmunsoanszavusunasy Ini 581 “Potential Transformer” #992
1 I A
wseendlu 2uuy Ae
O Step-up Transformer no wyoudas Wi dledwmsumuseduusanaon v 1 iy
o 4 ~ I
seauusendoui Iihan 220 v illu 380 v (220v /380 V)
O Step-down Transformer fo ndoutladlihnl¥dmsvanszavunsunaon i iy an
(% d’ d’ A
seauusanaoud IWihen 380 v aunde 220V (380V /220 V)
o [ 1 [ 4 4 o 4
®  Current transformer o Wdoutasnszua’liilh dwsvuldsiuiuglnsainiociauazginsal

floanu (circuit breaker) Fen%0 “CT”

2-2 Tassadsveansanaslviih

Y
< o
Taseadenugiuvesndoutlasliihnzlseneualounuman (core),  vaaranaa1usy 1
. 14 ' . . . A 9 o
(input power) uazﬂmmﬂmqmumﬂ”lw (Distribution) ¥15® output power Iﬂﬁlﬂlﬂa?ﬂﬂNmu‘iUUlW
I lo o w o ~ 1 a . . . .
Wuvaaransusiasvlihnnunasiiell i15en91 “vaanilgund” (Primary winding) %30 High
. U [ ) o w o 1
voltage coil tazyaaIan1A U lhiduvaalainienidean i 140y load Foni1 “vaaan
agﬁ” (Secondary winding) %30 Low voltage coil muﬁuﬁﬂﬂugﬂﬁ 2-1
{ < { o § o
13U 2-1 () Dundontas i wuy core type vnaIaNNUNIAI Primary FauTudu
. 9 d‘ddy A Y o < "o Y o v Y
High voltage 92 15vaaitandiiuinidavina@dn uaRua1850 U5 11IUNIN aIUN9AIY secondary
& @ v D] dad 4 9 oo 1 1o v
Fuludu Low voltage 3¢ 1Fuaadandiiunnihdavunalua uadmausentios

o v &% Y v 9 d’d ]
@113 Transformer LU core type uﬂicvﬂuwmuﬂammmﬂ“lmg



Low voltage
coil
O ’
G.———'/;
411 °
High £
voltage :_,__./7 _..d’
coil = L ¢
"'""'"/? |e—C
a—1 b
|1
o

(a)

— Low voltage

o—q 4
High 41
vo]u_tgc I __,;
coil b
1—..—11-’;
o
Qs I S
Gt b
[ -l
[ —

(b)

3 1/ 2-1 Transformer construction (a) core type; (b) shell type

coil

9110317 2-1 (b) ndoulas Wi uuy shell type TasuaaIan1a@ 1L Primary 1182 secondary 92

[ o P <3 1 3 A A o Y A g
Wujﬁllﬂl!ll'JTlLLﬂuﬂa"NsUi’NLLﬂulwaﬂﬁﬂuuﬂu!,ﬁaﬂ‘ﬂlﬂaﬂ ¥ MY Low reluctance flux

Y] o [ <3
path  Yoavesmswunsondaslwihuuy shell type Ao azaamss Inaveauduusausiman (flux

leakage)

o auilszneuvesnsanlaslnih

Y 4 o < S . . .-
O unwnan (core) aﬁ@]ﬁﬁl%"ﬂmﬂumaﬂﬂmﬂmmu nonaging, cold-rolled, high - permeability

{ 1 < 1 < ) < T
silicon steel laminations ﬁﬁ'mmu!,Lazﬁmﬂmﬂuumwaﬂqq UAZATUUBDUNUIUANUNUUINN €] U1

8adoUNU (lamination) HAINIMIAUAUIURIGNITOIVNUY HIOAADUAIY oxide LNDAANTZIA

A a d? <3
Tnaruinavuluunuman (Eddy current)

Eddy voltages

——li

i —
o—
d
To AC sopiy
G

(a)

o S—

[4

To AC supply Ve
O~

(b)




]
~

3 17 2-2 (a) Eddy current in solid iron core; (b) laminated core

o

v Y
v o . ) 1 <3 < A '
0 ¥aa3nea1i (coil) vaadadnihiiuoguuunuranziualanewamIeogiition 1zvuey

ﬁumia@mmmmzmsﬁﬂﬂ%’qm

o msszeanuieuluntionaslvih
I A o o ) o !
m3srvrennuiowiudsiundudmsundoutad i Tasnmendondasiinfivuia
|3 1 ::2’ ag 9 a9 @ thi?' 1KY 9
Tngaaua 1000 kva Iull  FEmsszueanudeuiidrenunatsitiuediuvuiaveanidionlas
Tihidivma kva wndesla vaziivinausundou liihgamla
9 A a d? 9 a = < .
anwfouninadulunioudaslufunesn Eddy current, msgapdolunnuman (Hysteresis
= o 09.1’ =K o Y = Y A
Loss) uazmaqmmaiuwaamnamm (copper loss) AIUUTITUTUADIUMITLUIBANNTOULND
Hosrulildguugivesndeuadlwihgunniuldaunaduasieaonuiuvesaain  35ms

Y A v dy
wmamwmaumma‘lﬂu

O Ventilated Dry-type Transformer
{ I~ I

niautlad IWifiszunennudeunu Ventilated Dry-type 3 1omeniudlszuneanuiou

9 YY) I [ Y 9 9 ad dy o [
Tagldormason q drdweuiudiszuieanuion  mMIszuiennudeualed sz dmsy

; < ; ; . o
nieudas Iihnfvinadndseuna 2-3 kvA waziusandeulid Gow voltage) sy

a Y a 3 4 [~ o [ { a

niauasfhriatiazdamalulsausow Isanennaua  aludludsuasedeauininaanms

1 Tl

O Gas-filled Dry-type Transformer

{ < @
nieutlad Ivihiszueanuiounuy  Gas-filled Dry-type 92 1% gas iuddszuneanuiou

4] J [ 4
Tag9zU337 gas UszianmaluTasiou nieyes 1smsuen (fluorocarbon :C, F)  nipdaimasian

' N0 i 2 o P o
4103 139 (sulfurhexafloride : SF,) matludiszineanudou  wleulassiatvzilunuuniinny
Y Y
Y = o [ [ = =) ya
nagn Jummnzdmivaadenelueiminienieueneimsvioldan
O Liquid immersed Transformer
. e o S

nfeutlag IWfiszuiennudeniu Liquid immersed 92 1¥voauvadrdsznniiniu (oil) W
] [ 1 [ g‘ % o o I v o 3’ Y
dszmeanudou Taglddmdoudasguasliluduiniy ud ldunTewaauiudii I
a a Y} A 1 a 3w ] 9 a
maan lvanyuiou nagliemanegusnuseuuenidudiszuieanuiou vioutasIvliwiia

4
=

o ] { A
tazilundoudasvualnajszinn Power Transformer awdinaaalugali 2-3
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3 U9 2-4 Transformer with battery in primary circuit to aid in the explanation of transformer action
H y 4 a\ a 4 o
1l 2-4 naasiuguvesndoudadliih  leslaaing sw ez ldvaalaniean
Primary A5U993  tazvaadnvzdeinduumassuia liih e (v ) Seihldifanszua 1, Trvaly

A ' A o 1 <} =2 o Y a 1 <3 d?
WIT WanIsud Il llﬁaW]umﬂa’)@(ﬂwu@gs’ﬂcﬂllﬂulﬁaﬂ ﬂ\iﬂflﬂlﬂﬂﬁuquluﬂﬁaﬂ (D) v

i1 1 [ 9
INNQUBY Faraday’s law  “t5uAd0UM e (induced voltage : emf) MAaduluaens lih
2 1w o o d' g
WwAUBYNUTIUIUTOVVBIUARIA (N) tazdasima)asuulasvesauuuiniandonal (dg/dy)”

b1l
9 v J
v o =2 o

faiusanaewmienhinatudivacla  luvaaianedu Primary  fo

e, = N, (d¢/do

1

A o o o o 1 <3 o Y a A ~ ) dg’
NNNYVUBN Lenz’s law “tUDAIUINANUFAUINLNLYAD fﬂgﬂ'lalﬁlﬂﬂlli\uﬂa@uulV‘Iﬂ']LWUfJ'Ju']EUu

o

(induced voltage : emf) taziiioaodiilasuiesezinszualiihlvaludni Fenamiamslua

'
= o

voanszuaazas s undou I umiienimnd i (counter emf: cemf) fuusanaou lduaunm
Y o a dgl
1A unavu”

! 4 ] <] o o
9110319 2-4 oAU ININIMANNIIAIY Primary 11 Link HUUAIANNAIY Secondary 9291114

4 ]
v o A

a A = o & = o Aa & & Y
NALIIUAADUUHUYIUIVY mummmaoumummmﬂmummmﬂm Tuvaaianienu

=
secondary 19

e, = N,(d¢/do

2

Lﬁﬂ : N. = turns in coil 1

z
Il

, = turns in coil 2

kY 2K A 1 [l <3 9 A 9 d? Y A 1 o
a1 d DA steady state ADATTUINUHULVANNINATUY secondary NEITNUUNIATUNAUNIND

mutual

1 <3 { g o [ qﬂ// ' .
AUIIMAN a3 199 U11INUARIA primary 321 dd/dt =0 A9TUAT induced voltage : emf

N secondary =0 LazAINTZUA 1, =0 AIY



2-4 Transformer with sinusoidal voltage

R — R —
. ‘, ¢:‘mulual \,‘
\ﬁc | : : i
. L T o
+|| 1 |
= Vu R, < } € € ﬂj/) Ry Rigad
T \\T\:) a i
N Ny| | \
Coil 1 \ ) Coil 2
N e -

19 2-5 Transformer with sinusoidal source and no load on secondary

Qo

g1 2-5 WerhwaaIAn19A I primary Aeddunraasuiia TWihnszueadu (v dsiudh

WUNEIT0IRD ANND (frequency) S MSUHANMININHILINUBUNY Transformer action NABIIAY

unasdutia llfhnszuansa (v, ) awinauudluiade 23 A1 voltage induced Tuvaadn

. d‘ a [ 1 A
primary LOsUANIA secondary mﬂﬂmﬂUMﬁmizuﬁﬁammﬁmﬁlugﬂmmm rms values (Erms) o

3]
Il

444N O 2.1
p max

uae E

444N fO 22
S max

1 ] g o o ] <3 [ ua/‘ . @ 09/'
s lufiennuuimansesi Ifaunuuiivan @, Auua primary Uag secondary AIHY

ATIAIUVDIITUAAD UM ENINILNINY DATIAIUIUIUTBUUDIVAAIN 1HUAD

(Ep / ES) = (Np / Ns) 23

e : E_ = voltage induced in primary (V)

E. = voltage induced in secondary (V)



Np = turns in primary coil (turn)

NS = turns in secondary coil (turn)

2-5 Ideal Transformer

I { a 1 ] ' 3 o 1a 1
Ideal Transformer tHundoulaslwihiauydguan lifauuminansa uaz Lifas

= A a dg’ 9 Y A Aa J 9 v o J
gyt (Loss) navulundoutlas ugii11deal Transformer v lintase ueagldanuduiusna

a Jd o L Y d o [
adlamaasinnldTumsadienes iihauyaddmsy Real transformer

Is

Z1paa

3 1/71 2-6 Ideal Transformer

® Turns Ratio

Turns Ratio 19 9ATIAIUVBITIUILUYARIANIATY Primary (High voltage winding) AU

YARIANIAIY Secondary (Low voltage winding) FAUILINNUBAT 1A IUVD voltage 11 Ideal

Transformer tazimnu laglszinavesonsiaiu voltage real transformer Hufe

a = E /E 24
P s

NAANMIN 2.3 E,/Eg = N /N A0 9ATIEIUVDITUAAD UM TENINLNINY DaTIEIU

musouveIvAadn Weunumasluaumsi 24 ’1]8‘19?]}

2.5

o : a = turnsratio



Ep / Es = 9a5189U induced voltage NI primary Ao secondary

N,/ N = HATITIUTIMINTOUNA M primary ADIIUIUTOU secondary

® Inputimpedance of an Ideal Transformer

. . v .
A1 input impedance NNAY primary U84 Ideal Transformer Ao

mn

Z =E//I 2.6
p p

' ) . 9 A ~ ° Ty
I8 voltage NIIAIU primary (Ep) UDEATU secondary (ES) f9 voltage WiHe TaeALauLs

1 3 o oA Y o o 9 = Y @ os'l 9
wimanowReIny uazsuiludvdiyy phase angle MU aaiuaz 1@
Ep/ES = (Ep&c ) /(ES&C) = a

E = a E _— 27

f apparent power input (S) nsn | @0 ideal transformer ABIUMINVA apparent power output

v A
1UAD
E1”=E1"
pp S S
v v
17 = (BJE) I
e (Eg/E) = (1/a) fariuaz 1d Ip“ = (1/a) IS“
v A
Ao o= (/a) I - 23

UNUA E, NNAUNMSN 2.7 LAz I, nnaumsn 2.8 asluaumsn 2.6 azld

Z. = (a ES)/(I/a)IS = az(Es/Is) 29

m

“l%’ﬂgeum Ohm’s ¥1A1 output impedance (Z Load Tua903 secondary circuit wla

Ziw = EJ 1L — 210



unuA E /1= Z, . 9naumii 2.10 aslummsi 2.9 ald

in load 2.11

Z. = inputimpedance ( Q)
load = load impedance (Q)
Py .
1, = nszsuaifmedn primary  ( A)

1 = nszud llfhmediu secondary ( A)

a = turns ratio

Example 2-1 An ideal transformer with a primary of 200 turns and a secondary of 20 turns has its

primary connected toa 120 V 60 Hz supply, and its secondary connected to a 100@0 Q load

Determine :  (a) the secondary voltage
(b) the load current
(c) the input current to the primary

(d) the input impedance looking into the primary terminal

Solution (a) the secondary voltage (ES)

ANAUMT a = Np/NS = 200/20 =10
ANTUNT a=E/E —> E =E /a
p S S p

E = 120/10 =12V Ans

(b) the load current ( IS)

NTUNIT Zl =E/I = 1 = E /Z
oad s s S S load



I, = (12/0) /(10¢/30 )

= 0.12{ -30 A - Ans

(¢) the input current ( Ip)

ANNTUNT I = (1/a) IS = (1/10)(0.12/ -30)

= 0.012f 30 A - Ans

(d) the input impedance (Z.)

ANTUNIT Zin = a Zload
- 0y (100&0)
- 10000/30 ©
EL) - 10/ 30 kQ _ Ans

2-6 No-Load conditions

=

4 @ 3 o a < 3 ' Il
oo lWlinundemlaiuszildinamsgapdeluunuman (core loss) 11 133192 13l load

v ]
Aa A

1 3 3

ADNAIY secondary o mqmug?m”lﬂiuuﬂumaﬂﬂﬁa Hystereis loss Ul eddy current loss

0w . = A ¥ T g Ay 2

dmisunszudluvaaina primary SNUINNONISH T WA UIUUNUINANNADINIT FINTSUH no-load

b4

18N Exciting current 9¢0AM520184 1-2 % VD9 rated current 14 Power transformer Y119 114y
1 <

n30923A115218 6 % UD rated current 14 Distribution transformer ULIALAN

.. Y 1 & 3 v A 1
Exciting current swdszneudenszualiih 2 @i FedemnnduAe  @Iuved core loss
{1 1 I 1
nyzud Ilfhfieeld hystereis loss 1Az eddy current loss (1, , %30 1) luuniandn  uazdndiufe

v [ 9
nszue lhAa31e mutual flux (@,,) M¥ouTeansua primary 0¥ secondary Ao NIz magnetizing

=
current (Ip 130 L)

Ip I Vr
0
2 |
< R iX I |
~o)Vr Ipe < I'fe JAM M i
) 1
a Core-loss Magnetizing Iy
component component Iy

(a) (b)



3 1/#1 2-7 (a) Equivalent-circuit model of transformer with no-load on secondary
(b) phasor diagram showing no-load conditions
%Wﬂgﬂﬁ 2-7 AN equivalent circuit yoengiouad Ivfvase no-load Aae phasor diagram f

nyzua i exciting current (1) N5z UAIwe D4 core loss nyzia WHNT181H hystereis loss az

eddy current loss (I, , W30 1) Uaze U3 magnetizing Nyzud Iferd 19 mutal flux (@) 0

) Y
1o Te91199A primary 1A% secondary 1D NIZIE magnetizing current (I ¥30 1,,) W1 IAVINANNS

Ife - VT /Rfe
uag L, = Vi /iXy
ANUU I, = I+ 1y 2.12
A . "
o : I0 = exciting current

I, = core-loss current (hystereis and eddy current loss)
I,, = magnetizing current

V., = voltage applied to primary

R = fictitious resistance that accounts for the core loss

X\, = fictitious magnetizing reactance that accounts for the magnetizing current

® No-load Ampere-Turns

NNEUMNT 2,12 AU51UABTINIUTOVUDIVARIA primary (N,) 92AA1 no-load mmf gl

quadrature component Ao

NI = NI
P

o1 et Ny Iy 2.13

VA Y [ 9 Y ' S QY A o A .
NI 9 liRedeatumsaadunsanimans (0 )LLM%Lwamugﬂaaumagnetlc
p fe mutual

4
T v J @ < 1 1 1
domain MY 110219910 eddy current 1 AuAMMan 81138 core losses AIUUDY N, 1,98 laidl

Y
J Y Y
LagN1vDN ampere-turn %zgnmmmﬁmﬁmﬁaw mutual flux (MUY



= 1 .. 9y 9 T I~ o Y
Np Iy 138071 magnetizing ampere-turn  WCAINUTULTAHANIW (P ) s I

1NA

b

a A . : ' .- . Y v
‘]J;]ﬂiiﬂ transformer action cdﬁqmmimmmalugﬂmmm rms magnetizing current laqat

o, = (Np I /R 2.14
4 .. .
o ®,, = mutual flux produced by the magnetizing component of exciting current (Wb)
Np = 91UIUTOVVYDIVARIA primary  (turn)
I, = magnetizing current (A)

core = reluctance transformer core (A-t/wb)

namsanuluuni 1 5 ldaumsves @ = BA uay R = H/[B.AY /] iounuaiagly

~ A 1 9 1 < 9
AUMITN 2.14 (WDNIANANUUNUDIFTULNLVIAN (H) fﬂgll@

BA = (NI /{H/[BA)/fl} = (N1, /H O)BA

H = N/ ! - 215

] =}
ﬂ'NiJL"fllﬂJ"ll@\iﬁu'lﬂJlquﬁﬁﬂ (A —t/m)

.
)
T

I

1<
ANNYNVDAULNUIUAN (M)

~
Il

A 9 . @ . . . ~ ) Y
tazio1¥ngue Kirchhoff ’s voltage law N13993 primary circuit 143N 2-5  Taefimual

I =1. N no-load %Ul{vg{
p 0

<
Il

IR + E - 216
pp p

1 14
LAz nNIsua Ip ﬂgllﬂ

—
|

(Vo—E) /R 2.17




e V.. = applied voltage

T

[, = primary current

Ep = voltage induced in the primary
Rp = resistance of primary winding

2
Example 2-2 A 15 kVA 2400-240 V 60 Hz transformer has a magnetic core of 50 cm  cross section

and a mean length of 66.7 cm. The application of 2400 V causes a magnetic field intensity of 450 A-t/m

rms, and a maximum flux density of 1.5 T. Determine:

(a) the turns ratio (b) the number of turn in each winding

(c) the magnetizing current

Solation (a) the turns ratio
NTUNIT a = Ep/Es = 2400/240 =10 —  Ans

(b) the number of turn in each winding

-4
INTUNIT () = B xA = (1.5(50x10 )

max max

-3
=75x10 Wb
NNAUNMT E_ = 444N fD = N =E /(444fD )
P p  max p P max

-3
Np = (2400)/ (4.44x60x7.5x10")

= 1200 turns ————— Ans

NMNFUNMT a = N /N = N =N /a
p S S p

N, = 1200/10 = 120 turns Ans

(c¢) the magnetizing current

NNAUMT H = (NpIM)/Z = Iy = (H.E)/Np

I,, = [450x(66.7/100)] / (1200)

= 025 A —  Ans



2-7 Voltage regulation

waﬂﬁwmmgﬁ’uuwmmﬁﬂ‘ﬁ'é’a (leakage flux) HAEAIANNATUNY (resistance) VOIVAAIA 1Y
nioutladliih  Sumaildife voltage drop lundfoutlas Fufunadnsimlim output voltage
Tanuuanaeiusstenen il load (no-load) fuAeURT load oot

Voltage regulation fi0 sas1duveusunaou liihianaqllanaeudisalaldse’ln (o load)

TSsnounarelifiun (Full load) dousunaoulihnaeldun (Full load)

Reg = (B-V_ )/V 2.18

rated

&
o
E = voltmeter reading at the output terminals when no-load is connected to the transformer
Viateq = Voltmeter reading at the output terminals when the transformer is supply rated apparent
power

1 v < a 1
NNAUMSTN 2.18 M voltage regulation %me!,ﬂu‘gﬂﬂﬁuﬂu 5N per-unit regulation H30

mﬁmzuﬁﬂﬂugﬂmm percent (%) Ao

%Reg = (E-V_ )/V_. 4 x100 2.19
Zcq. HS
Iis = alys Iys ch. HS J'ch. HS

Breaker

C Nis Nus
f\) —_— ' Il / f = Vuc
ELS? EEHS i Vou=Vus |7, i us

Vv, Z, s lcrminuls\ / -

Low side High side |

Ideal




3 1 2-8 Equivalent-circuit in terms of high-side and low-side values for step-up operation

ﬁnﬂg‘ﬂﬁ 2-8 1ii® output terminals 13i% 10ad #® (no-load) ANTELLE [,5=0 3 lsiina voltage drop

] Y
=S 1 . (=% (-7} 1 . o 1 (% 1 _
NA1 impedance (Zeq) ANUUA output terminals ISININVATE ( Vo = EHS)

Y o 1 Y o . o Y a a A
971U load ABIVINY output terminals wmlimnanszua 1 us Tnaluees vaziia voltage drop N1

Y
impedance (Z,,) ASHUTIENINTOMIAIUBN E, 1énnaums

2.20

HS = “HS Zeq HS

28 Masnugadamazilszanssmveansiontasliih

o Masnugaydaluvidouadlvliy (Transformer Losses)
msgapdeiaenu i lundomlad i dseneudie  msgapdeluvnainnia primary tag
3
secondary tazMIgaydeTunnUMan Av hysteresis losses 11A2 eddy-current losses

Id
1. msgaydeTuvaaInNoWAINIg primary 182 secondary 710 copper losses  1Humsgaydolu

o U 2
siveshasuAuTou (P=1R)

2

=1IR =1

2 2
Pcopper losses HS RHS + ILS

R g 2.21

<3 4 K { {1 @
2. mygapdeluunuman (core losses)  Iuognuarmavesliselinumdeuaslui uas

' v 3 Aa 4 s & v
ﬂ'nllﬁu"llluuqqq@m@fiﬁu13JLL3JLWaﬂV]Lﬂﬂmu1ut!ﬂutWﬁﬂ “]Nﬂigﬂf’]‘llﬂ'lﬂ

<] 1 1 < {
UAUUAN ANUU WU UVDITUINLLNINAN uaxmmﬁ



2
P, = K f B 2.22

h max

o w Y { a <3
2.2 Eddy current loss Ao mygagdeiiasnuanudouiinannnszud madsulumnuman

1.6
P = K B 2.23
e e max

v
v

<
Q‘L!L!Nﬁi’JiJGlli’Nﬂﬁf;(illu!ﬁﬂcluuﬂumtﬂﬂ ﬁﬂ

core

= P, +P 2.24
c

o isz@nsam (Efficiency)

Yszanimmvesndonadliih fe das1aIuTENI1e power output (IWNd1BeanIIMIATY

[

' . ~ ) Y .
secondary) $91® power input (IWnsutmaeau primary)

n ="°,/P 2.25

1o o Ao Y o w = < o w =
widdalisudun @)= P+ Midsgapdeluunuman + mdigadeluvaada

. P +P + P - 226
n out core cu

Y
gaiulszansnmueansioutladlnih Ao

=
Il

P /P +P +P)

out out core cu

=
o
@
=
I

2
P /(P +P +1R) - 227
out out core




Example 2-3  wifouilasluihwina 500 kva umagay

S A

< & o
Fenunuvanuazvaaladud Iy 2500

wuaz 7500 W euday luaaziae dudun samlszansnmvosmilonasvazae Ivldumn

1 I o w
YUN Power factor 11 1 uaL 0.8 UAINL

!ﬁ@ Power factor

Solution =1
WP N kW =kVAx P, = 500 x1 = 500 kW
3
P = 250W = 2500/10 kW = 25 kW
core
3
P = T7500W = 7500/10 kW = 7.5 kW
NNAUMS n=~°,/® +P_ +P)
= 500 /(500 + 2.5+ 7.5)
= 0.98 %39 98 % Ans
P
14® Power factor = 0.8
mPp N kW =kVAx P, = 500 x0.8 = 400 kW
NAUNT n ="p,/®,+ P, .+ P)

out core

0.9756 1130 97.56 %

cu

400 / (400 + 2.5+ 7.5)




SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

E, = 44N fD V) E = 444N fO V)
a=E /E = N/N a=E /E a=N /N
p S p N p S P S
Ep =a Es V) Ip = (1/a) IS (A)
Z, =E /1 (9)) Ziaa = Eg /L (9))
2
n ~ @ Zload ) I() = Ife + IM (A)

Dy = N LY /R (Wh) H = N/ L (A-t/m)
I = Vp=E) /R (&) Eis = lusZeg * Virs V)
Reg = (E_Vrated)/vrated %Reg = (E_Vrated)/vrated x 100

2 2 2
Pcopper losses IR = IHS RHS + ILS RLS (W) Pcore N 1)h + Pe (W)
in Pout + 1)core+ Pcu n = Pout/ Pin

2

n = Pout / (Pout + Pcore+ Pcu) n-= Pout / (Pout+ Pcore+ IR)




UNN 3

msaetideudadliihuazndeudas s iianay

3-1 Unin
[ H a 4 [ a A 1
msaondoulaIihngndes tazmsiimszinudnyazvemdomlas lwihaiamauigndes
o I o ] q’j
Huiludesordedoyavuruthevewdouad il uazmsdnledwesnifoutlasTnihuazyula
myeenuuuniauiladiihdmsvldauiiey wu  udeuadliihdaludd  (Auto
transformer)

9 4 o = dy ] = o 9
wagrineuaslsznouginsal (Instrument transformer)  MIMNUILUNUF B URBINUN OL11)AS
Ml uaiimsdansnuana1eny

noudadlihdaTuld (Auto transformer) ¥ uaatantiauanuTMsABLEN (taps) Hi14 tap 1130
4 o 3 [ g o [
wane taps (e ly lamshnudundfomladlih  wileudaanariifildndwvnelulssnudmsy
an
A Y a . . A qYo o < o <
voltage N1 19 1uM3151 start Y94 induction motor 30 1¥dMTUMVAUATIMS 1WOIWEIWBS VLIALAN
j .
wilouaslsznouginsal (Instrument transformer) gnldTumsnlasunszuagas voltage g9 14
A 1 -; ) [ o 4 9 1 v J 9 Y] o
laddmiugunsaiuagmsniunu gunseindeudasnnuaiedndgnldlunsia voltage azginal
9 9 [V 09: A o 9 I3 09/’ PR °
wieuasnszuagnldlumsianszua uagnsdesriiadagnliiunuiunuglnseind voltage #1910
A Yy
52UV voltage G980
o w o 1 I
sy iihide 3 wla deamsldvdemladlilhwladen 3 § neetlundeuladluih 3 wla
& o A 9 o Aa . 1

witsdn wsendondadlili s wla1 @ ATvaada primary 1AZYARIA secondary YNABIY wye-
connected H30 delta-connected

msviundoutas Iihedaasadouaz sz ansnmezdedidoyavesdasdiuimavson

. . . Y = o ¥

(turns ratio) , equivalent impedance l0¥ phase angle UYDIUAAIA secondary  MIAVKAINITUIUDYA

Y ' 1
mariumnsan  ievinuvdeuilas il ud 191991198 1oad nmnulal (overload)  eaz¥inliinde

wad i s uanudevine 1a

32 Vawesriemlasvlhmazinasgiuasesnaneiidareda (Transformer Polarity and

Standard Terminal Markings)

v v [ Y
mslinsesnmneidaeanenesninanudeutas lihienesd sy (primary)  uazdiu

'
a o v

1 Q’/} d 4 { z a 4 o
11919 (secondary) Wuidudedivguin winmsliinTesmnendaAanaia wetimieutlas i



naevuuiy i liinansaassedagunss fianudomeliunvdoutlas vl vieerad
TrwdeudasIihsziianasuaseaedugiaaula

mmgmﬂ%mawﬁauﬂm"ﬁm1‘*7%“161’5’@111115@0114 Tumalgiiavestlsemaans gousn nesengy
s lindomnedaeaevesmiouadiih dail

- A o v . <
® 1030911899909 a18aeN19AIuIIIge (High voltage) 11U H, tag H,

_ A 2 v ° S
B 1950911092901 anea1en 1@ ad (low voltage) 11U X, uag X,
Y A 3 9 d?’ (5 @ A <] 3 A
ms Tnsesnnedvesndoulas Iiihazvediumsiuaaaiafioguuunumaniug Tagh
i v & < < S g
H, 1oy X, azdoslidngeandesny tiude a1 H, v + (Uan) n3edu coil udar X, ndeelivailu
Ay . (= o o 2 Y a3 Y &£ o v 9
+ (UIN) n3AN coil ReITY  wazlutuewuRerny H uez X, deandesdeiunaziudie
< S < 3 {
e 81 1,11 - (au) wielane coil ud X, ndeuilu - (a1) 13e ae coil Ao mwiuaasly

U 3-1 (a)

Qan

Py
[Hg H2 X2 Iis
) ‘ I
VT EHS E‘L.S Load
d
4 ]
O—1 —C
H1 X1

3 19 3-1 (a) Transformer polarity marks.

I 1 o 1 4
2 lupsaindundouadihuuulivaadaaeuen tap winding) 92 1458 UANUANANE (potential
[ 4 1

o w v o 1 v Jo @ ' qu; 4
gradient) WTNﬁ}’JﬂﬁTﬂUﬂJBQ@’JLﬁG\J uuﬁ’e) ANUANANITUNUTIZTUANA NN UTEHINUaednaBLen

ponu1 muitaaslugili 3-1 (v)

H1 H2

U
&M

Xl X2 X3 X4



]
~

3 1/ 3-1 (b) Tap winding transformer

e NSUINVMAZAUYI (Additive and subtractive Polarity)

O m3uIna7 (Additive Polarity)

H1 X
ll X1 0 0 X2

Vo Additive
H2 O O Hl

Vs

Xz'

— T
>I'\>

O,

31091 3-2 Additive polarity

Y
v A1 U 1

= Y A o 9 A o o A
ﬂTﬂEﬂ‘ﬂ 3-2 l,mmmﬂwmiawmammawuauﬂaﬂw*311 IHUIVINANAUNINDNY AD

v Y
% %

A Y
W H, @7090) 1aeiU X, (@7au) 11 1133 voltage V, N973a H, A1 X, 92 1Aa1 voltage

[

Ngannm voltage N3A910 H, 1 H, 1une

]
IS =

aunana voltage v, HAmnn1 v, magdnlede H, iy X, s ldfianiaves

d‘ a v A d‘ A A = % 4 Qall =K A '
ummau"l%l% V, WTUNUNANNUDULIUANDUY V, (Nﬂﬁ“ﬂNl‘lﬂ‘ﬂNLﬂﬂ’Jﬂu) ANUHULITIIUTYINI

2
“M5UINYI” (additive polarity)

O m3auv? (Subtractive Polarity)

V4 Va X1 0 o X2
Subtractive

M2 X2 H10 o H2




gﬂﬁ 3-3 Subtractive polarity

9 '
v A

~ A o A o ' o A ° qﬂ// ' v z Y o
iﬂﬂg‘ﬂ‘ﬂ 3-3 W UIUVINVUBUNUNIADNU AD U H, (VIUIN) DN U X, VIVIN) LAINM
v

M3A voltage V, N9 H, uaz X, 921871 voltage @10 11811 voltage #3910 H, niag H, 1o
V, =V, -V, vV, >V,)

auigial voltage v, NA1desnd1 v, msizduiledas H, 0 X, aziildnamives
Y

tﬂ' A A v A zﬂ' v o KX A ' 0911
uﬁqmaeullvd% vV, MﬂﬁﬂﬂﬁﬂuﬂﬂﬂﬁﬂNéllﬂﬂllﬁxilﬂa’f)ullWﬂ'l v, ANUUUTYNIT “NITAVVY”

(subtractive polarity)

Y

3-3 doyavuumuthevisioniadluih (Transformer Nameplate)
Y ] 9 . .
doyavuurauthevesndoulasIvlihaiuuinigiu NEMA (National Electrical Manufacturers

Association) 91/5zneumesaswsanaeu il (voltage rating : V) 8as1mde Inlihvesndonas

9

( kilovolt-ampere rating : kKVA) AU (frequency) Nl a (number of phase) , qmwgﬁzﬁm%u
:JI 4 a 4

(temperature rise) FUVDINTTLUIIANNST D1 (cooling class) 1ot ruadNNLA LY (percent
. 4’ a v 9y Aa
impedance) HATYOUIHNHNAN (name of manufacturer)

dmsuunuthevesndoudas lvihwuialvajdszian Power transformer  92U0AA basic

4 [ .

impulse insulation level (BIL) , Mares laszunsuveansiianu 3 ma (phasor diagram for 3

. P = o ' L .
phase operation) uazmagamimaﬂumgmm tap (tap changing information)

® Voltage rating
gasmsunaon Ilinad1uns 1g (primary) 1azA 15981 (secondary) A ALie 1T Load

2 v
(no load) A1%5UA1 Full load fazﬁuagﬁ‘um power factor U84 load Mmiwnee HAZMUNINTIIUUDY

E4
v A

Yo A v
NEMA lafmuamnsoanue 1Aaatl

- A S = 9 A 1 [
2 1AI03NNI8UA (-) NN lHuang voltage NUIVINANWUAAIANU

- A A A =< 9 ~ = o

B 1AT09MINIANEN (/) HU1eDd 1BUEAY voltage NNINVARIARAGINY

B 1A5091MN1eNINUIM (X ) Wuee 15uaas voltage vaada 2 6u 11N1A00UNTUNTD
YUIUNY

195091118 (Y) VIR Gl%uﬁﬂﬂ voltage V9IUAAIANADUVY Wye connected

Y v
fetane lufinanadsmsmiiuvaalnildly Single phase 11ae Three phase

O Single-phase



B 240/120 : usamdeulih 240 v fiveadane Tap asenans seauusanaeu i 120

B 240X 120: waadall 2 iieaeoynineg ldszauusunaoulii 240 v uazae

vinuag ldszauusanasu i 120 v

B 240 - 120 : VYAAIANNAIY High voltage 1130 primary Ryzduusaunaenluii240 v

LIALA U Low voltage ¥30 Secondary Nszauusuaaeuluih 120 v
O Three - phase

B 4160 — 480 Y /277 : YA@IANAIM primary ALY Delta connected NFZAL
A Y A 1
usanaeun i 4160 v uazvaatamadiu secondary ¥17® Low voltage $19L111U1U Wye connected

[

lszauusanaoulih 480 v waziivaada Tap asenansnseauusanaeulwih 277 v

® Frequency

Frequency 7o 8as1nnudvesndeutlaslvih 1wy 50 Hz w3e 60 Hz

® Kilovolt-ampere rating
Kilovolt-ampere rating (kVA) Ao on31i183a1u lihveansionas safiadideau lnih

A

1 apparent power (S) 154 nieuadlvifiving 100 kVA M58 500 kVA 138 1000 kVA

® Percent impedance

Percent impedance (% Z) H11899 sas1aiuveausaau lnihmeadiunse tagmediuused

anevsie 19 IdnWnanszue Aoussaulihindamedunsegs

[

T3 output (kVA) % impedance

NW@?T?TH%@Qﬂi%W]ﬁLﬂ@SﬁH

30 - 630 4
1,000 - 1,600 6
2,000 - 10,000 8

WA IUveIzmAanIgoIusTm
75 - 500 3-45

750 - 1,500 5.75




® Temperature rise

v
a o

. A A & = v 3 =
Temperature rise f0® ﬂWQmﬁﬂ”NLWNﬂJHQQQQVIEJ@lli‘]Jllﬂ"l]@ﬂﬁlli’)LL‘]Jaﬂhh/\lﬂ"liﬂﬂllﬁiu"lJﬂﬂ

qquﬁumé’au (ambient temperature) 730 C

® Basic Impulse Insulation Level
. . A 9/ A 1 @
Basic Impulse Insulation Level (BIL) A9 mmmmmmammuﬂamﬁlzmummmu"l%l%
uuUnsEAY (impulse) Taengdoutasluihoz lildsuanudene
® Cooling class

% v W o
Cooling class o M3szueaNuiouvesioutasliiy Gz ldddnusuaasdadnyal

a oo
AT IBYAANTU

FUAVDIAIONYT IMIszuieanudon

AN nioutlawuuuiy,  sz1eNNiou

TAsMIHYUAIUDINANINTITUFIA

Y

OA iUy, sE1neaNuseuaede
v
ONAN M, sz oudlgd e
Y
FOA WUy, sT1eaNnueualenIoa

¢

o

Hifundeusaeima (¥iuvdoudaq

YA IMQuINNI1 10,000 kVA)

1
N\ VJ 1-1000 kVA , OA
MALAL 13.8 KV — 480/277 V
3PH,a W
= Z = 5.75%

v o 4
51U 3-4 uaasdnanuaivesrsdoutlad Wiy one line diagram



3-4 Auto transformer
I 9 o vaAa =\ = A & oaj 9 o
Auto transformer (JundonlasliihdnTudandivaaraiiosgaderndunimeamsy
(primary) 1azA 119101 (secondary) et l¥dszndauaata lumanguinmsiianiuves Auto
transformer dzinanmayuAsIfunsoutlas I uuusssuaii 9 I
Y A
i UVDAUDY Auto transformer
A 9 A ~ = = q9 )
(104910 IATIE3 19904 Auto transformer HuAaIANeIUALAL) 39 1FaIaN0AIDYLAZINY
3 v 0o q ¥ M D, " 3 v ad o y& Ay 1o A A
mianuee i lvmsHvesdunsasimantios uaziivinw ldnunies uallszansainwuin
uazsngnnimdontlasyila 2 v ATuIA power LA voltage MU
B Yo1deued Auto transformer
wiloutadlihuuy Auto transformer g luilinuauilesduszviinevaaia primary Hay
secondary 11011 11910 load NhdeuIdd NN 9 ez ldinanszuadaieaslage e
d o a
Wuwailing fault 18
a vAa I [y [
0 lumadliia 921% Auto transformer 15U start U9 induction motor 1UTENI start 1ag

Nawnsoldm voltage v09A 09 1dgD 50-60 % Vo9 full load Y motor

. T [ \ 2
4 Vis | Load Nisg 4 b
) 1 19
- 4 @Vus T 4 -
/ d HS
D L
[« D
q
. D P/

(a) (b)

3 171 3-5 Auto transformer : (a) basic auto-transformer circuit ; (b) connected for step-down operation

/o Ny = 91UIUTOUAIMNTIGY (high side)

HS



o { [ Y ° .
N, = TIIUIDUNMLTA (embraced) UYBIAIUUIIAT (low side)

Vs = usunaoulihvesduussganiod syl

v, = usundoulihvesduussd niedmare lWldny load

® Transformed current

Transformed current (I, ) aseua lvhnnlaeunilas Ao waa19ued vector nyzua v

MM High side () Aunszualliimedg Low side (1) Falumalgiauanszuallih

@

= Y o 4 Y
IHS uae ILS 924 Phase AT3IVIUNY ‘:]N‘Vi"lvl,ﬂinﬂﬁﬂﬂ'l'i

s 3.1

® Apparent power conducted

Apparent power conducted (S, ) fin m3thidenulnilsng e ldnnauns

cond LS -

s 3.2

A i ez e wssdn Tlfhmaedm Low side (v, auwgi laildus squ il

N9AIY High side (V,g) marzilamussduliliniesdiu High side uda s, ssliawmiiy

S (S

load S

cond - load)

® Apparent power transformed

Apparent power transformed (S,) fio Mdsnuflwaslsing e ldnnaums

I, - Vi 3.3

® Apparent power load

Apparent power load (S,,) A9 MdsnulWihilsingi Load  devildnnaums

Sioad = Vis - 1

s 3.4



load Scond + Str

Example 3-1 A 400 turns auto transformer, operating in the step-down mode with a 25 percent tap
supplies a 4.8 kVA , power factor 0.8 lagging load. The input to the transformer is 2400 V 60 Hz
Neglecting the small losses and leakage effects, Determine :

(a) the load current

(b) the incoming line current

(c) the transformed current

(d) the apparent power conducted and the apparent power transformed

Iys Iis =Iys + Iy

Vis | Load

3 ﬂﬁ 3-6 Circuit diagram for Example 3-1
Solution (a) the load current (I, ()
NAUNT Ny/Ng = a
(400)/ (25%x400) = a
a = (400)/(100) = 4
HagnNaEuMms Vv /V, = a = V= V/a
Vi, = (2400)/4 = 600V

Y
¥ o

91UA the load current (I m'ldanaums

S+ =Viely = Iy =S . /V

load load LS

I = (4.8kVA)/(600) = 8 A ——  Ans

LS

(b) the incoming line current (NISLLE AN ; L)



NNTANUNT [ /Lg= a = I,=1,/a

=]
o
2
2
b
)
5
)
—
Il
—
=
2]
1
—
=
w1
Il
[o0]
1
\)

= 6A ——  Ans

(d) the apparent power conducted (S_ ) and the apparent power transformed (S, )

INANNT Seond = Ius Vis = (2)(600)
= 1200 VA __  Ans
NTUNIT Str = Itr Vis = (6) (600)
= 3600 VA Ans
B 91002987199 3-1
Apparent power load = apparent power conducted + apparent power transformed
S, = S + S, = 1200 + 3600 =4800 VA = 4.8kVA
oad cond tr

] 1o Ao Y A 1 v woA )
SN UIINT Apparent power load (Sload) ﬂﬂ?ﬂ?ﬂlhlﬂ’ﬂgilﬂ"lmTﬂ‘]J‘VIIiWIfJﬂWVILlﬂ

® apparent power conducted (S us Vig) mmqﬁm"hﬂ%m voltage NaAY high side

cond

a o Y q 91 4 . . Y
(V) 4199110 sz lgm voltage NNATU high side 1wla

S L Vs = (2)(2400) = 4800 VA = 48kVA

cond  HS

119111611 voltage MIAM high side AR MM 921A S = 48kVA Faeziiduawes

Apparent power load (S, )



v o d 1 (Y] \ [ o 9 a A Y
(] ﬂ’J1NﬁNWHﬁ§$1"i’JN’6ﬂi1ﬁ3ui®ﬂ!!a$®ﬂi1ﬂ1ﬁx‘iﬂ]®ﬁ‘l’iﬂﬂ!!ﬂﬁﬂﬂﬂ1‘lﬁuﬂ 2 U !Nﬂgﬂcl‘lf
unsteuladlwvhonlueia (Relationship between Turns Ratio and Power Rating of 2 —

Winding Transformer when reconnected as Auto transformer)

1)

1‘1 -l'z -’]

4 + + -

@ ; 3 ] : Load @ M v | Low

Vi

(a) (b)
3 17 3-7 (a) Two winding transformer ; (b) reconnected as an Auto transformer

[ v 1 [ 1 o [ o w a
ﬂ’JWﬁJﬁiJWl.l‘ﬁﬁ$°Vi’JNﬁ)G]i1@1”)1!%TL!’Jui@ﬂlm%@@lﬂﬂWﬁQﬂqu‘m1"11?)31’1ﬁﬂllﬂaﬂ%uﬂ 2 U9 Loy

[ o w 4 1 [~ 1
sas it ihwesndoutauiiognas vy Auto transformer @il 3-7 (b) Ao

S, = (V, +V,). L, 3.6

1n3UN 3-7 (@) 9214 Turns ratio voswdoutlas Ao
a =V, /V,= N /N,

vV, =V, N/ N) 3.7

unum Vv, = v, (N,/ N, 9naumsi 3.7 asluaumsi 3.6 a2l

Sy = [Va N/ NY +V,] 1,

at
= [N/ N) + 1]V, 1,
uA N, /N, = a fio wmsratio taz v, I, fe dasiidslihilsinguaziiuniendas

I 4
Tivheiia 2 va Fedde s, Aaiueeld



S = (@+D.S

at

3.8

2W

1o : a = turnratio yeandouasliihyia 2 va

%)
I

= apparent power ratings U9 Auto transformer

S,, = apparent power ratings Yadntiouasluiisiia 2 va

Example 3-2 A 10 kVA , 60 Hz , 2400-240 V distribution transformer is reconnected for use as a
step-up auto-transformer with a 2640 V output and a 2400 V input. Determine
(a) the rated primary and rated secondary currents when connected as an auto-transformer.

(b) the apparent-power rating when connected as an auto-transformer.

Solution (a) the rated primary and rated secondary currents when connected as an auto-transformer.

sasnszua 1 m1ad i Primary 1ifoneiiu auto-transformer 111180 1naun3
Ip = kVA/Vp = (10x 103)/2400 = 4.167 A — Ans
sasnszualiimed s Primary oAy auto-transformer w1 1@0 a3
Iy = kVA/Vy = (10x103) /240 = 41.67A —____ Ans
(b) the apparent-power rating when connected as an auto-transformer.
fl apparent power Lﬁa@imﬂu auto-transformer m”l?fmﬂaumi

S, = (a+1).8,, = [(2400/240) + 1] (10kVA)

= 110 kVA Ans

4.167 A H2 X2

. I 4167A
X2 41.67 A Conducted
T X1

Tin = leonducied + Dranstormed :
Load | 2640V

H2

B +
2400V @ S 1 4.167A
< Transformed

(a) H Hl

.

(b) 45.84 A 41.67 A



gﬂﬁ 3-8 Circuit diagram for Example 3-2
\ Y .
3-5 msneviuniNauasliih (Parallel operation of transformer)
4 A 4 o % 3 { o S0 &
11505m3 1% Load tininniuaulnddasigegavesndoutadlwihdniunzeousulansuilu
Yy Ay A o & Aao Yy o ' o B v a
waeslindonas Inihdndmilanlidarvinandrenuanaeviuduniiendad I dudy uay

' 2 W @ Y ~ o 1 Y A v 1
TUUN Load HINULATNU ‘Vi3J’O!,!,‘ﬂE‘NUh/\l”lﬂTV]i]$‘LﬂllW]GGIJ‘LHL!ﬂ%@]@ﬂhﬁ]@]ﬂﬁiuiﬁlﬂﬂmﬂﬂma?ﬂ

(N iag N) MY, impedance Y041 HBUAIADUNINY LHALEATIAIUANVAIUNIUAD reactance
9 T o
doaninu

B dmfeutladlihininnsevuuiuiisasdiuse iimduagi Ivifanssuanyuiou
Turesevla (Loop) Nuu Uy Tasiiaivaaia secondary voansiauilag

=i

B mdoutad 1WAl impedance  luimioudu 9zulia Load Tudnsraunduiuiy

. 9 v A
impedance vosrivoulasduauy

o  WANITNUIINMINONTIEIUTOUMINWNOMNNUUUUVMIY  (Effects of Different

turns rations on parallel operation)

Hl X1

ol\c
e | l
".Cirt‘nleting ~
Vr A IEA | Load
| I
| '\t |
4 o
1
H2 X2 """r_— Switch
pr—— open
HI X1 oo |y
|
|
B NE‘,, |
—— —
H2 X2

(a)

3 19 3-9 Circulating current in paralleled transformer : (a) load switch open

{ v @ : J J. % 1
110307 3-9 (a) naamdouasluih 2 ddevuuiu FuSend1 Bank (nen)  Taedalude

=% 1 o

Y '
Load 1NAUYAAIA secondary  duyANNOATIEIUTIUIUTOUANNU AUUAT output voltage N



EALLﬁ$ EB ﬁ]glllJIWi']ﬁju Lla$ﬂ§$LLﬁ%$1ﬁaWNUﬁﬂu (I. . )GlUUQ%ﬁiﬂ‘Uﬂﬂ (LOOp) UVDIVAAIA
3 circulating

9
secondary M9 2 ua gnueaaTaognasiduil

WATINUBY voltage NN Phasor U9433959U (Loop) Ao E, - E; 4@ impedance Y9350

A A Y
flo Z, +Z, NUUABIINNYVDY ohm’ s law 9z 14

Icirculating - (EA - EB) / (ZA +ZB) 3.9

faIndues Load Taad (Switch closed) mudinanasluziii 3-9 (b) nszualuaou U ireutating)

a2 115w unszud Load luvdeudlasluihédusn (1,) uAzAUPONIINNTZUE Load Tuniouilaq

1 v v Y
Tihdndanita (miteralas B) 1Tufe dwmiteudadlnfiin bank fu azlinane load fail

B vidoulas W voltage MU secondary gana1 9zdl Load wnntiu'la (over load)

B vdoutlaa Inih@19uni voltage N139911 secondary f1 93 Load @1Au 1) (under load)

HI X1
e ol\c
T —— I
circulating ~
Vr A IEA | Load
| I
I '\ |
4 o
1
H2 X2 ""r_"_ Switch
P Wil o
|
|
B NE,, |
—— —
H2 X2

(a)

3 171 3-9 Circulating current in paralleled transformer : (b) load switch closed



3-6 msrihvisionad v single—phase inaaiuvistondadlniasusla (Three phase

connection of single—phase transformer)

semnsavimdeutad i 1 e (single-phase) $117u 3 §1 wde lidundeudasluih
3 1ld (three phase) 911 18218 Taem51idu coil tazdany coil voensoudlaslvlih 1 wla
3 §7 @eA U UIUY Wye connected 38 Delta connected

Tuszunlih 3 wla anudusiusves line voltage , phase voltage L@i¥ line current, phase

current AIUSUMIADULI Wye connected Ao

-3 v ar I, =

phase line Iphase

Vline
v o . . ) o '
HAZANUTUNUDTVUDN line voltage , phase voltage LAY line current, phase current T1¥IUNITAD

1111 Delta connected Ao

- v uar L. =3 1

line phase line phase

o mnenveudaslnihuuy Wye -Wye
o 1 [ o . J 1
mymdeutladlnihunaeduny Wye-wye A m3riue1ans coil vosunazilaune
591U (neutral connected) 1zt IAY coil NAM primary Waoruurastieln  aaudu coil

NNAU secondary 11aony load amiuaaslugii 3-10 (a)

Elementary diagrams Connection diagrams

A B C
H, H,

H| h’z .H'| Hz

X, X Xy X

X X;
(a) a b IS

v
=

gﬂ‘ﬂ 3-10 (a) Three-phase connection of single transformer : Wye-Wye bank

o maaendauad iy Delta -Delta
mygeontioudad iy Delta-Delta Ao mM3ius1la1e coil Tiaaiuduandn coil 1d2
1UAaaN 19U primary ldaednnunrassielnl dauvaa1an1ed1u secondary Taoidnfy load

auf uaaalugy 3-10 (b)



T

H, ff'z"m Hy, H;
ﬂ [ﬁy X] qu X| Xz- X] Xg

v
=

3 1% 3-10 (b) Three-phase connection of single transformer : Delta-Delta bank

(b)

—
a
-

o mianeviseuladlnihuuy Delta-Wye
1 1 I
msaensioutad Iy DeltaWye  Tasvuaalaned1y primary vzAoiluuY Delta-
) 1 Y o [ 1 9 [ I~
conected tazii1laednfunmrasaie’v AIUVADIANAIY secondary dzABITULLY Wye-

connected a1 a0 load A mAuaaslugii 3-10 (o)
A B JC‘

IS E LN

ﬁ) X. Xz X| X3 X] X
(c) ]

:Jj‘]J‘ﬁ 3-10 (c) Three-phase connection of single transformer : Delta-Wye bank

ra

o mssemientasiviiiuy Wye - Delta
1 ' I
msaonsoudadlfiuy Wye-Delta  TasuaaI1aN194A U primary dzaoiduluy Wye-
o ] o [} [ 1 I
connected uazm"l‘ﬂ@]an,sffmmmaﬁna"lw ﬁ’mﬂma’mmqéfm secondary a0 uLUY Delta-

connected 118211 1s01AY load  awuaaslugdi 3-10 (d)
A B C

o W |H, H, H, ]
Q X1 Xz LX, Xs LY, X2

(d) [u b [§ )

3 19 3-10 (d) Three-phase connection of single transformer : Wye-Delta bank



o misaendeuladlWvhiuuy V-V bank (Open Delta)
msaentoutladliihuuy v- v bank fAe msvhmslendas il single-phase $1191 3 @2

T { o 1w o ¢ o
waoilunny Delta-Delta  tazdmnisontaslwil single-phase Miimnaeddladnilsdize 151
A o ' o Y o Yy 9 1 A A o @ 1 I
ﬁ"llﬂﬁﬂ‘ﬂﬁ]gﬂaﬂ’t’)ﬂﬂHTNTGﬁﬂN'ﬂ]Ulﬂ mlindeutasdiuimaediuiu 2 @2 ﬂ%gﬂ@ﬂlﬂuuﬂﬂ V-V

E4 v ]
bank W30I5UTINMIABLUUII “open delta”  auiitaraalugiii 3-10 (e)

3 19 3-10 () Three-phase connection of single transformer : V-V bank

Example 3-3 A 150 kVA bank of wye—delta connected step-down transformer has an input line-

voltage 0of 4160 V and an output line-voltage of 240 V. Determine :

(a) bank ratio (b) transformer ratio

(c) rated line and phase currents for the high side

(d) rated line and phase currents for the low side

Solution (a) bank ratio
bank ratio A® OATIAIUVOY line voltage ‘1/]1&@31}111!;&5%1& (primary) €19 line voltage

Y ° o A
NNATUUITIA (secondary) HUAD

bank ratio = V| (primary)/ Vline(secondary)

>
Z

4160/240 = 17.33

(b) transformer ratio

transformer ratio 1D OATIAIUVO phase voltage RRERIN primary Ao phase voltage

Y
NNATU secondary



Y . ' o o 9y A
AU primary A9LUULU Wye connected auiuae la phase voltage 19

V. =3V = v, =v. /3
ine phase phase line
A% hase — 4160 / \/3 = 2402 V

phase

9
AU secondary #1941 Delta conneted aativez 18 phase voltage o

V. =V - 240 V
ine phase
A91Y  transformer ratio = Vphase (primary) / Vphase (secondary)
= 2402/240 = 10.008
= 10 Ans
(c) rated line and phase currents for the high side
ngums S = 3 v L. = L. =8/ V.
ine "line line line
3
Line (rimaryy = (150x107) / 3" (4160)
= 20.82 A Ans

[l Y
(H991AN19AY primary ABLLY Wye connected $1311149% 1 phase currents A9

I = L. = 2082 A Ans
phase line

(d) rated line and phase currents for the low side

NAUMT S = V3 V. I = 1. =S/ vV

line “line line line

3
Iline (secondary) = (150x10) /\E (240)
= 360.8 A

Ans

A Y 1 [ qgj 14 =
IHBDINNNNATY secondary @DILUD Delta connected auiuaela phase currents f1®

L= L. /3
phase

line

= 3608/V3 = 2083 A

>
2




3-7. Three-phase Transformer

9 = o o ' ' 3 o A @ A
ﬂuﬂllﬂﬁﬂqwﬂ13 e EUVAIAVIUIU 3 e NWUDYUULNAUNANDUIAYINY ATUNLTRA

Tugn 3-11

1
= p © P © D
- -]
A AN ANNA g o
q B =3
Te [o [ou— o
O On Om
U v
) l o l o i O O
(a) shell type (b) core type

gﬂﬁ 3-11 Basic construction of three-phase transformer

wioudaslihatia 3 e az1dTaqilosnimsiimdontlas Wil single-phase 3 @2 wAein
A A y Aa "o v & R o qIso o Y
wonlSeuisundoutasluihniivua power uag voltage iy auiudeinldtiiminioouas
g dmSumsaedonlasIfhwiia 3 wla 1y Wye connected %50 Delta connevied
awnsoaenelundontala
” Jodevesndoudadvihyila s wle  WenSeufeusumsiimdoutaslvli single-phase
o @ 13 @ % [ o o
$1u 3 @ meeilundeudadliih 3 wla 1 61 fAe dulaniladaladarsesniedize seiinld

nitouad Wi liansaldauld



3-8. Instrument Transformer

wieudaslufhilagunsal undewlaslvihilddmsunlasszdunszualiihge uay
usaaulihgaliiaid e l¥iuaiesiionazginsalnauny 19 instrument potential transformer

118Y instrument current transformer

® Potential transformer v110d ndoutasldihihminnulasszauns sduluihgaldiian
@ o o o L4 4 o 4 4 4 1 J

usagu Idhdr dwmsuldluginsel n5eia , relay tazgilnssisznoudu q Sen¥ododn “PT”

TA8UARIA primary 929NABATONAUAT voltage NUITTA  1AZUA secondary VoI UYNABITIINY

voltmeter 1130 relay i impedance g

o [ 1 ] 4 4 I
e Current transformer w0 visoutlaslihnszuadmsuldsusuginssinTosianay
L4 Y ~ A 0 Y . ! @ Y
ginssitlosniu Sen¥odedn “CT>  TAAIU primary 939NADOYNINAVINAT load  LAZAIU

"o ¢ A £~ ' 4
secondary %gﬂﬁﬂﬂﬂ’qﬂﬂ‘im 1359 relay $U38NI “LUDILAU” (burden)

1200 A

@: Load

Generator

O
CT ratio 2000/5 A

JA

5-A ammeter

(a) (b)

3 171 3-12 Current transformer ; (a) window type : (b) circuit conection



SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

ltr = Ig - I

Str = I, . Vis

Sioad = Scona T Sy

Lirculating = (E, - Ep) / (Z, +Zp)

Three-phase connections

Wye connected ; Vv

line phase

A% e

Delta connected ; Vl' =
ine phase

Transformer ratio =

Bank ratio = V. (primary)/ V.. (secondary)

line

Scond = VLS : IHS
Sioad = Vis - lis

S,, = (@+1) .S,
Iline - Iphase

Iline :\/3 Iphase

Vphase (primary) / Vphase (secondary)




wnii 4
wseanaliihalauuumiieni
(Three-phase Induction Machines)

4-1. umh

Induction machines fluasossnsna ldihiierfensnmsmilenies
audindn i e ¥Aamandeni

Induction machines sznoudas

Induction motor wemes IWfhuwumisni
Induction generator (inJestuiia Wil muumiieniv
Induction frequency converter (insoulasanuduuumiieni
Induction phase converter nasoalaunlauvnimiionniv
Electromagnetic slip coupling (addgaruiidiumimanluih

o o o o o

4-3. Induction motor action @gAsmvesnemesimiieain

Y - - =Y 1 3 1 { {
wanmsinuiugiuves iInduction motor a:1¥3Emssemwasauanaluiegiuin

(stator)

Tdsdandingu (rotor)  nanfe desenssualiihadudifivaasn stator asildifa
ammmmﬁﬂmuéﬁ?umﬂiu stator wazmileniiiRausunden Tlihwdonihwui rotor
waziile rotor
anaeliAsuaes azihldifanszua Wil rotor Fwadnsnidumanseiiswiuvesns
wilsnhnnszue lilfhwes rotor fuemnuiimdnnuves Stator szafussiia (torque)
wlduemesnyulufemaferduauuusimanyyu

nngilii4-1 uanwemesimilpniiia 3 wla Lmuﬁyugm fag stator azilszneudae
YAAIATIUIU 3 VA WusguUUIALMAn Meviennmuiiugw 120° Tuih HazYAIAT AR
aouuy Wye-connected wazidiuduveavaaadediiuumassieiihszuy 3 wla

ifevnann Stator gnawellanszunliih 3 nla Anszua ihfifaduluvaanausazila
winlunmfiduiuezimgaga (Maximum) lunmfiduiudie  esnnvamaudazua
ey 120° Wih ilFmmimanfifaduezianuinszua i 120° &
wafiAannmalasunasvesnszua i luudazilaiivaasa stator 1850 wldiRamadng
vesmnuunimann/douasdumisludae dude sumisvesdumiminazn/don e

] <
FUILNLYan YU



v < " v 1 Y ] < v o 1 =
“awmimannyy T ldvaneanuin dunssesaunundmannyu llsoudni uavaneds
[] < @ 4 ] 4 @ 09/1 <
Wunsanimananiveann Phase myuegnielumiosinsna liiniu g waganusves

auimanwyu Senh «synchronous speed-~

(a)

(c)
s 4-1 (@) Elementary 3-phase induction motor; (b)

3-phase flux waves;
(c)instantaneous direction of resultant stator flux

£
v A

N1 4-1 iesrenszue llfhady 3 wla shilvaasa Stator e 1&dunsauimanangaadl

B Adumao° Phase A weiimnszuaiihqega inldidunsaniminiimgeqaedin

wifle (N) vea Phase A dw phase B uaz phase C  samimanaziiiudaig (S)

 figuwmds 120° Phase B wiidnszualiihgage wldiduusaniminiigaqaeg
#(N) weiphase B dphase A uazphase C  dmiminoziiuiid ()

® fidumds 2400 Phase C weiimnszualiihgega mldidunsaniminimgegaeg

#1(N) vesphase C dwphase A uazphase B damiminezidiudaig ()

=D

=2



i v Y H
® fdwwds 360°  iWludumisidunsanimdnnyunsy 1 5ou  dufuzndumni Phase
4 v Y
A Tnidnasa i l% phase A Tiduusunimangegaegidaunile (N)  dau phase B

Y Y v ]
uaz phase C  dausimanszdiudald () uazazimludnuazdsiinarnnudaliizes

4-3. Tassasraves Induction motor
Tasaadreves induction Motor sxlszneudrvdiuiidi 2 dau e
1. Stator Wudwitediui

U

= =

2. Rotor Wuguiinuunaou

9

Stator core

Stator winding

Rotor

Induction motor

o Stator
unawan Stator dsgneudendumandaassnaudganou Silicon-ally sheet

steel) wuudafuuiuu 4 udmendadadu damination) msldmsdaneu ieanns
aaude hysteresis losses waznms lamination Tasmsiaaey 0Xide wiendair ioan
msgayde eddy current losses



yaaaiiuuuuiavan stator Wuvealaiiudenuiumaznsegluses SIot ves
stator Tag
A o 9 v o 1 A v & 1 Y o
YARIANHUIZINFRUNUA LAz Rl U VR YNINNT BV HazgnIalungu 3 wla uaiun
1 E4
aaluuuy Wye-connected w3e delta-connected &syuegiumsiiala1dam

o Rotor
Rotor fiflunuuitugd 2 wuu de squirrel cage rotor uaz wound rotor
0] squirrel cage rotor (iinmaﬁgnuunﬁaﬂigien)

squirrel cage rotor ziidnvmzadreiunsenszsen Fuduuuvi lideams
2w (SHip ring) deegiida rotor  squirrel cage rotor e lsunumaniinses
wnmand lamination uazﬁﬁaﬁﬁuﬂu@gﬁgﬁﬂwﬁaagima“lmmzﬁ]xgﬂﬁmwsﬁﬂmﬂﬁyﬁ
AIAY
m rotor uuu squirrel cage winadn aldunavdniidsosinnnnmind
lamination uasii

Aa A ' &£ ' Y 3 @ o v o a A @ A 09: 9
pglitisunasuegnie ludgarias Iitludni uazdnihegiievazgnaniwsnlaenaesdiu uag

=

fluiaauuuy aluminum fan wieldlunsszunesermavazd rotor wyw awdnanslugy
fia3 ()

Aluminum
conductors

Aluminum fan
blades for
cooling

Aluminum
end-rings

Laminated
(a) steel core



1 43 Squirrel cage rotor : (a) cast-aluminum
conductors.

m rotor uwuu squirrel cage vinaluaj s¢l¥s1meanaes (Drass bars) wagaa
urdvlanegavy

willuneunaos Fegnuasudndroiuiugnsenszuen  awinaaslugii4-3 (D)

Rotor bars
Fan blade

s1/# 43 Squirrel cage rotor : (b) brazed conductors and
end-rings.

squirrel cage rotor afiussdaisusndr (low starting torque) uaséanii
#laaaldluges slot



' v 9 v
wmesnuunuves rotor  Fewzdluwarild motor dGevau  uazaadeiiaues
awwiman (Mmagnetic hum)

0 Wound rotor
Wound rotor iilu rotor fiflvaaiaiunuiuiiuasegluses SIOt uazvaaia

3 wla azgnsieuun Wye-connected udnirlddeiu slip ring, wilssaw (carbon
brushes) uas rheostat Tasda
rheostat 3 wla az1lszneudae rheostat 3 ¢ deunn Wye-connected  uwagfidusnsu

(common lever)
molFlSunwuaes rheostat wa 3 ¢ ldiundoudu  madeu rheostat lidwmvianan

mm&'mmmmﬁ’uquﬁ (zero) G’f;qagichfhﬂfgﬂ WAARIANUAIUNMUDDNIINIDG 11D
wSeuaiiowiu

Huwemesyiia squirrel cage rotor  dwsu rheostat szgnlfifiedsuusebasy
start uaz running speed

——@_" Rheostat

Slip-rings



31 4-4 Wound-rotor induction motor showing
rheostat connections.

® msoendsnuan stator luds rotor hidweduuuy squirrel cage rotor
w3e wound rotor sl Tasmswilenhaumudindn i uazezialudnvuzu@endy
wioutladliih Arema
i stator SuSeuaileuvaaia primary vesndfeuladlslih  uazéh rotor
wieuaiiouuaaia secondary vesmdentaslufh iesnnndanuiildhamiunsdem
aumuiminlihdhudesin air gap sewiestator furotor  Fsdeshair gap
wllvnadnnnauiyldiia reactance

)
HBYUIN

4-4. Reversal of rotation msadufiamamswau)

a M 4 U ' <
Aamamsvyuves Induction motor  Yuegiuiianamsnyuveaduusauiman

U

FA
v o v oA J v o W o
yoq StAtor asiumsnaunemamsnyuuesNamesszAssnauddulavesurasneli Taoms

aaudevowraIne s 19 Ao a2 @e lu 3 e swhldndudauveuds  uay

J v A
uomes 3 e CNAUNANIWNITNYU

a

Vi

N
—~
\ Motor
@) A :
~

abcabecabe

bacbacbac

acbacbach

(c)

chacba cha

;11 4-5 Reversing the phase sequence by interchanging
any two line leads.



nngli 4-5 () Srduimlaveaundssie v luemes fe abC ilduemesuyuly
Aemeaudinuim (CW)
nngilit4-5 (), (C) naz (d) iffevmsaduae 1 Aomo 2 a1e Tus me wzili
e
voumasnellfineliuemesiasu iy cba  Fuhlduemesndufsmamsnyuiuns

vyuludemanudunin (CCW)

4-s. Synchronous speed
Synchronous speed o AnwSIMsvyuveuFULTINIMAD (speed of
rotating flux) swsifudadiulasasesuniui (F) ves voltage fisielsiiu stator

v 1 1
uamﬂumuﬂﬁ’uﬁm‘hmu@,maﬁa (P/2) wasraluveana stator — seenunsadeuaums1d

9

Aail
Ns = (fy) / (PI12) = (2|f5) /P (rps : sousio
M)
ns = (120f3) / P E—
(rpm : seudeui) 4.1
Lﬁa .

Ns = synchronous speed (rps »#3e rpm)

fs = frequency of the 3-phase supply (Hz)

P = number of pole of the stator winding (pole : P)
2 = poles only occur in pairs

Example 4-1 Determine the synchronous speed of a six-pole,
460V, 60 Hz induction motor if
the frequency is reduced to 85 percent of its rated value.



Solution NINANMS Ns = (120fg) /P

= 120 (60 x0.85) /6
= 1020 r/min

4-6. Slip uazwansznudenaduay Voltage vu Rotor (Slip and its
effect on rotor frequency and voltage)
Slip speed (mwSradl) e arwuanAIznINANUS MeUFUITUIMANYTD
AU
manwyu Synchronous speed) fuarwisaves rotor (rotor speed)

4.2

Slip (ad1)) Ao dasrdmvesSlip speed «e Synchronous speed  wie
anuanaszrae Synchronous speed v rotor speed se Synchronous
speed fuile

‘ S = N/ N ‘: Ns- NY/Ng
43

il ; N = slip speed a/min : seuani)
Ns = synchronous speed  /min : sou/ani)

Ny = rotorspeed  «a/min : seuni)
S =slip (PU = ulosyiia)



- -4 (K%} 1 (K% Q' o
@ S|Ip AU UMIL load nunageegnumwatves FOtOr duswuiu load vl

AwusIves FOLON anas  uazidlesuiiy load mnduses 9 aunszita rotor gnih1ivige
wyudems brake  fisisendr <blocked rotor- wse <locked rotor  sfude Ny =o
ildmslip=1  &nfunnaumsii 430213

AJ S = (ns'nr)/ nS - (ns“O)/ ns :—1—(S:

1

[ o A 1 <3 -4 4 o 09/’ 1 -
@ dusnldes brake agsihlv rotor SunyunazaisennusiuGos q daiumm S|Ip W
1 4 d { Q‘ 4 1 - 0’
fod 9 anadn 1 11508 9 awanusrves FOotor Awivdy uaza S|Ip ﬂza@mﬂurﬁ’ﬂﬂé’g{uﬂ
FU1A130

3
wianusves rotor 1danneaunis

o ‘ N Tur: Ns (-S) —— (S

@ # load menaitauagnianeensinunuves rotor (no shaft load) el
anuFaves FOtor mhfuausaves synchronous speed +iude a1 slip = 0

‘ ‘ Ny = Ng
(S = 0) 4.6

e wansznuves Slip Aeanuduu Rotor
a A A o v g v
anwdveusuadewnilieiilu rotor Tasauummimanyyuves Stator vilden

aqunNg

‘ + = (P.N)/120
4.7

A
o .

fr = aowidvesrotor (Hz)



P = swaupole
n

slip speed (sounnii)

unuar N = Ng= Ny anaumsn 4.2 adluaumsn 47118

fr = P(ns' nr)_LlZL
4.8
wazunuen S = (Ng= Ny) / Ng = Ng= Ny =S.Ng vnaumsi 4.3 aslu
aumsn 4.8 1218
fr = P(S.Ng) /120 = (S.P.Ns) /120
4.9
a1 rotor gnildwmganyu (blocked rotor) Tas load niana a¢ldan slip = 1

byl A Y
ATuaumIn 49 azla

‘ f%R = P.Ng/120
4.10

far = anwives voltage fiswesninain Stator iie rotor gavily

AN

diounusn fgr = P. Ng/ 120 vnaumsii 4.10 asluaumsi 4.9 12 ldnadnii

uaaseonlugiinlvesnawd rotor uazlugives SHp ude

‘ fo=S fB%
4.1,

[ 4

iie rotor gailivgaiiu vz lifimandeufidusiussznne rotor fu stator duiusm
slip=1

tazaNunved FOtor azminuanudves Stator 1iuae

‘ ‘ fer = fstator
4,12

o wansznuves Slip de Voltage wu Rotor



Stator flux Stator flux

Rotor Bar Rotor-bar flux Rotor-bar flux

End Ring
(@) (®) ©

;Ui 46 (a) Rotating field sweeping a rotor bar; (b) direction of
flux generated around rotor bar;
(c) direction of rotor bar current

nngiii4-6 Voltage disuiialu rotor loop fia$alassiaves rotor 2 su nazdau

{ay { o 1 <] o
laie vmzidugnnnae lasdunsanimaniyuves Stator szgasdmualdnnaums

Er = 444N fr Pmrag——
4.13

unuar fr =S fgr vnaumsii 4.11 asluaumsi 4.13 1214

Er = 444 NS fBR_cI;.m.a-x—
4.14

vuzd rotor gniinldganyu (blocked rotor) az1&d1slip = 1 gufusinaunsii

4149214

EBR = 444N fBR ®max
(S=1) 4.15

unuar 4.44 N fgr ®max = Egr vnaumsi 4.15 asluaumsi 4.14 214

‘ Er = S%BR
4.16




nnaunsfi 4.16 umsuaasausanaoumiienilu rotor Ioop vagfinnuiala ) lu
terms ves blocked-rotor voltage waz slip

o asl

Q

(] Synchronous speed (ns) Ao AU esELININ AN

‘ Ns = (120fq) / F (rmin : sousio

UIN)

m Slip speed (N) Ao anwuuanasznine Synchronous speed #u rotor
speed

‘ 1" = Ns= Ny
(r/min : seuseui)

m Slip (S) fe dasrdnvesSlip speed o Synchronous speed  wse
anuuanaszrae Synchronous speed v rotor speed ae Synchronous
speed

S = (Ng- NyY/ Ng

m aslip %zfuasjﬁ’u load nunafisesdiumarves rotor duswiiu load manaunn
aunszitai i rotor weaviyudaems brake (blocked rotor wse locked rotor) vz

¥ rotor speed (Ny) =o §ufu mslip=1 (S =1)

S = (ns' nr)/ ns = (ns 0)/ nS =1 (Lﬁﬁ)
rotor wgavyu)




v Yy ' - '
& duslase brake az+ial¥ rotor Gam%.quuammmamﬁﬁuﬁ’aa 9 S|Ip TADY )
' ] P v .
anaan 1 liTeo 4 awanusives FOLOr wmuiiu  aunseiiea SHP Whlndgud (S =

150)  §ufunrwdives rotor v=14

Ng = Ng (1-S) (iiie rotor

a 1 < d?
Lﬁmﬁigul,l,azl,iﬂﬂmmmmu)

= & load ‘vmﬂaﬁwmgﬂﬂamaﬂﬁnmmumm rotor (no shaft load) sesilst
A aves FOtOr whduanuisives Synchronous speed iuse s slip =0 (S =
0)

‘ Fr = Ng (iiiofan
load @@ﬂ)

® wansgnuves SHIP deanwdves rotor

fr = SfBR

m 1 rotor ngaviyu (Dlocked rotor) el

fer = fstator

® wansznuves SIIP e voltage wes rotor

Er = SEgr




Example 4-2 The frequency and induced voltage in the rotor of
a certain six-pole wound rotor induction motor , whose shaft is
blocked , are 60 Hz and 100 V', respectively. Determine the
corresponding values when the rotor is running at 1100 r/min

Solution w1 synchronous speed

VINAUMS Ns = (120fs) /P vz blocked rotor s
fer = Tstator)
= (120x60) /6
= 1200 r/min
ma Slip eanuFrves rotor = 1100 r/min
VINAUNS S = (ng-N/ Nng = (1200 -
1100) / 1200
= 0.083
S fr = Sfsg = (0.083 x 60)
ANs
nag Er = S Egr = (OO83X100)
= 833V




4-7. Equivalent Circuit wes Induction Motor

Induction motor exendnnmsmomnasauan stator g rotor Tasmsmiienh
AuLiman
Iih FeasTdnuarmsmhamieuntomladlulih §ufu stator szmieufuvaaia
primary veswsoutaslvlih uaz rotor swmileunuvaaia secondary vesnsfouslaslvih

A - -
msaviusauyaves iInduction motor Ssadrefuesauyavesnsdoutasllih

Rotating flux
of stator
N R,
= ‘aaaa! AAA
\ YYYy
v :}j—: E, Rotor
Stator ‘/ %
(a)
Rotating flux . =
of stator . JXee f |
1 J'SXBR Rr |
T
|
|z,
|
o
R,
(b) (©
Rotating flux R Xer &
of stator . Ar |
I jXBR K3 |
~ |
| ZJs
"+/
Egr Rotor | .
| jor diagram
for al Rils
@ © otor

1ngiheesauyaves induction motor usundowmiloniwes rotor (Ey)
J = = 9y 1 < o [ 9
wgniweenianud fr Teoduusamimanmyuves stator dwsuannudumuves

Ed Y 1
rotor (Rr) wAuegnuANeVeINuNNIde HAZANMNENTD TUMTAIULAZHAIINA?

fuvesimiwea rotor (skin effect) daua inductive reactance weq



rotor (X;) 5sni1 Leakage reactance dwsimannduusasimaniiss (leakage

flux)
a1 reactance a5»1u rotor uaaaldluzivesnaudves rotor fe

Xr = 21‘cfr|_r

4.17

manudves rotor (fr) Tugdves Slip wazanudiiswann Stator swe rotor ga

Tivganyu Ao
fr = S fgr Wounumasluaumsi 4.17 a'ld

Xr = 22(Sfer) Lr = SL2=tferly)
4.18

uaa (2 = dounuaaluaunsn 4.18 azld
(2 = fgr Ly) Xgr

‘ Xr = S#BR
4.19

nnssauya m impedance ves rotor #e
Zr = Ry + )X

4.20

unua Xy = S Xgr mnaums 4.19 asluaumsn 420 12'1d

Zr = Ry + ]S Xgr

4.21

nngilii4.7 (D) iileldngues ohmes law fuaees rotor ievdnszue Iy 2218

Iy = SEgr/Zr = SEgr/(Rt4SXgr)
4.22

' ' . v ,
Mnaumsi 4.22 dethear SHP (S) wisiusbiazdiu az'ld

Iy = Egr/Z/S) = Egr/(RpES—=+4Xgr)
4.23



0317 4.7 (C) Anszuaves rotor (Iy) Tugdvesvina magnitude uasapla

Ao
\{_= Egr o | Z¢1S) or / = [Egr!Z(/S)] -
or )
gafusng ldvinavesnszualy rotor aAe
I = EBF [ Ze19)
4.24

a1 impedance rotor wazyw o Iuglesnilszneuves resistance (R) uag
reactance (X) a0 phasor diagram lugilii4-7 (€) a¢1&mnszuawes rotor

Ao
‘ i = EBR/wiRr/S)H (Xar)®
4.25
uag . .
-1
‘ or = tan [XBR /(FFI‘/S)] -
4.26

or = rotor impedance angle

4-8. Air-gap power
Air-gap power e fdsnuvesmsasinuauwimsiman lrlihimsgesineszni
stator nu rotor

Rotating flux
of stator

. Rr
I JXBR 5

W

Egr Rotor

(d)



gl 4-7 (d) air-gap power dewla Tugves complex #o
%

Sgap = “EBrir
4.27
e ; EBRE Egr 0° L |r = |r -or
unue Egg uas conjugate nssua Iy acluaumsii 427 1218
%
Sgap /= (Esr 0°) (Ir -er)
/Sgap/ = (Egr o) (Ir or)
ggap = EBer or
VA 4.28
wlasnngal polar form i rectangular from a4
Sgap = Esrlr cosoer + jEgrly
sin or

sufueadilszneuves air-gap power lugilves active power uas reactive
power e

Pgap = Egrly COSor -
W 4.29
nag anp = Eggr |r sin or -
VAR 4.30
il : Sgap = apparentair-gap power  (VA)

Pgap = active air-gap power (W)
Qgap = reactive air-gap power  (VAR)

Esr = blocked rotor voltage (V)
Iy = magnitude of rotor current  (A)
or = rotor impedance angle
coser = power factor of rotor

4-9. Mechanical power and Developed Torgue



e Mechanical power @#&snumana)

[

Midsnuiignaredwresin air-gap sin stator luds rotor dawlvajfumidsan
. 2
nIlih vaziedada rotor szimamsgadsiidenulihlugivesiideanuion (I R)
lugni rotor (rotor conductor losses: Prep  wasmidsnmdauiimasazgn

9 9
v =

waswiumdsnunina (Pmech) Nwa1ves rotor Wiwsemnsodeuaums laasil

Pgap |= Pmech + Pret——
(W) 4.31

A
o .

Pgap = air-gap power (W)

Pmech = mechanical power (W)

Prel
Prcl = rotor conductor losses fs msgapdeluzlvesanudouvesunaia

21l rotor siufe

rotor conductor losses (W)

2
Prel = Ir Ry (W)
Rotating flux
St 2 R,
of stator . _Ju\' - E
'aaAa W'
o Egr Rotor

(d)

I~ 1 1 o w
1ngiheesauyaves FOLOr szuv 1 wla waasldiiumsdenemasan Trdhdw

Fo9319 lr-gap vin stator luda rotor uwaghitinssuishezadnmdsununame 9
a o w [] 1 . 2/} =
ANNaTIMaluaesng alr-gap (Pgap) naruavzgnuendats I lugimsgadsni

fouvossnnuduniu fe Ry/S  Tas reactance (Xgg) v hidasdsan active
POWeEr 1iufio Mfanusesiisnuazgaasliia rotor lugtvesmsgapdendsauniy
Y oA v H
Sounmanudmmu nazglves Slip Ao
2
Pgap = (lr Rr) /IS
(W) 432



(W)

Y
gartuszuu i 3 wla 0214

2
Pgap - (3 |r Rr)/S
4.33

—(W)

fdennueungn 1l lursauyadinnudumuues rotor (Ry/S) sdelsiam

anudunueswes Fotor des Ry tiude sidwnuanuoungnldllesddudnies rotor
90599 dwmsuszou v 3 wler azidlu

2
Prel = 3lr Ry

(W) —

. 2 r
unua Prel = 3 Iy Ry vinawmsi 434 asluaums 433 9218

I:’gaF = Prl /S ——
4.35

aunsn 434 asly

1 2 ‘:’ 2
wazunudil Pgap = (3l Rp) /'S awaumsii 433 waz Prel =31 Ry on

aumsh 431 o1 Pmech 9214

(W)

4.37

(3|r2Rr)/S = Pmech t 3|r2Rr

2
Pmech = [Ir Rr(1-—S)HS
4.36

1 2 lﬁ' 1 tﬂ'
ud (31 Ry) / S = Pgap siounusaaluaumsi 436 v'ld

Pmech = Pgap(L-S)

Developed Torque (amﬁﬂﬁa%ﬁeéﬁum)

<3
AMusvee rotor v ldnnaums

nr = ns (1'8)
St Ne/Ng = (1-S)



uwnusn (1-S) = Ny / Ng asluaumsii 436 agldaumsvesiidsaunaiadisiu

1w rotor veswewmes 3 wla fleglugtvesnnuss rotor #e

Pmech = [3 Irer Ny]/SAs—
(W) 4.38
nauduthe Nameplate veweomes  uavdoyaveswewoszuaasmmdsnunail
wihauusah (hp) anusves rotor fwiedluseusewni (r/Min) vazusedaiiniae
Surdoud-rla (Ib-ft) tfufe vinaumsii 4.38 wWasuanwise watt Huuseth (1 hp =

746 W) 023

2
Pmech = [3Ir ReNf] /@46 S. Ng ———hp)
4.39

di’ o w 9/ ~ v o J
Lmzﬂmﬁumiwugmmmmawmmmaiugﬂmammm (hp) NUFAAIANUAUNUTUDI

o w Y A A 9 dgl < A
A1899UNeNa NULSIDANAI9IUL vazaNusves FOtOr Ao

Pmech = (TD nr) [ 5252——
(hp) 4.40

o .

Pmech = mechanical power developed in rotor (hp)
Tp = developed torque  (Ib-ft)
Ny = rotor speed w3 shaft speed  (r/min)

diounui Pmech = (To. Np) /5252 snaunsii 440 asluaunsdi 4.39
uazudaumsmisves developed torque (Tp) ald

(To. N) /5252 = [51,°Re Ne] /746 S. N
TD = 7.04 [(3 |r2Rr)/S-—ns—]—
(Ib-ft) 4.41
- [21.211,°R)) / S. Ng]

Ry) /S disunudrasluaumsi 441 1218

r 2
vnaumsii 433 Pgap = Gy

Tp = 704Pgap; PS (Ib-f)—

442




e Shaft Torque wssiafiway

a A < a Aq v o £ Y o = =
ussdanmandussdaveunarn s lumsvy |Oad G]S\‘lhlﬂﬁﬂmﬂﬂﬁijiymfﬁﬂﬂllﬂlﬁﬁlﬂ

nu
wnavn bearing (friction losses) uwazmsgadsnnmsszinveimaiihanniiaan

TV INMAVULNAN (Windage |OSS€S) W ldonauns

Tshaft = 704Pshaft/ Ny (Ib-

ft)

=
N
(@

Example 4-3 A 3-phase, 460 V, 25 hp, 60 Hz , four-pole

induction motor operating at reduced load

requires 14.58 kW input to the rotor. The rotor copper losses are
263 W, and the combined friction , windage , and stray power
losses are 197 W. Determine:

(a) shaft speed (b) mechanical power developed (c)
developed torque

Solution (a) shaft speed
wawms  Pgap = Prel /S = (458X 103) = 263/S
S = 263/aasx10%) =
0.018



MINANNS Ns = (120fg) /P = (120x60)/4 = 1800

r/min
MINAUNS Nf = Ng(1-9S) = 1800 (1 - 0.018)
= 1767.6_r/min
Ans
(b) mechanical power developed
ANTUNIT Pgap = Pmech + Prc] = Pmech =
Pgap - Prel
Pmech = (1458 x 10%) - 263 = 14317 W
Ans
Pmech lustvewsa (hp) fe
Pmech = 14,317 W /746 = 19.19-hp—
Ans
(c) developed torque
wnaums  Tp = 7.04Pgap/ N
= [104(14.58 x 10°) ] / 1800
= 57.02 Ib-ft
Ans
30 nnaums Pmech = (Tp. Ny) /5252 = Tp = (5252
Pmech) / Ny
To = (5252 x19.19)/1767.6
= 57.02 Ib-ft
Ans

4-10. mdsaugaeds, Uszansmwuaz power factor (Losses,
Efficiency and Power- factor)

o masnuganas (L0OSSES)



Tumsinailsgdnsaw (efficiency) vewewes  Sufluszdouimmdinu

J a o ¢ o o 4
MIgaydey (|OSSGS) TugomesAadinds  Fahasnumsgadslusomesszilsznoudie

[

Masnugadslu stator uazimasnugayaslu rotor

0 masnugadalu Stator

fasaumsgaudelu stator dsznevude

1.Core losses (Pcore) fie midsnunmsgapdeluuiaunumdniiiaan
hysteresis losses uaz eddy current losses

2. Stator copper losses (Psc]) fo masnumsgapdoluvaaiaves Stator

. j 2
Fuflumsgapdelugdvesnnuiou I"R Tuvaana Stator

deismiemidea i input power 1y stator uasiRadidanumsgapdely

Y -
uvsunuvanuazuaalaves Stator duiusidenudhugesin air-gap (Pgap) Ao

Pgap =| Pin - Pcore - Psti
(W) 4.44

A&,
o .

Pgap = air-gap power (W)

Pin = total 3 phase power input to stator (W)
Pcore = core losses (W)

Psc] = stator copper losses (W)

0 mdsnugaasly Rotor

[

fasaumsgaudelu rotor dszneude
1. Rotor copper losses (Prc) e sidsnumsqaideluvaaiaves rotor &
- 2
Wumsgapdoluzivesniudou IR luvaada rotor

2. Mechanical losses (Pmech) Humdsnumsgadonanadae

sznoudie

21 Friction and windage losses (Pfy) — lumdsnumsgaydoinia
nausudeanuves bearing syniawnlseswdsu slip ring Seni <friction losses”



= A a A o Aa 1 = '
HAagMIFULFINNNITITUDINIANDAINNITHHYUUDIAAUNAANNAADYLULNA rotor 5enm
“windage losses”

2.2 Stray power losses (Pstray) —luidsumsgapdoonanin

& g = &£ o PR Aa P
mwmﬂmmmaﬂuazmiqmmﬂmma wﬂumiqmummaﬂ €] NUATANN

o g’l d
0 mdsnugaaenamualuens

o w = 0911 J A o w = v o w
Masnugydenaualusemes Ae wasavvesmasnugadslu Stator numasnu

qapdelu rotor  FeamnsodouaumsIdasi

Pstray

Ploss = Pscl + Pcore *|Prcl +- B+

(W)

4.45

dmfuuomesyiia 3 nla 447 uuy Design B awmasgiu NEMA
(National Electrical Manufacturers Association : wnasgiugasvnssuves

Tsanuduanginsal lihnlszmaanigomsn)

A :JI 1 Yy A 4 4 A o dy
NUYUIAAGLLA 1-125 115331 mﬂa‘iwu@]miqiymﬂmu

Losses Percent of total losses

Fagtor affectipg these losses

Pstl 35-40
conductor size

Prel 15-25
conductor size

Pcore 15-25
qua‘ntity of magnetic material

Pstray 10-15
manufacturing and design methods

Pfw 5-10

design of fans and bearing

Stator
Rotor
Type and
Primary

Selection and




o Power flow diagram
Power flow diagram fumsuanims lwavessidsaunaunassie’lsl input

power disieli

stator 'lusuds output power veuna (Pshaft) #ldlumsiuload  Tawassaw
f‘hﬁwmqaﬂuﬁﬂﬁwmﬁgﬁ@ﬁuiu stator wag rotor awiueaslugilii 4-8 dwmsumaidou

Power flow diagram seiivse Teanilumsaroudilym deszazainlumssnumdinen

‘pgap

=
'”l:\cl.h
3¢ —- .
Ps'.'l Pujrc PfL’l‘ PF. w P\[r:l_\

51t 48 Power-flow diagram showing flow of power from
stator input to shaft output.

P, in P shali

ning1 Power-flow diagram saunsafivsmae g 18 1w

Pshaft —AL—

‘ Ploss = Pin -

4.46

Pfw * Pstray

‘ Ploss = Pscl + Pcore + Prel +
(W)

uae




Pmech = Pshaft + Pfw + Pstray——W)

4.47

o Useful Shaft-power output (sdsam output veswan

fidea output veamar (Pghaft) Humdsaumana (Pmech) fiad1edumnan

fmdeau Tulih

Y A o w A = =
aﬂﬂ'Jflﬂ']'iqmlﬁﬂﬂ'lﬁﬁﬂ']um?ﬁﬂﬁﬂ‘]Jﬁgﬂ@‘]_lﬂ15fq‘filulLﬁfﬁ]1ﬂ!ﬁQlﬁﬂﬂvnuuagﬁgll']ﬂ@']ﬂﬁlﬁ (Pf,W)

Uag

9

mdsangapde Stray (Pstray)  amnsaiouaums Iddai

Pshaft = Pme¢h - Pfw——Pstray
(W) 445

o Efficiency (Jszansmmw)
Uszansnmaes Induction motor whdusasdiuves OUtpUt pOwer se input

1 v
pPOWer aammnsnleuaunms lanail

‘ N = Pout/Pin| = PshafttPin—

4.49

o Power-factor
Power factor fe dasidauvessideniu active power defidsnu

apparent power  #wannsaideuaumsladd

Pt F Pin /' Sip———
4.50




P = power factor
Pin = active power = ¥3 Vline lline C0So

Sin = apparent power = V3 Viine lline

Example 4-4 A 3-phase, 230 V, 60 Hz , 100 hp , six-pole
induction motor operating at rated condition

has an efficiency of 91.0 percent and draws a line current of 248 A.
The core loss, stator copper loss and

rotor conductor loss are 1697 W, 2803 W and 1549 W respectively.
Determine :

(a) power input (b) total losses

(c) air-gap power (d) shaft speed

(e) power factor (f) combined windage , friction and stray
power loss

(g) mechanical power (h) sketch the power-flow diagram and

enter known values

Solution (a) power input
wneuns N = Pshaft /Pin = Pin = Pshaft /n

Pin = (100 hp) (746 W) / (91/100)
= 81,978 W

Ans
(b) total losses

vinaums  Ploss = Pin - Pshaft = 81,978 -
(100 hp) (746 W)

= 7378 W
Ans
(c) air-gap power



NNAUNT Pgap = Pin - Pcore - Pscl =
81,978 - 1697 - 2803

= 77,4718W

Ans
(d) shaft speed
NNTUNT Pgap = Prc| IS = S = Prc] / Pgap
S =1549/77,478 = 0.02
VINAUMS Ns = (120fg) /P = (120x60)/6 = 1200
r/min
MINAUNS Nf = Ng(1-9) = 1200 (1-0.02)
= 1176 r/min
Ans
(e) power factor
VINANMS ~ Sin = ¥3 Viline lline = 3 (230)
(248) = 98,796 VA
VINAUMSI P+ = Pin/Sin = 81,978 /98,796
= 0.83
Ans
(f) combined windage , friction and stray power loss
vnawms  Ploss = Pscl + Pcore + Prcl + Pfw +
Pstray
Pfw * Pstray = Ploss- Pscl - Pcore - Prcl
= 7378 - 2803 - 1697 - 1549
= 1329 W
Ans
(g) mechanical power
vnaums  Pmech = Pshaft + Pfw * Pstray
= (100 hp) (746 W) + 1329
= 75,929 W
Ans
(h) sketch the power-flow diagram and enter known
values
Sl'g;f v T icih e Pshant = 74,600 W
3

R

o > 3 > o]
F sl lr(l.'mu f rel !1_ W F

stray



SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

Ng = (120f5) /P (rpm)
Ny

S = n/ns = (ns'nr)/ns
ns (1' S)

fr = SfBR

= SkEgr

Xy = S Xgr

= EBR /(Zr/S)



Ir = EBR / \/(Rr/S)z + (XBR)2
tan" [Xer / Rr/S)]

Pgap = Egrly COSop
Pmech * Prel (W)
2
Pgap = GIlr Rp)/S (W)
Prel /S (W)
Pmech = Pgap(1-3) (W)
Ny /5252 (hp)
TD = 7.04 Pgap/ ns (Ib'ft)
Ny (Ib-fo)
Pgap = Pin - Pcore - Pscl (W)
Pin - Pshaft (W)
Ploss = Pscl + Pcore + Prcl + Pfw + Pstray

Pmech = Pshaft + Pfw *+ Pstray (W)
Pmech - Pfw - Pstray (W)

N = Pout/Pin = Pshaft/ Pin
Pin / Sin

Tshaft = 7.04 Pshaft

Ploss =

(W)
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n3esna Iihauauuumsiei

5-1 wnmih
maaen MOtOr #angalimmnganiumsldanu wzdesinsanesslsznounatelizns
13U
o w a wa 3 A 9 o < < A A [
fdenu, usside, puauidvesanuiiiediy load Wunwuanusnei wSedfu
< 4
GRRIE RN
wiennuimlasunlasnw load wezdnvarmsirnuingihouiunnusdeiiios wie
Mty
Y
Fo U HIOMMNULUUIAY 9 Hga
Tumswenewnazidon MOLOr Tmmzaviumsldau  NEMA laswuanm
WATTIUAMTY
v . . .
motor sy frame dimensions, voltage and frequency, power rating,

service factor, temperature rises
uaz performance characteristics @ wsuilszToninldsunnmnaign NEMA

Ao vz lavuna Motor
A 9 @ A @
ngnasauazmingaylumMsTuAIT09InNg
v 9 v
Yoyavos NEMA #dadseguu nameplate vos motor v 1vdoyaiiiu
sz Tominemainiuues MOtOr, auauiauazmslfau uaymsmauinnnzaumold
vouwaves rating vu nameplate &wzihld motor sianldedsiialszannmias

ot
5-2 msmisilszanuazmsuansnadnsacves Squirrel Cage

Induction Motor ausnasgiy NEMA

NEMA (The National Electrical Manufacturers Association :
nasgIugamnnIsuued Issnudrangunsal llihvewlszmaansgowsnm) Iddmuainasgin

mseenuuy Squirrel cage induction motor 13 4 uuy ieazainlumsfiansan
donldaulinzaviudnyazvesnu Tagiarsanda
Torque-speed ffiamauiauandaiuvewemes luSewseda (torque) anusisou

(speed) uae



anszua I starting
wnasgmsesnuuud iy squirrel cage induction motor fismua’ll 4

Y
uu Ueeae il

m Design A fusemesiitiusstavazisy start Und anszualiihvazisy

U H o Jd a 3 1a ) 4 va
start qu uazilan slipd  wemeswiaiselideniunldanluse  ieaniiguania

anszua I
m Des YULITY
start én  uazis nlndvg
vo & A Design B Design C Design D ”
1nuiluwiiansa A09M3

useabagqevaisisy starting

m Design C funemesitusedavazisu start qu  anszualiihuuzsy
start é1  waziien slip yowesyiiaiiseiominnlFnuludemuiy Tavndv 19
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starting
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;17 5-1 Torque-speed characteristics of basic NEMA design
squirrel cage induction motor

m s Minimum locked- rotor torque #@l&umnmseenuuuves
NEMA #wsu squirrel cage induction motor ql&nnmswi 5-1  Taow
nneweanssh (hp) ,  synchronous speed , frequency
wazen Minimum locked-rotor torque v=gnuaaslugal percent (%) vea full-
load torque (rated torque)

m 1 Minimum breakdown torque #l&nanmsesnuuuves NEMA
dwisu squirrel cage induction motor ql&nnmsi 5-2  Tasmainawes
useth (hp) , synchronous speed , frequency
wazen Minimum breakdown torque sszgnuaadlugi percent (%) ves full-
load
torque (rated torque) o

m a1 Minimum pull-up torque #e useiieAsvuniisdigaveswemes
szrieganaesmsisann locked-rotor Tdsuda breakdown Tagsn Minimum
pull-up torque szgnuandlugy percent (%) ves full-load torque (rated
torque) #q'ldnnmsnii 5-3

e msun b-1

TABLE 5-1

Minimum locked-rotor torque, in percent of full-load torque, of single-speed, 60-50-Hz,
polyphase, squirrel-cage, continuous rated, medium motors with rated voltage and fre-
quency applied®

Synchronous Speed (rpm)

60 Hertz 3600 1800 1200 900 720 600 514

Hp S0 Hertz 3000 1500 1000 750  —  —  —
Designs A and B

) — — — 140 140 115 110
3 — —_ 175 135 135 115 110
1 —_ 275 170 135 135 115 110
14 175 250 165 130 130 115 110
2 170 235 160 130 125 115 110
3 160 215 155 130 125 115 110
5 150 185 150 130 125 115 110
74 140 175 150 125 120 115 110
10 135 165 150 125 120 115 110
15 130 160 140 125 120 115 110
20 130 150 135 125 120 115 110
25 130 150 135 125 120 115 110
30 130 150 135 125 120 115 110
40 125 140 135 125 120 115 110
50 120 140 135 125 120 115 110
60 120 140 135 125 120 115 110
75 105 140 135 125 120 115 110
100 105 125 125 125 120 115 110
125 100 110 125 120 115 115 110

1SN 1NN 110 170 170} 1158 115 —



M319n 5-2

TABLE 5-2

Minimum breakdown torque. in percent of full-load torque, of single-speed, 60-50-Hz,
polyphase, squirrel-cage, continuous rated, medium motors with rated voltage and fre-
quency applied®

Synchronous Speed (rpm)

60 Hertz 3600 1800 1200 900 720 600 514

Hp 50 Hertz 3000 1500 1000 750 — — —

Designs A and B
— — — 225 200 200 200

i - —_— 275 220 200 200 200
1 - 300 265 215 200 200 200
11 250 280 250 210 200 200 200
2 240 270 240 210 200 200 200
3 230 250 230 205 200 200 200
5 215 225 215 205 200 200 200
73 200 215 205 200 200 200 200
10-125, inclusive 200 200 200 200 200 200 200
150 200 200 200 200 200 200 -
200 200 200 200 200 200 - —
250 175 175 175 175 — — —
300-350 175 175 175 — — — -
400-500, inclusive 175 175 —_ — — — —
Design C

3 — 225 200

5 200 200 200

74-200, inclusive 190 190 190

* Reproduced by permission of the National Electrical Manufacturers Association from NEMA Standards Publica- -
tion MG 1-1987. Motors & Generators. Copvright 1987 by NEMA. Washington. D.C.

TABLE 5-3

Minimum pull-up torque, in percent of full-load torque of single-speed, 60-50-Hz, poly-
phase, squirrel-cage. continuous rated, medium motors with rated voltage and fre-
quency applied (designs A, B. and C)* '

Column 1 Column 2
Locked-Rotor Torque from Table 5-1 Pull-Up Torque, Percent
110 percent or less 90 percent of column 1
Greater than 110 percent, but less than 145 percent 100 percent of full-load torque
145 percent or more 70 percent of columin |

A e cmdicmed het e rcee e mm Al ke W entimaal Clactrernal RAMMacmssfaatssesoe Acemmnt ce Frmnes AMIEAIA Cinmdanrde Pohlivcn.



Example 5-1 Determine the minimum values of locked-rotor
torque, breakdown torque and pull-up

torque that can be expected from a 3-phase, 10 hp, 460V, 60 Hz
six-pole , NEMA design C motor

whose rated speed is 1150 r/min

Solution  NFAUNIT n, = 120f/P = (120x60)/6 = 1200 r/min
MINANMS Pmech = Tp.n, /5252 = Tp =

Pmech (5252) /I’lr

To = Trated = (10 hp)
(5252) / (1150) = 45.67 Ib-ft
nnmsni 5-1 shwnavesemes 10 hp , design C, synchronous speed =

1200 r/min lifisumnen percent ves rated torque sesinnma Minimum
locked-rotor torque a1

Tlocked-rotor = 225 % (Trated) =
2.25 (45.67)
= 102.8 Ib-ft

Ans
namsei 5-2 hawaveswemes 10 hp, design C, synchronous speed =
1200 r/min ‘hlidenms percent ves rated torque siteriwnnms Minimum

breakdown torque 24

Tpreakdown = 190 % (Trated) =
1.90 (45.67) -
= 86.8 Ib-

Ans
wazanasned 5.3 agldan Minimum pull-up torque #e



Tpull-up = 70% Tiocked-rotor =
(0.70) (102.8)

Ans

5-3 Shaping the Torgque-Speed Characteristic
musadagqeganl induction motor aunsavzadraldnng voltage uasn

' Y
frequency wdmuald uazezinegiuvinannuduiutvessnnuduniu Ry uaga
reactance X1 waz Xo  uazz

Wudaszanamrmdunu Ry a1 SHP @ Tay wiiludadiulasasadudiniudiuniu

R, awhuaadlugln 5-2 wazawnsomIdoinaums

To = QLI2ZI,°Ry)/(SNg)  — bt
5.1

. R, iXi Xe  Rofs
1

l'!
' 2 [ M AA—
_lva'l'_
\4 Ry, ] JXm

T {R~| +§:)

(b)

JXy + X2)




;1 5-2  (a) Approximate equivalent circuit of an

induction motor;
(b) phasor diagram for locked-rotor
condition.

13l 5-2 () awsamanszua o Idvnaums

o, = V/[Ry+jXy+(RalS)+]jXo]

5.2
sazmnaves |y 1218
L1 = VIR + RaLSt (X +
X2) °] 5.3
unudvnavesnszfa | I snaumsit 5.3 aduaumsi 5.1 1214
To = 2112 VA (Ry/S)/ [(Ry+RalS)* + (X4
+ X2) %] ng 5.4

vnaumsii 5.4 dwsva slip A% uazar parameter vounsosins (R1, Ry
, X1, Xo) stz
vt dariueziii developed torque suiludadiuidsansves applied voltage
(VD) ihido

To o V2

Ib-ft

o
(4]

5-4 wansznuves Off-rated Voltage and Off-rated
Frequency

iio voltage fimsiasunilasain rated voltage wiomsnlfsunlasanudan

rated frequency
aaautiamshauues iInduction motor wuandseen’lsl  wazamifamsdeuuuan

ﬁ1ﬁﬁ1@1ummﬂﬂ§%§uaéﬁu percent msnldsuuasves Voltage uas frequency

e Effect on running torque



pansznufiAannmalasunlamesawaon developed torque (Tp)
aunsamldTasusaslugues synchronous speed (Ng) wazlugilvesniwd (F) o

1. lugves synchronous speed (Ng) wldnnauns

To = (21.12V2S)/ (Rp.ny)
lb-ft 5.6

2. lugiveswd (frequency) wil&nnanns

Tp = (21.12VT. S)/ R,(120 1 P)
lb-ft 5.7

dio Ng= 120f/P

vnaumsii 5.7 axdinldh developed torque asiludadauius applied
voltage snidsaos

(VZ) wazen SIip (S) wazdudrundusumaid (f) e Ry uaze P (pole) i

= S BV
AMNFNN UUAD

To J VAR VA

Ib-ft

o
(0]

e Operating 60 Hz Motor on a50 Hz System
msvhamves induction motor #ar frequency &+ rated frequency

1y Thuemesinaua

60 Hz 1145 ua1wd 50 Hz awiflumginld magnetizing reactance aaas uas
wansznunmsaNdveiman vl magnetizing current anas Fanadns
sz lfifaanudousunsinevaaInve NI (overheating) msflesiumsaina
overheating msaa applied frequency s=dosmudiomsan applied voltage

nande q fe “dasiaiu voltage de Hz deaiimnsin



amnasgie NEMA  Induction motor 3 phase 60 Hz @i 2,4, 6
naz 8 41 awnsoinnldnnszuuaimd 50 Hz Taeimualien hp uaz voltage
rating # 50 Hz iilu 5/6 wi vessi rating a
60 Hz e ludnuazsuiiaelifia overheating uazeh locked-rotor
torque uaz break-down
torque 7 50 Hz ssmilousumsmaui 60 Hz

HPg5g = 5%/6 HP go
30 (T.Ny /5252)50 = 5/6 (T. Ny /5252)

60

Lﬁﬁ) . Pmech =T .nr/ 5252 (hp)

Example 5-2 A 230V, 20 hp, 60 Hz, six-pole , 3 phase
induction motor driving a constant torque load at the rated frequency
, rated voltage and rated horsepower , has a speed of 1175 r/min,
and an

efficiency of 92.1 percent. Determine :

(a) the new operating speed if the system disturbance causes a 10
percent drop in voltage and a

6 percent drop in frequency.

(b) the new shaft horsepower. Assume that windage , friction and stray power losses are essentially

constant

Solution (a) the new operating speed if the system disturbance
causes a 10 percent drop in voltage and a 6 percent drop in
frequency.

L‘J‘Jﬁ'ﬂilf)mﬂio'ﬁNWHﬁ rated frequency DERVGN synchronous speed Az slip ﬁﬂ‘lﬁl

wawms Ngq = 120f /P = (120x60)/6 = 1200
r/min
MINANMS S1 = (Ns1- Nr1)/ Ns1 = (1200 -
1175) /1200 = 0.02083



& voltage anas 10 % an rated voltage uazanuianas 6 %
»n rated frequency

2214 Vo = 90 % (230) = 207 V
f, = 94% (60) = 56.4 Hz
gy Ns, = 120f,/P = (120x56.4)/6 =
1128 r/min

uaTondimuald torque load asii siude
To1 = To2
nnaunms  TpD o (V2. S)/f faruez 14
st = Vsl
V17.S) 1 f1 = VM2".S)) 1 1
S, = §1 (V1/V2)2 o/

f1)°

= 0.02083 (230 /207)°
(56.4 / 60) °

= 0.02417

#uiu new operating speed (Nr2) wl&nnaums
N2 = Ns2(1-Sp) = 1128

(1-0.02417)

= 110}—+min—
Ans

(b) the new shaft horsepower.

vnaums  Pmech = (Tp. Np) /5252 uazTandsmualst
torque load nsit (T = T ) énfu the new shaft horsepower w1 1&un

Pmech1 = (Tp1. Ny 1) /5252 = Pmech2 =
(Tpz. Ny, 2 ) /5252

Pmech1/Pmech2 = Ny 2/ Nr 1
(Tp1=Tp2)



Pmech2 = Pmech1(Nr, 2/

nr, 1)
= 20(1101/1175)
= 18.74 hp

Ans

%30 vneums  Pmech1 = (Tp1. Ny1) /5252 = Tpp =

Pmech 1 (5252) / Ny 1
Tp1 = 20(5252) /1175
= 89.3957 Ib-ft
Tondimuald torque load asit (Tp; = Tpp = 89.3957
Ib-ft)  &ufu the new shaft horsepower #e

Pmech2 = (Tp2. Ny2)/5252

= (89.3957 X 1101) / 5252
= 18.74 hp

Ans

5-5 deyavu Nameplate vosuonos

%’ayjaﬁuﬁmumuﬁuﬁw nameplate mmmma{%zuﬁm%’agaﬁwﬁﬂgﬁﬂaﬁumaugmss]ﬂwi
fhamvewemes wazgaautiam o lumaldih Tasdoyaiueasuurutheszueas
swmsiiilu rated operating condition veswemes f1&sumssullszfunnisanu

Y a
HHan

YP DESIGN\
P

FRAME
445T B
XE ENT. NO. P44G520A-G1-XJ
HP 150 [VOLTS 460

) MADE IN US.A. \

D Y omRPM 1785 |[AMPS 163
S AMB 40 °CIDUTY CONT
errciency | 96.2»JHZ 60 g Gl S ) ACTITUDE @
ARANTEED | 958 w IS F. 1.15 40 | 1.00 | 9000
e 89.7 JENCL.TEFC] 50 | 1.00 | 3300
wareCoRR. | 17.5 BPHASE 3 [CODE G [®Siss F
DRIV B0 90BC03X30X26

OPP.DE. 90BC03X30X26

\813-6-(32

\RELIANCE ELECTRIC COMPANY/CLEVELAND, OHIO 44117




514 5-3 Induction motor nameplate (Courtesy Reliance Electric
Company)

nngilit 5-3 uaasnwazideatoyauuuduihe nameplate veos Induction
motor it rated operating condition @1&5umssulszfunnTssnuduan
Tasliswazidoadio s19velilihszuy 460 V , 60 Hz , 3 phase 1vu stator e
vemosaseglugungiinnadey 40°C |, load fiman (shaft load) whiul50 hp ,
wewosazAudeaNuIszana 1785 r/imin |, wazdsnszuann line current Jszana
163 A uwazsuilsziuiwemesiiszaninm 95.8 %

e Nominal Efficiency
s nominal efficiency fuaaswuwinthe nameplate uanlssaniam

mAgvesuomes Tag
Tssnudransulseiundwemesinud rated nameplate condition v='da
Uszaninmddiga (Minimum efficiency) veawowmes  anwudusiusserig
nominal efficiency fu minimum efficiency
awinasgie NEMA  dwsu squirrel cage induction motor uwuu design A,
B uaz C diflvun 1-125 hp q18nnmasii 5-4

e st 5-4  Induction motor efficiency

Nominal Minimum Nominal Minimum

Efficiency Efficiency Efficiency Efficiency
98.0 97.6 87.5 85.5
97.8 97.4 86.5 84.0
97.6 97.1 i 85.5 82.5
97.4 96.8 g 84.0 81.5

7.1 96.5 ! 82.5 80.0
96.8 96.2 ; 81.5 78.5
96.5 95.8 | 80.0 77.0
96.2 95.4 ' 78.5 75.5
95.8 95.0 ‘ 77.0 74.0
95.4 94.5 75.5 72.0
95.0 94.1 i 74.0 70.0
94.5 93.6 ! 72.0 68.0
94,1 93.0 | 70.0 66.0
93.6 92.4 f 68.0 64.0
93.0 91.7 66.0 62.0
92.4 91.0 ; 64.0 59.5
91.7 9.2 | 62,0 57.5
91.0 89.5 ‘ 59.5 55.0
90.2 88.5 57.5 52.5
89.5 87.5 . 55.0 50.5
88.5 865 | 525 48.0

| 50.5 46.0

“ Reproduced by permission of the National Electrical Manufacturers
Association from NEMA Standards Publication MG 1-1987, Motors
& Generators, Copyright 1987 by NEMA, Washington D.C



e Design Letter
Design letter fioonuuuaminaigiy NEMA idlumsuansguamiaves

o3 Fazvenlinawiemdigaves locked-rotor torque awmsei 5-1,
Sraves break-down torque ammswit 5-2  uazadigaves pull-up torque

MuA1319n 5-3

e Service Factor
a1 service factor (S.F) vewemes fe danar suilerirliqaudy rated

power uda ailudnii

load seusuld Tawst Service factor siidwinnda 1 uatm voltage waga
frequency aneliuemesiaunnniiidmualflusiuihe nameplate uwaziihe
service factor difigunnni 1 Tuaw

wihldalszdansaw , power factor uaz speed uaneaialian rated load

e Insulation Class
Insulation class dlugidnusiuaasriinvesnuiudgaazilsznouats Class A

. B,F,Hua

C Tasusiay Class azvenilumgegaiisonligaumngivugage ldmls Taoliildauiuves

a

s A o I a
ﬂlﬂﬁ’)ﬂiu&lﬁ]mﬁ]iLﬁﬁ]Mﬁﬂ1WLLﬁ$Ul¢9])§°Uﬂ’HiJL§'fJW'IEJ Qmwmmammu Lﬂuwaﬁ’mmmqmwgmau

U

#ha (ambient temperature) , quugiivesvaanluyemesifingiiuvazuonod

M uazgaungin
Y

4 £ a A
i Tasdszna luusnanianuiougs

U

b4
=< =

mgagaivenieamglimiuiumilesumgisenshs (ambient temperature)
dmiuriavesnuiuludiusg 9 ves single-phase uaz three-phase induction
motor fmnugoiies wieranluganasuduilszum 5 .15, 30 uaz 60 i

Tauaaa A luesan 5-5

e msun b-5

TABLE 5-5
Maximum allowable temperature rise for medium single-phase and polyphase induction
motors in “C, based on a maximum ambient temperature of 40°C¢

Class of insulation system (see MG 1-1.65) A B F? HP-
Time rating (shall be continuous or any short-time rating
given in MG 1-10.36)

o [ L A e ] B A e



nndeyaveawiuthe nameplate luzild 5-3 7 Insulation class #e class

F, Service factor = 1.15
uazmsiauveemeshnunuuaeiiies (continuous duty) ieshliillanisei 5-

5 Ngungil
soutns ambient temperature 40°C a1z 'ldmqungiiggainuiuaumnsonugumngiila
o 115°C
o o sda o qw A 1 A ~ Ty,
dmSuveines naaasldaumeluse Amguugligeganauiuaunsonugurgi ldvzge

' sda o qw A
ﬂ?TN@L@@ﬁW@ﬂ@QjG}NTHUHUﬂ 1R

Class A moumgiigegaiauuammsonugangild  105°C
Class B mgungiqegainuwuaunsonugangild  130°C
Class F mpuvgigagainunamsonuguygild  155°C
Class H mgavgigagainuuamsanuguvgild  180°C
Class C Mgavgigagainuuamsonuguygild  220°C

e Code Letter

Code letter azumasnnunmedmsumsmanaal3vesnszuanss Tsn

(inrush current)
laJéis stator Tuvame locked-rotor ijeisu Start wemesde rated voltage wa

rated frequency #isilagasaliffudrves stator
Code letter awsasuldanarse locked-rotor Wiy KVA/hpP 1

inrush current #iguaa



14 enunuaasluaisnan 5-6

e mauii 5-6 NEMA code letter for locked-rotor kVA per
horsepower (kVA/hp)

TABLE 5-6 Code Code

:JFOT Q\;Xd;elrc;:s::c;o:‘lz:fed i Letter kVA/hp® Letter kVA/hp?
A 0.0-3.15 K 8.0-9.0
B 3.15-3.55 | 9.0-10.0
C 3.55-4.0 M 10.0-11.2
D 4.0-4.5 N 11.2-12.5
E 4.5-5.0 P 12.5-14.0
F 5.0-5.6 R 14.0-16.0
G 5.6-6.3 S 16.0-18.0
H 6.3-7.1 T 18.0-20.0
J 7.1-8.0 U 20.0-22.4

\"% 22.4 and up

« Reproduced by permission of the National Electrical Manufacturers
Association from NEMA Standards Publication MG 1-1987, Motors
& Generators, Copyright 1987 by NEMA, Washington D.C.

* Locked kVA per horsepower range includes the lower figure up to.
but not including, the higher figure. For example, 3.14 is designated by
letter A, and 3.15 by letter B

5-6 Locked-rotor Inrush Current
vagii locked-rotor  udas phase ves induction motor asiien

impedance R uas L vosvamiadeoynsuduluies  ideisniinsta SWitch sedh

v v Y -
fuunasae W sz lmnanszualih  sanszualdihimedu As nszua transient uac

steady-state current
wiude nszuanszlyn (inrush current) v locked-rotor ‘ués induction

Motor aiszneude
duves Steady-state fisrFendr <normal inrush current> (I ss) — wazaou

voa transient (ljr tr) Taw
druves transient saaes 1 luganarsudy Sutulumenves locked-

rotor current agwminsdsnszualudiuves steady-state awinaaslugili 5-4

f] r 58

L
=V

fil. r

:

Amperes

A
2




s1it 5-4 Locked-rotor inrush current

drlszneuiiilu steady-state current dmsuuemesazldinanlsanuduaa
wieveyauuuruihe nameplate aaulszneu Steady-state current e
Aunaldnnar parameters veswemes Aeanimpedance uazqay rated voltage

9 9
per phase duiussaunsademiuaumsldai

lirsd = Vphase?Zin

5.9

Example 5-3  The motor isa NEMA design B machine rated at
150 hp at 460 VV, 60 Hz. It has a rated current of 163 A , a nominal
efficiency of 96.2 percent and a Code G designation for locked-rotor
Determine :

(a) the expected inrush current.

(b) the guaranteed minimum efficiency to be expected when
operating at rated conditions.

Solution (a) the expected mrush current,
Tandimuailu code letter G muumﬂmﬂm 5-6 ‘1/1 code letter G 92 1871 expected

range of starting KVA/hp #e
56 [ kVA/hp ' 6.3

! vy A
f1 expected range of locked-rotor current 1 lannaunsves apparent power f19
S = 3 Vline lline

(kVA/hp) x hp x 1000 = 3 Vjine lline
suiush locked-rotor current fqa e



(5.6) X150 x 1000 = V3 x 460 X

line

I|r,SS = 1054 A
uazan locked-rotor current qage #o
(6.3) x150 x 1000 = ~+3 x 460 x
line

|Ir,ss = 1186 A
safumnszuansz lynfimainznavuvas locked-rotor & rated

voltage uas rated frequency sl stator fe

1054 A | ||r’35_'11_8_6_A_
Ans

(b) the guaranteed minimum efficiency to be expected when
operating at rated conditions.
Tendsmuadr nominal efficiency = 96.2 % ot liiflamsaii 5-
4 4¢1da minimum
efficiency = 95.4 %
suiudr guaranteed minimum efficiency_= 95.4 %

Ans

5-7 Dynamic Braking of Induction Motor

Dynamic braking fio maananuSivewniessnina llfhaslaensdsuain

wasaweas! (Kinetic energy) feglu rotating mass 1¥ifundanuanuden

(|2R) Tuyaain FOtOr  waz/vieluvmaada Stator Tumsviusud Motor wwdewldo
aIngain line miéaes braking ievil# motor

Taaaut@iluy generator dremsde load Whly  Load ddeidhld ffe resistance
Taodoluvaaia rOtOr uaz/vseluuaada Stator wewesnizaanuisia

ms dynamic braking wes induction motor aunsaild 233 fe3s
DC Injection wuaz3% Capacitor braking

e DC Injection



DC Injection fe 33msiaauewmesosniin line uaztounnasselulih
nszuaass (DC) wWhliTaerinnces rectifier uwazdes resistor iiosivanszua ud
Suilsedhiudives stator $waw 2 41 awduaadlugld 5-5

Ithnszuaassiitlowdrlllu stator wwadwamummimnfiegiuiiielisuia
voltage 1u
vaaa FOLOr vy shlfwadnsvesnszua i luasesaiifiann squirrel cage

rotor wse wound rotor aglFsdsnuivyulugdvesmsgydendanuanuiou
2 2 o Y <
'R Seihvanusives
4 ' I
UONDIANAIDYINTINIG)

sasvesmsaanmialas DC Injection enilsuudsldTaomsdsuusas
resistor R &ems

14 variable ratio transformer w5e14 Thyristor (SCR) ajuguasesumnusi
resistor

Contactor
Ll —~ 7 Tl

T2 / Induction
motor
T3

L2~

L3~~~

——
—

[ ]

et -
—— Contactor

Transformer

ction

Braking circuit

o Capacitor Braking
msl¥ capacitor braking ssdeqilanuemesoannin line uazde capacitor
bank i lidrves
stator awduaadlugiii 5-6 e braking wemesazshanuiiv self-excited
induction generator uaz
szwiiivh capacitor braking sidsnuduinyuezgapdelugvesiidianudon

2
I"R Tuwaada



° 7 I o 2 A

rotor uazvaana stator ilvuewesaaauisias  uazthidosmsliuemosannus
2
WINAVU

wwdesde resistor load sl awdnansdrodilzlugili 5-6

Resistor
load
|
|
I
|

Contactor

Ll A~~~

—t

Induction

motor

L3 /N

Circuit
- . .

breaker —
&
c C

31 5-6 Dyna#uic braking using

—

Contactor

capacitors

5-8 msamsn Induction Motor
Induction motor fifvnaussihliviu 5 hp ez lfisudulasmsdenson

#u full voltage swfiuanslugilii 5-7

11
Ll
11 -
L2 |} Motor
T2
L3 11
1t -

Contactor



st 5-7 Full-voltage starting

Induction motor difivnadisaiuni 5 hp  dnszualiihwaesy starting
dwilgalszun
9-10 wh vesnszudaiing vn starting #1633 full voltage w1+ voltage
arlvganluszuuy
distribution Fweilinalininselinsensy'ld

BvzaanszualithnseTen (inrush current) vae starting #e dosan
voltage vueisy Starting
H135m3an Voltage figremswawds wu 1% auto transformer , msdeuuy Wye-
delta fivaasnvos
stator iesfanszuaiiiiuuaaia , msdeuvy part-winding , msde series
Impedance  wazmismiuquiaely solid-state control

e Auto-Transformer Starting

ms 14 Auto-transformer lums starting wewes azerdendnnisas
voltage fis1elsf stator Tae
s auto-transformer #i Tap 50, 65 uaz 80 % wos full voltage w3e
rated voltage iieshims starting
swos Voltage szanasaw Tap uaz contact S (Starting) wededsns vaed
contact R (Running) dass e rotor Suwyusudanusadhlng
synchronous speed a¢vih1¥ contact S idlaaes uay contact R sedsesidhdy
nszua il line Tagass

Motor




;U7 5-8 Circuit for auto-transformer starting

Example 5-4 A3 phase, 125 hp, 460V, 156 A, 60 Hz, six-
pole , 1411 r/min , design B motor with Code letter H is to be
started at reduced voltage using an auto-transformer with a 65
percent tap.

Determine :

(@) locked-rotor torque and expected average inrush current to the
stator if the motor is started at rated

voltage.

(b) repeat part (a) assuming the motor is started at reduced voltage
using an auto-transformer with a

65 percent tap.

(c) the inrush line current when starting at reduced voltage.

Solution (a) locked-rotor torque and expected average inrush
current to the stator if the motor is started at rated voltage.

NNAUNI N = 120f/P = 120(60)/6 =
1200 r/min

locked-rotor torque 1 rated voltage M lannaums

P . =Tn/5252 = T P (5252)/n
T mec T

rated

Trated = (125) (5252) [ 1141 =

mech

575.37 Ib-ft
st 5-1 @1 minimum locked-rotor torque dwsuwenes

yua 125 hp design B,
6 pole , 1200 r/min iy 125 % wea rated torque sufuazld

Tira60 = 125% Trated = 1.25
(575.37)



Tirae0 = 719.2 Ib-ft

Ans
v 5-6  a average locked-rotor kVA /hp diaah

9y
a o [ J
WNAIUTMSUNBIADS

Code H o 63+7.1)/2 = 6.70 kVA/hp
suiusnszuansy Tsninde (average inrush current) fimadiez
fatui stator # rated voltage wl&vnaunis

S =3 Viine lline
(KVA /hp) x hp x 1000 = V3 Viine line
(6.70) x 125 x 1000 = V3 (460) ljr 460
lir460 =—1051A

AnNs

(b) repeat part (a) assuming the motor is started at reduced
voltage using an auto-transformer with a
65 percent tap.
o Voltage anas 65 % v rated voltage siude

Vese = 69% Vigted = 65%
V60

Vesy, = 0.65 (460) = 299V

a1 input impedance veswewmesiimasiivaiz locked-rotor faiu

mnszuensz Tyninasd
stator zfludadiulaassfua voltage fiswly stator siude

lesos, = 65 % ljr 460 = 0.65
(1051)

|65% = 683 A

Ans
uaza1 locked-rotor torque wiiludadaulaoaseiud vVoltage snfideees

(Tha V2) ffufe

_ 2 _ 2
Tira60 = Va60) waz  Tire5% = (V650%)



2
iy Tiraeo | Tireswe = Vaso)” /

2
Tires% = Tiraeo Vesow! Vaso)
= (719.2) (299 / 460)° = 303.9. Ib-ft
Ans

(c) the inrush line current when starting at reduced voltage.
vinaums tUrNS ratio ves transformer fo

d = VHsline / Visline = Vaeo /
Vgsy, = 460/299 = 154
uag a = ILsline / Insline = lir,65% /

lline,inrush
lline,inrush = lireso / @ = 6834154 =
444 A Ans
s current uaz voltage fiswwaz locked-rotor uazar voltage fianas
65 % v rated voltage #1s auto-transformer 1&ueasnwsilii 5-9

Y i
T 209 v
oo v
460 V 9V | 12 Motor
e
- 299 V
szl) v T3

717 5-9 current and voltage distribution for
example 5-4

e Wye-Delta Starting
2esdmsy wye-delta starting wwiisendr <star-delta starting» awii

weraalugit 5-10 vaue



5u starting wemes waaaa 3 phase wes stator wqndenuy Wye-connected Tas
contact S szsoaavs

waz contact R Wasses  ile rotor wyuldanusnlszana 75 % vos
synchronous speed vz#ld

contact S ilaees uaz contact R dewns dufuvaaia Stator wzgnaoiunuy

delta-connected
yag Starting wemes vaasa 3 phase wveq Stator asuuy Wye-

connected l+#an voltage se
phase wes Stator asas iszana 1/ V3 wih 910 line voltage (199910130
uuy WYye-connected
wld E|ine =3 Ephase

ms starting vemesuuy Wye-delta Starting (fuishdonlFiumnnluni
Ui

R

l1
B

L
=

S

Jﬁ
I
g

b

Motor

R

L,__[:n 71i 5-10 Wye-Delta Starting
sthe

Example 5-5 A 60 hp, 460 V, 60 Hz , 77 A, 3 phase, 1750 r/min,
design B mofjor has a locked-rotor impedance of 0.547 69.1° o/
phase. Assuming the machine is connected for wye-delta starting.
Determine :




(@) the locked-rotor current per phase and the expected minimum
locked-rotor torque when starting.

(b) the locked-rotor current per phase , Assuming the motor is
started delta connected.

(c) the code letter.

Solution (a) the locked-rotor current per phase and the expected minimum locked-rotor torque

when starting.

varfnemes starting ezdeuvu Wye-connected  &ufu voltage per
phase w1ldnnaums

“Viine= ¥3 Vphase =~ Vphase =

Vline/ V3
VBhase = 460/+3 = 265.6
V
uaz locked-rotor current per phase w'l&vnaums
||r = Vphase/Z = 2656/
0.547
Iy = 485.5A
ANs

the locked-rotor torque at rated voltage 1 1@aneaums

P =T.nr/5252 = T

mech

P (5252) /1

rated

Trated = (60) (5252) /1750 = 180
Ib-ft
nnmsni 5-1 @1 minimum locked-rotor torque dwmsuuemesvina 60

hp design B, ]
1750 r/min (1800 r/min) szwiiu 140 % we rated torque duiuezla
T|r’460 = 140 % Trated = 14 (180)
Tira6o0 = 252 Ib-ft
ieannuemesaeuuy Wye-connected vaz starting  suium line
voltage v liwiiu phase



voltage (Viine= ¥3 Vphase) uazer locked-rotor torque swiudadau

9
fua voltage endideaes duiuazld

2 2
Tirae0 = Vae0)” waz  Tir2e55 = (V2655)
2

Ay Tir 460 / Tiroess = (Vago) /

2
Tir2es5 = Tir.460 V2655 Vago)

= (252) (265.5/460)° = 84 Ib-ft
Ans

(b) the locked-rotor current per phase , Assuming the motor is
started delta connected.
dionawmes Starting uuu delta connected ¢ 1&awdniusues Voltage

waz current ae

Viine= Vphase ~ uae lline = 3 Iphase
suiudr locked-rotor current per phase w1&nnaums
iy, = VIZ = 460/ 0.547___= 840.95
Alphase Ans

uaz line current Ao

fMline = 8 lphase = V3 (840.95) =
1457 A Ans
(c) the code letter.

Code letter w114nnsr apparent power Tasaaana1 rated voltage
uaz rated current fe

Sy = BViine lline = 3 (460) (1457) /
1000 = 1161 kVA

uit code letter fvhufiu KVAIhp dufuasld
kvAalhp = 1161/60 = 19.35 kvA/hp
et 19.35 kVA/hp Tiansnil 5-6 1218 code letter T aafian
senhae 18.0-20.0 kVA/hp



Code letter T

Ans

e Series-Impedance Starting
ms starting wewesuuu Series-impedance starting 214 resistor w3e

inductor deeynsuudas phase fuwaaia Stator edidanszualiiwas starting
wemes awiueasgii 5-11 Tas contact R @lddmsy running swiflaases waz
contact S sgdenvasvae Starting  uazld impedance Wudidanszuanss Tsn
iio motor wywihing rated speed ¢ contact S sxflasasda impedance een
111995 waz contact R azdenses s starting e series-impedance o

ildmsssweamemesFoy uazfluiiiheigalums starting ves induction motor

al
b
—A—
L2 ! }S z 2 Motor

L3-———”—5—"—‘ z L

e e e e StArting

]

e Solid-state Starting
ms starting wewesuuu solid-state starting «1% back-to-back

thyristors (SCRs) iflugsisanszua awdnaadugii 5-12  Tasssarugues
soulinssuminiastios  Famsiunszuaiiazios 9 wiiline starting wewesyu is
msnszunnves load uway voltage v lianundu'ly

Solid-state starting szgnesnuuusuiuvatoguuy wu Speed control

, power factor control
mstlesiu overload uaz single-phasing



SCR

L1

T1

L2

L3

ERERE

~_J-state starting

e Part-winding Method
ms starting vemesuuy Part-winding method  s¢l4vaaia Stator 3-

phase fimiloudu 2 a
Taougazgarziull Y2 ves rated power 193 power circuit d@wsums
starting wemesuuy part-winding weasluzlii 5-13 die starting wewnes
contact 1 w=Tareesnon deirdanulivaaia stator 1 ga wdsnndrvae time
delay s=da+% contact 2 Faises deirdanmlivaasa stator snye

ms starting vemesuuy Part-winding sgsiia voltage eomilu 2 dqu
fuhuvaadn Stator szdeviend low voltage

”_2 79
112 T8
1f
1.2 L)
10
L1 JRn
— |
L2 T
1
L3 Lo
i

Tl

s 5-13  Part-winding starting



Ny /5252
Tp a V?

SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

ns = 120f/P (r/mln) nr = ns (1
(r/min)
S = (Ns- Np)/Ng Pmech = T.
(hp)
(Ib-ft) Tp o (V2. 9)
(Ib-ft)
Tp = (21.12 V2 S)/ (Ry. Ng) (Ib-ft) Top= (21.12
V2. S) Ry (120F/P)  (Ib-ft)
5/6 HP g0 (hp) (T.N; /5252) 50 =
5/6 (T.Ny /5252) g0 (hp)
= V3 Viine lline (VA) (kVA/hp x hp x

= V3 Viine lline (VA)
= Vphase / Z (A)



UNN 6
d d' ) =
yatmas vt uNafen

(Single-phase Induction Motor)

6-1. UNI
3 sq Yo 4
Single phase induction motor 1Hugilnsainldiuninslulsinugaammnssunazinioalsy
9/ " ova A o 2 o A o 9 < g
Tuihneluthu wu qion wiesiniuds Weay wieedndaaq  Taaluuemesniivuia
A
AUAIAEAINVOTI (1/2 hp) JUDI 15 hp.
1INMIANYUNLINY Induction motor 3 1ld@  15I1M351U319AAIA Stator 3 wla vzada
] < 4 Y o @ o o a ~ 0 Aa o
AUWLNIMANY AR UAIAAN DAV rotor UM SMileNiwazussdam 1 rotor viyw
1114 ua Single- phase induction motor 9¥%AAIA Stator tHesyAAe) waz 150 IWan Tvlwle

= Y] uaJ‘ 2K o Y a [} < v W d?} A o £ 1 ] [ <3 A
A8 muumwﬂmﬂﬂﬁmmmmaﬂﬁaUﬂu"1‘1J3J1611u1/1m Stator Gﬂﬂllllcl%ﬁUWNLLiJlﬁaﬂﬁiguﬂ

o

<3 dyd Y 9 1 3 A o dy [ ~ o Y a
fAI1ULTI Synchronous EUTﬂWWJ1!fﬂ\ﬁ/l"lﬁl'ﬁLﬁullﬁ\iLllll'ﬁaﬂﬂﬁa‘llllﬂll']ull?Jﬁ’uJ’]ﬁﬂﬂfﬂZﬂflﬁlﬂﬂ

a d?} FY A [ [ A A ) o =S = 1 a
usedanyuiulaluvuegh rotor Sangaog  HAoaunaIi lunemesiafends bifinseia
A o @ ' I 1w o Y 9 am an & 1 o Y a
liﬂllﬁﬂiu@]?m@ﬂﬂu&@ﬁ f’]fJ’]\TuliﬂﬂWTﬂ'J']ﬁ'J rotor Qﬂﬂ’ﬂﬁﬁl{uﬂﬂﬂ?ﬁiﬂ')ﬁﬁuq fJf’Jll‘Vl’]GlVHﬂﬂ

a o 1A 3 o J 3 ™ <
LlﬁQﬂﬂLlﬁgﬂﬁﬁnﬁQlﬂﬂﬁi‘lﬂﬂuﬂlﬁﬂﬁuu ﬁ]uﬂﬁglﬂﬂﬁﬂﬁqﬂlﬁ? synchronous speed Ulé]}

] ] <] a 4
Single phase induction motor "l,ummsaa%’nammmmaﬂwgu LLﬂzLLiQDﬂiﬁ}N@LﬁﬂiﬁHuqﬁl

Y
¥ o

2 Y A R . HqQya o q U a
mummawqﬂmmma (auxiliary methods) nla5u91141 rotor Uy

®  Single phase induction motor uﬁqa@ﬂmumm;mmﬁ”lmNﬁ’mimqﬁ%ﬁqﬁﬁf
O Split - phase induction motor (mmaimmwmw o)

0] Capacitor - start motor (uamaﬁmm‘éwuuﬁ 28 Capacitor)

O Shaded - pole motor (o aea)

O Universal motor

O Repulsion motor

= Y ' < a Aa ¢ A o
6-2. ngumsaaumimanuazlgnieaemasimiidiil
% ' 2 A a o 2 A A A
anvazvosduudmanimaan llihnszuaaduluvaain Saor  aider  Aelloll
an 4 @ J < ‘z
nszua i lvaluaaain stator TasauyadngiUaauvesnszualihasnaruilugl sin - Wan

U

1 3 A 1 ) a A . [ '
LLaJmaﬂWlwamummﬂlm rotor ﬁ]xzﬂaﬂuuﬂammgﬂﬂau Sin ANNAI



a 4 ] I [} 3 [ o
mstmagdaauauuwimanlusisna lanamicezlidnsuzdoundunn 9 1/2 cycle Vo9
4 { [ 1 J g [l I [
sunaunszua’lihnseliuaain Stator anpazuiidanuiMaNUan (main flux) 91NVARIA
Stator  azmiienii linanszua i luunadniwed rotor  Tuvazi@ernunszua liihn
a dgl dy 9 gﬂ/ Il 3 Ao o 9 @ . £
NAYUHIATIHANanNA1 rotor ( rotor flux) AIUNU main flux mqgﬂu"lﬂmuﬂmm Lenz

's Aauaadlugln 6-1

Squirrel-cage
rotlor

= Man flux

O
Single phase

dac

Direction of
torgue

gﬂﬁ 6-1 main flux 18 rotor flux

g 1 3 A a dgl A o Y a a 1 A a a <
‘V\lﬁﬂllﬂl’ﬂﬁﬂﬂlﬂﬂﬂluﬂ rotor %Zﬂ'ﬂ’ﬂlﬂﬂuiﬂ“ﬂﬂiu rotor 2 @43U AD u,iwﬂgl,uwﬁmqmmeum

a a a < a § = [ Y [ 1 dy
UIWNN (Tcw) HazisIUa TUNAN I NIUANUIRM (chw) AUVIAMINUANHULIFUT rotor I

A a S J ' o 1
vigatly ( Stip = 1) unedavgiauilugud (r, =T ) wddiiusala 9 nsziide rotor 1

A A a a £ a dy 1 q I 1 J a
waoud I luiamelanananils usedadieg ludluguédnae 1l uazuemesazryuluiamia
A o Y a A 9 1 A v a 3 Aaw
yowsanmhldinamsisudunyuae liiFos  aunsznlinnusining

o =2 aan 0 QY . . . A 9 Yy o
mﬂmsﬂwamﬂammmm‘ﬁmiwﬂw Single phase induction motor Lsmuwgu"lﬂmﬂmm

A

am 1 ax o PR = 4 1 09;’
naeIs Lmam‘ﬁuﬂﬁlmﬂu%m‘ﬂﬂmmaimmuu



o gUMsadaidn (Quadrature Field Theory)

MINYUVDY  rotor vmﬂaﬁﬁ§1qggiqgﬂ§auggﬁgw5ﬂ (magneto motive force : mmf : F )
auinaalugid 62 () fumeiIEghves rotor dafudunsunivdnues main poles
Tuvaizuaaaiunszuai rotor bars 44AA9INNTMTEMYBY induced speed voltage @314
aulmandaringm 90 eertmalulfh 910 centerline Y04 main pole flux  IduuTUIMED
U89 main pole 92138031 direct - axis flux l,!,azl,?gf}ul,l,iﬂll,ijmgﬂﬁLﬁﬂiﬂﬂ induce speed voltage

360 “quadrature-axis flux”

%1 _ Direct axis
| 1
m Quadr.:uum
AR s
“N\ /[,
T L) q

To AC To AC
supply supply

(a) (b)

]
~

3 1/ 6-2 Instantaneous direction of current in rotor bars caused by.

(a) transformer action (b) speed voltage



Em - > Pd $a &

|
|
|
T
|
|

[ |
[ |
I |

|
$q L1 | |
90 135 180 225 270 315 360

Phase Angle (Degrees)

(@ (b)

ba 2] H

|~
L *g‘

0° 45° 90° ]3%“
ba
T /"\\ /‘T\
%0 s -

(©)

l
=

3 17 6-3 (a) Phase relationship between main pole flux, speed voltage, associated rotor

current and quadrature flux ; (b) flux wave corresponding to phasor diagram in (a) ; (c) instantaneous

direction of &, &q and resultant flux.

110319 63 (2) PUAAIANAUWUTUDY phase 72431 main pole flux (&,) . speed voltage

(E_. ), rotor current (Irotor) I8¢ quadrature flux (&q) Tag quadrature flux 92 IMA1 induced speed

rotor

I
voltage 1iunnoy 90°

4

1 =) YY) 9 [} 3 A o Y v a <R A a
Speed voltage ﬂxagiu phase REINUN VT ULS NN 1T wnalugye Ao thAN

1 < [} Y]
main pole flux (&d) HazFUuTANINaN. quadrature flux (&q) ﬁ]%i’)&ﬂ‘u phase REINUNUNTLLE

[ 4 Y
RS ETAT (Imtor) N ANNY quadrature flux PRGN (Lagging) main pole flux 130

direct — axis flux Lﬂuymﬁau 90° 'IW# ey flux waves 1u phasor diagram ﬁl!ﬁﬂﬂugﬂﬁ 6-3 (b)



ﬂ1ﬂ§ﬂ 6-3 () VLUAAINANINVOY direct-axis flux ( main pole flux) , quadrature axis flux Uag
{ a [ 4
resultant flux ¥4 phase angle ¥oI3UN 6-3 (b) TABYNATIZUAAINANVOINATNEVDUF UL

1 < a < a
Hran (resultant flux) TunAnauIN IR

=) =Y d H o
6-3. Un3enuoInes1wiTienie1u Phase Splitting
TumsIFuAUNYUYEY magnetic field U induction motor NAenuuWaIR e lW Single -
phase 1 lifidananmunadiuginsailumsonyu 1zdesldunaia Stator 2 ¥a Ao vaala

ﬁm%’uwuu (main winding 130 running winding) uazéuﬂmﬂéﬁaﬂwyuw%wamﬁuﬁuwyu
(auxiliary winding W30 starting winding) TasUAaIn  main winding 92918 direct-axis flux (& M)

118 YAAIA auxiliary winding 92918 quadrature-axis flux (&q) FUAAIA auxiliary winding 3¢

Y ' ] <
awmaggli,! slot U®4 stator K INVINVA main winding L’]J‘Lllql‘JJ 90 paen lulih

Main windin
/ g

Squirrel-cage rotor

LA I
N,
Auxiliary To
winding single-
phase
source
Phase
splitter

(a)

To single-phase
source

ot

Phase
1 Yyy splitter

(b)

3 1N 6-4 (a) Elementary two-pole single phase motor with phase splitter ;

(b) equivalent circuit diagram



The phase splitter ﬂzﬁﬂﬂuﬂiuﬁﬂﬂlﬂalﬂ auxiliary winding waznseue I auxiliary winding
o [ oszl 1 < { a ]
9% out of phase NUNFZUAIUUAAIA main winding Auiuauuimaniinennsudedlu
v v 1 < { a
phase AEINUNL auxiliary winding o quadrature field Haz AU ANTINAINNTZUE 11 main
a3 1 @ : v Jdo ' o a
winding f1® main field NYZA14 phase (out of phase) NUAIY  FIaaNTAIna1 AR
= . a ~ o A =2 o q ¥ s Yy A
FUILU AN U (rotating flux) LASINANITIVIUYIUIN rotor mﬂﬂwmmaiwgu”lﬂ"lﬂ Y\ 13
~ < < a J A @
motor  NANMTIUTZUIU 75-80 % UBIAUSD synchronous speed FAINFHUGUINAN
@ 4
(centrifugal switch) 9¢AAINITVDN auxiliary winding DN UOIAD3 VLINADINGI main winding TN,
= 1 J 9 a Y Y A @ = e . . ]
PFARYI LANDIADTISTITNLIIUA (Torque) Ulﬂclﬂalﬂﬂﬂﬂﬂﬂlmguﬂlﬂﬁ’lﬂ auxiliary winding 919394
19
28NY
G4 . 9 . = . Y 9 . =
Qﬂﬂﬁm phase splitter 21902 1% Capacitance 1139 Resistance ol capacitance ILIYN

J u’/‘ ' 4 oaj 1
UBDIMDIUUIN “Capacitor—start split—-phase motor” %500119 resistance Z3IANOADT U

“Resistance—start split — phase motor”

(a)

o

(o] .
Centrifugal
/ switch

Main
windinyg

__ Single-phase
ac

3

Auxiliary
lor starting)
(h) windding

gﬂﬁ 6-4 (¢) circuit diagram i Centrifugal switch #9393



6-4. Locked-rotor Torque

4 < [ I
Locked rotor torque U4 split—phase motor Weawosuuuuenve)  vmudadiuvesvuia

N32UA locked rotor 1UUAAIA main winding 8% auxiliary winding ﬂmﬁﬂﬂ'i Sin "U@QMZJ'E&‘H’JIN

9
AILUANIADY
line (VT)
[ 3 4
Wiz 14 T, = I sina 6.1
r sp - mw  aw
uay a =0 -6 6.2
i,mw i,aw
1o : T, = locked rotor torque
KSp = machine constant, split — phase motor
I = current in main winding (A)
mw
[, = current in auxiliary winding (A)
0. = phase angle of current in main winding
i,mw
ei’aw = phase angle of current in auxiliary winding
o = phase displacement between I and I
aw mw

R . = resistance of main winding (9))
R, = resistance of auxiliary winding (€2)
X = reactance of main winding ()

mw



X,, = reactance of auxiliary winding (9))

Example 6-1. The main and auxiliary winding of a hypothetical 120 V, 60 Hz , split-phase motor

have the following locked-rotor parameters:

R_=200Q R =915Q x_ = 3.50Q X, = 8.40 Q
mw aw mw aw

The motor is connected toa 120 V, 60 Hz system. Determine:

a) locked-rotor current in each winding.

b) phase—displacement angle between the two current.

¢) locked-rotor torque in terms of a machine constant

d) external resistance required in series with the auxiliary winding in order to obtain a 30° phase
displacement between the current in the two winding

e) locked-rotor torque for the conditions in (d)

f) percent increase in locked-rotor torque due to the addition of external resistance

Solution a) locked-rotor current in each winding. (I 1)
mw, ~aw

NNENMS Z = R+ jx = 200+ j3.50 = 4.0311/60.2551° €
mw aw
Z., = R +ix, = 915+ j840 = 12.4211/42.553° Q

Y
v v

JUU current in main winding ( Imw) ald

L =vlz = (120/0°) / (4.0311/602551°) = 29.8/-603° A ____ Ans

mw

. o o 2
I8¢ current in auxiliary winding (I ) 1wla

L= V/Zaw = (1zoLQ°) / (12.4211141511") = 9.66&&6o A — Ans

a

b) phase—displacement angle between the two current. ()

ANAUNTT o = |6. - 0. | = |760.37 (42.6)|

i,mw i,,aw

= 17.7° Ans
¢) locked-rotor torque in terms of a machine constant (T | r)
INFAUNIT T = K .1 I . sin®

Ir sp” Tmw’ Taw

= Ksp (29.8) (9.66) (sin 17.7°)



= 875 K
sp

Ans

d) external resistance required in series with the auxiliary winding in order to obtain a 30° phase

displacement between the current in the two windings (R )

Inm Ilin:
1 Imw ] 13‘* Imw l'au\r
+ + y -
S wj =] O ) oa
Vr Vs
RX
(a) (b)

JXaw

Line of action
of I,

(c)

(d)

3 17 6-5 Diagram for Example 6-1 (a) original circuit; (b) modified circuit ;

(¢) phasor diagram for determining required phase angle of auxiliary current for new

condition ; (d) impedance diagram for new angle of auxiliary-circuit branch.

nngd (o) Wohanudumunisuen (R ) Aeounsulu auxiliary winding 983 phase

9
[ Y

displacement 30 ° qums"lﬁagmmﬂﬁmﬁ auxiliary winding Tl (99i

) iWogufuLAY
aw’

v A
Tﬂ@



0>. = =-60.3° + 30° = -30.3°

91NNHV09 Ohmds Law 11oW158111U branch U494 auxiliary winding 92 18

B =V, = B /[-303 = v/0) /@, [ 03,,)

UU 0> =0 - (-30.3° = 30.3°

z,aw

910 impedance diagram @145 auxiliary - circuit branch Tl 1ug 1 () wld

tan 03, = (X aW)/ R, +R) = R = (X, / tan 03,,,)- R

aw

=
I

[(8.40) /tan (30.3°)] - 9.15

525 Q ___ Ans

e) locked- rotor torque for the condition in (d) => (Tlr)
vnaums B = v,./z3 = v,/ R R )+jX
B =120/ 0°)/[(525+9.15)+j84]
= 120/ 0°) / [144+] 8.4]

= (120@0) /(16.67Z£LL° = 7.198/-303° A

ANTUNIT Tlr

I .19 . sinX
aw

sp” Tmw

KSp (29.8) (7.198) (sin 30°)

107.25 K —— Ans
Sp

f) percent increase in locked — rotor torque due to the addition of external resistance
(107.25 - 87.5)/(87.5) x 100 = 22.57 %

9 ' Y
@91 locked — rotor torque WINNTY 22.57 % ___ Ans




6-5. Practical Resistance—Start Split—phase Motor.

Main
Imain e
|
Triac—— Vi
r— -
| !
- | |
Auxiliary |
Laux
llI.IK
} e
main ¢¢
Centrifugal
switch Y
2 Vr o
(a) (b)
: |
e 300 |
I
& 200
E Running
E ————
$ 100 p—————¢-
L1 Iope!nsl T
010 30 50 70 90100
Percent Synchronous Speed

(c)

3 171 6-6 Resistancestart split-phase motor: (a) circuit diagram ; (b) phasor diagram ;

(c) torque-speed characteristic.

NG 1 6-6 (a) TNV circuit diagram U resistance—start split-phase motor Taguaain

g . . 3 ' . . . o ' 1

auxiliary winding 92HUUIANNIYAAIA main winding el IRTswNUAIUMIUgS tazm
s 7 P . . . . .

reactance A1 @INTFNAAA U auxiliary o magnetic relay, solid — state switch 130 centrifugal

switch  MININUVDI centrifugal switch ADIIDT (closed) (115 start motor LaLi® 1510



4 < <
aiwyuﬁmmmﬂizmm 75-80 % UBIAIINLT I synchronous speed 1an centrifugal switch 9%
Mudacopen) 1495900
. . = ' . Y A A a 4 a
solid—state switch 138091 triac (@uzuanlugi 6-6 2) aInwzlarcesvaue Start taz
(4
1211lA19957A9 13152318 75 % 09 synchronous speed I¥UIABIAY centrifugal switch
magnetic relay 343 Iduans131ugyd @1 switch 92 close 1iiplnIzuaIT Start g9 11AZA7
a A 1 J
a13992 open 1amsissveananesaanszud Ihasuszunn 80 % ¥e9 locked rotor current
4
Resistance—start split—phase motor %Glﬁlaf’ﬂucluqﬂﬂ‘i W centrifugal pump oil burners, blower

& A Ay A 9 3 =
1170 load BU € NABDINITUIIUAAT LASAIINLIIAIN

Centrifugal
mechanism

gﬂﬁ 6-7  Cutaway view of a split-phase motor



{ | J { a 3
NG U1 6-7 luvemosuuy split-phase induction motor IGER centrifugal mechanism AR

agi‘uummmm squirrel-cage rotor 1azAI switch fuzﬁ@mgiﬁ end-bell

6-6. Capacitor—Start Split—phase Motor.

Capacitor—start split-phase motors

<3| 7 o 1 @
Wunomesniuen capacitor UIMBBDUNTUNUUAAIN

auxiliary winding S0 lnszualviih i dmidhuseduliih v, Fadunaildiusedasudu

N 171 resistance—start split-phase motor

Waaas s
Lnain Main
Triac—=
r— -
T
- |
Augxili
‘IUX ary I I
Ccntrifugal/
switch
—0 Vr s
(a)
ren,
Main
v E
S .
; 300 l Auxiliary
L
o - ————————— Running
€ 200} o i
g [
o _ 4
Switch Autotransformer
11 1 OPC 1115 T &
0 20 50 70 90 100
Percent Synchronous Speed
(c) d)
e

Running capacitor

Starting
capacitor

\

/(_@”'

F__.

< o~

(e)



gﬂﬁ 6-8  Capacitor motors : (a) circuit for capacitor-start motor ; (b) phasor diagram
corresponding to (a) ; (c) torque-speed characteristic for motor in (a) ; (d) permanent-split
capacitor motor ; (e) two-value capacitor motor.

AUDI capacitor ‘ﬁ‘ﬁﬂﬁ}tﬁﬂ locked rotor torque g¢ alu capacitor—start split—phase motor 9%
M phase displacement angle (o) UATTNIN 75° — 88° Lﬁ@tﬂ?ﬂm‘ﬁﬂﬂﬁu resistance—start
splitphase motor 73] @ 93211719 25°-30° (o An yuveInszua I3z 119 main winding
bl auxiliary winding)

N3 16-8 (a) UAAIINITVOY capacitor—start split-phase motor ﬁﬁumﬂ'w capacitor 110
BYNINNVVYAAIA auxiliary winding

ﬁ]”lﬂ'gfjﬂ 6-8 (b) AAY phasor diagram ‘IJE’qulllﬂizLLﬁUlWﬁ”lizﬁ’jNﬁUﬂa’m main winding i

YAQIA auxiliary winding  1agnszue U auxiliary winding azimiwseaulih v,

1031 6-8 () UAAINMANYMLVDI torque speed iionfSouifioum resistance—start split-
phase motor VA UNNUANTAVDINOIADT YA running VIWiTOUAY uAdzuAnAufinsdia
ﬁm?fu (starting torque) Tag capacitor—start split—-phase motor ﬂzﬁuiﬁﬂﬁuﬁuﬂizmm 300 %
910 rated torque @91 resistance—start split—-phase motor %zﬁuiﬂﬁﬂﬁuﬁuﬂﬁzmm 130 % 1N

y

a o { a
rated torque ANUU capacitor—start split—phase motor ?ﬁquﬂuﬁl%mlu’qﬂﬂsm”],Wﬂ”lﬁé’fmﬂﬁmqm

]

A o

a 9 1 9 A U A 1 3
FUAUGY U 1T0EnA , tneaiheimer, wnieathey, iy uag compressor

o Permanent- Split Capacitor Motor
. . = A Y . A <
Permanent—split capacitor motor mmmmﬂﬂugﬂ‘w 6-8 (d) vzl capacitance NUUVUIALAN
wae 13T switch anluaeas auxiliary winding MINNUIZIFTOUUAZRIVNIN capacitor—start split—
. . v 9y
phase motor 130 resistance-start split-phase motor M35y speed 3219 auto transformer g
Y

mM31¥n21m Aununeuen n3e reactance AOOYNTUNY main winding 130ADOYNTUIN 2 A

Ao main winding bl auxiliary winding

e Two—Value Capacitor Motor
Two—value capacitor motor mmﬁtmﬂﬂugﬂﬁ 6-8 (e) a4 capacitance 31UIU 2 i1 Taaly
11N starting 314U 1 @72 1182 running WU 1 @2 1ABAY capacitance N¥I81UNT start 93

ua1Man1187 capacitance ¥09UARIA running 3931 1%159TA locked—rotor torque 11NN



. . Y . o @ dy I o 9 o '
permanent-split capacitor motor 111319 capacitance 911U 2 @1 dzilumai 1T e

k4

power factor nazilszansnnavy

Example 6-2 The main and auxiliary winding of a hypothetical 120 V, 60 Hz, split-phase motor

have the following locked-rotor parameter :

R = 200 Q X = 3.50 Q R = 915 Q X = 8.40 Q

mw mw aw aw

The motor is connected to a 120 V, 60 Hz system. Determine

a) the capacitance required in series with the auxiliary winding in order to obtain a 90° phase
displacement between the current in the main winding and the current in the auxiliary winding at
locked rotor.

b) Locked-rotor torque in terms of machine constant.

Solution a) the capacitance (c)

W Z = R_Ljx =200+ 350 =4.0311/60.2551° = 4.03 /6026° Q
w = RoFix = 915+ 840 = 12.4211/42.5530° = 12.42 /42.55° Q

Y
[

9UU  current in main winding ( Imw) 2wla

L= V./Z,, = (120/0°) / 4.03/6026°) = 2978/-6026° A

1 current in auxiliary winding (I, ) wld

1., _vi/lz, = (120/0%) / (124211/4255°) = 9.66/-42.55° A

aw

IImc I:lm':
Imw b Iaw [mw ]:l"”
+ + Zow
Vr Vr -iXc

(a) (b)



3 1N 6-9 Diagram for Example 6-2 : (a) original circuit; (b) modified circuit

Lot~ R
& 27 =

(c)

(¢) phasor diagram for determining required phase angle of auxiliary current for new conditions

(d) impedance diagram for new auxiliary-circuit branch.

o1 Capacitance 3J1@l"é]®1§ﬂi UAVYADIA auxiliary winding Gal”JElﬁgﬂJ phase displacement 90°

Y
¥ o

91 phase angle voanszualu auxiliary winding i (03, _ ) teiieuduunu v, e
0>. = o- 0 = 90° - 60.26° = 29.74°
i,aw i,mw
NNHRUYDI Ohm>d s Law onasanlu branch Vo3 auxiliary winding wla
— — o o
73, = 73,/03,,, = (VTLO )/ (IaaWLz9_74)

9
[ Y

JUU 0>

z,aw

-29.74°

910 impedance diagram Glug‘ﬂﬁ 6-9 (d) ald

tan (63Z .

W

) = X, X0 /R

X Xow ™ (Raw. tan (932’ )

840 - (9.15 x tan(-29.74°) = 13.63 Q

aw



nAANMI X = 1/Qrfc) = ¢ =1/QufXy)

C = 1/[2(3.14) (60) (13.63)] = 194.7 uF

>
2

b) locked-rotor torque in terms of the machine constant (Tlr)
naEums D = (Vp /(23,) = vV /R + jx,-x0]
= (lzol(f’) /19.15 + j(8.40—13.63)]
= (120@") / (9.15 — j 5.23)
= (120@0) / (10.54 mo) = 11.39/29.74°
WU T, = Ksp. Lo gy sID O

= KSp (29.78) (11.39) (sin 90°)

= 339.19 K Ans
sp

6-7. MINAVNANIINITHIUVDA Single-phase Induction Motor

msﬂé’uﬁﬁmqmswgumm single-phase induction motor ﬁw"lﬁ’T%mswqmamaé’dau uan
MMITAVVARIAVOI99T auxiliary circuit HAZNINS starting 11 mandudieiEiiumsndy
fAN19U09 quadrature-axis flux Fevzshldaumaimanivyuiifenaasatudu

q

6-8. Shaded-Pole Motor

ua:,,._Shading
coil

Percent Rated Torque

i1 1 1 1 1 1

L .
010 30 50 70 90 100
Percent Synchronous Speed

(a)

—_—
o
—



gﬂﬁ 6-10 Shaded-pole motor : (a) construction ; (b) torque-speed characteristic

v 2 v o { :
1A599519U04 shaded-pole motor #30 “NoIABFHVUIITY” awinaaslugii 6-10 (a) 22l

9y E4
v A

09: [l B o Y o A Y <A v o A . . . A

Prduniegniia]d @i liiainne vaaindiins 993 (short-circuit coil) HTOYANDILA

(copper ring) N138A1 “shading coil” TuMIa$ 195 IUAVNY starting  1A8UYAAINA shading coil VL
a Y

H Y 1 4 Y F4 k4 Y E2
Wuegnusnamina (pole face)  tazdIUNITIIVOIVIVULAZIIANTUIZTOGITINY FIULIT

U

~ A o = 1 2 { (] o I~ %
Fonndauiniu shaded (913) uazdndruniien ligniisaziiu unshaded (laitiv)
A~ 1 9 .. . £ o ' o’/’ ' < 09)1 os/' os/' 1 o Y
Welinszua InaruvanszAu (exciting coil) FIWUBGIOU 9 Tamimannainindeuiln
an’ 1 I A 1 A [N A ~ egj 1 3
UAUYDIV NI ANADUINAIUN unshaded 11/FadIUM shaded  INAMITNUAUVBITILNIMAN

A ~ dyd I o Y 9 o dz ] < A ~ a [V c?/l KX o Y A 9
waoud ivadunai ldadenuniidudmannaoui lese auinudai i rotor FuAunyL
) v Y v ) v v Y v Y
T uRemamsnasunt upoaeuNNaIUNG1 11 1817997 (unshaded) l1ldaarmunaiada
(shaded)
{ [ 1 Aa o 3
gﬂﬁ 6-10 (b) HAAINWUANHULTEHINULTIVANVAIINLT I synchronous speed VDN shaded-pole
4 4 A A o <
motor  11/PNDIABS ULTIDAITUAUNUIUNTZIIAIMSU5ENDL 70 % VD synchronous speed
usadinsganaaunsgRumnugud
Shaded-pole motor higmnsondufismuamsnyula  Auuai19ziliga shading coil 2 %A taz
. @ £ A a £ < a = £ A a
switches 2 A1 Tagyanilsazdinaniamsvyu llnanils (Muduuini) tazdnyantiazling
Y o < A ¢ A yaq Y Y N
NUMIHYUATITWAY (MudnuEn)  gUnsainioeldin 1y shaded-pole motor 1An w1

o < 3y
NAauYUIALanN , record players wuau

6-9. NEMA Standard Ratings for Single-phase Induction Motor

MUNIATFIU NEMA 1R811UA frequency 110 voltage rated @115 single-phase induction
A
motor 19
60Hz = 115V and 230V
50Hz = 110V and 220V

Yo . 9 v . . . Y
HasHIMIIU NEMA 1@tviua power rating 11131 single-phase induction motor (EITERERR

=).

6-1

A15199 6-1 Range of standard power rating single-phase motor

Motor Power Range

Capacitor start 1 mhp to 10 hp

Resistance start 1 mhp to 10 hp




Two-value capacitor 1 mhp to 10 hp
Permanent-split capacitor 1 mhp to 1.5 hp

Shaded-pole 1 mhp to 1.5 hp

6-10 Operation of Three—phase Motor from Single—phase Lines.
{ ' o A . 1 s
Tunsainuvastuiia vl single-phase system Liigs0e19@87 LazdoansuomesnivUIA
4 4 o w 1 a
power rating 410 ) il U9 INNOIADS UL single—phase DERY power rating $ana iy
2K o o 9 9y o 1 9 o ) .
10 hp. s utuazanann Three—phase motor nl¥anu Tashunaonnuurasnuia single— phase
< ) Y 9 . o o . . &
nansai’la Taeldy capacitors @1H7 vulsanin phase (capacitor phase conversion) WOAA
1 b4
breakdown torque , uazqmwnﬂﬁﬁqﬁumm motor  1A89zan Power rated a9lseuas 2 /3 w09

3 phase power rating.

S
— Contactor

To C,
single- T C,
phase

source

3-phase
motor

19 6-11 Capacitor connection and switching arrangement for operating 3 phase

QaN

motor form a single—phase line.

1ngUluaaseIAes LY 3 phase aonuurasriuila 1W single — phase Taoil capacitor tay
switching ﬂ’mﬂum‘iﬁwmiumi starting L1 running Lﬁauamaﬁ?u start 17 contactor S 9%
Ta (close) 797995 waziile rotor 3911/fanuE/s2110s 80 % W03 synchronous speed 1A
contactor S 9211l (open) NT

NAMIANMINATIZHTZ U 220V, 60 Hz, 3 phase induction motor ﬁﬁnm“luiwu single

9 . 1 . A Y Ao = Y
—phase 9118 capacitor phase converter 9&W1J1 capacitance N1lums start NANFAICHAUNINY

C, +C, = 230uF/hp 6.3




' . aq I . Ao A
Llae N1 capacitance nlelums running NANEYA AD

C, = 265 puF/hp 6.4
] Y ]
N130A breakdown torque Hﬁ8E‘iiﬁﬂiwiﬁTdiﬁﬂgdiiWil?N 3 phase motor N111191U910 Single phase

Ay capacitor phase converter wA9san power rated asllsznm 2/3 ve93 - phase rating Wufe

2/3 P (hp) — 65

Prated 1-9 rated 3 - 2

Example 6-3 A large exhaust fan for a farm building on a remote farm requires a 35 hp, 1175 rpm.
motor. The motor is to be operated from a 220 V, 60 Hz single — phase system. Determine:
a) the NEMA - standard horsepower rating of a 3 — phase, design B motor that will provide

satisfactory service when used with a capacitance phase converter.

b) the required running capacitance. (C,)

c) the additional capacitance required for starting. (C,)

Solution a) horse power rating of 3 — phase. (Prated 3. @)
NNAUMNS P oq1.2 = 213 P 10
U Prated 3-9 3/2 Prated 1-9
= 3/2 x 35 = 52.5 hp.

A ~ P 9 ~ Y A = A
1NAITNN 5-1 1uuwm 5 "II‘LHW’Uﬂﬂuﬂlﬂfliﬂﬁﬁ)\‘lﬂﬁ‘ﬂiﬂmﬂﬂﬂLLﬁmJﬂ’Nm‘VillwﬁiJ 19 YUIN

4pole 220 V 60 Hz 60 hp. A4t

Prated 3-9 ~ 60 hp. Ans

b) the required running capacitance (Cl)

o : , dq 9 . dad  a
NAUNIN 6.4 A1 capacitance N1F1UNT running NANGAAD 26.5 UF / hp
Y
YY) o

Y . Aq v . Y
PNUUUDIADT VYUIA 60 hp %z"lﬂm capacitance nlylums running N1NY

C, = 265 uF/hp



= 26.5 x 60 = 1590 puF —  Ans

¢) the additional capacitance required for starting (C2)

MNAUNIN 6.3 C,+C, ® 230uF/hp

woines 1A 60 hp vlds €, + C, = 230 x 60 = 13,800 UF

9
o

JUY ¢, = 13800 - C,

[

2

= 13,800 — 1590 = 12,210 uF S n

6-11. Single—phasing (a fault condition)
Single — phasing Ao Nou'lunsain15iAa fault WoweIABS 3 phase WITUBGIALIAA fault
haeduladunilallansssed awiuanclugil 6-12 (b) uaz 6-13 (b)  daudiwemes 3 phase

¥ o v

[ a‘ A a a 1 19y < o a Y
2 14 start 1odeNNA fault 1Ta299508 LA WBIMETMAWINIUEY taziia fault Tumedula
9 =& 1 o A =R ) nm vy ™ Y '
idunitavosurassuiia 1 3 phase vomosndsinuegld unTzNI shaft load Yoon3180 %
Y94 rated load 118 single phase voltage Mtdodginsinulnd  Taomsnyuues rotor 9%

Y 24 o v v
@319 quadrature field 992890911 rotor ‘Vilqluf]gllﬂ

Single—phasing ve liwmifeunumsniauves phase converter HaNAMIFUALINBUNINAIN

J

Taguoinpsaz 11aSuA1mden1891n  Single phasing 101 ull load Aoy

al A A A a . . ~ 4 o w [ 9
qUYAI load MWAIAINIUBLINA Single — phasing VUENUDINDT 3 wa mmmguag%”lﬂ

P, - = P, -
\/3 Vline Iline 3 -7 Pf -0 Vline Iline -7 Pt 1-=
Ilineal—ﬁ - \/3 Iline~3 -~ (Pf 3-- /Pf 1—_‘) - 6.6
e : Line 1-— = line current when single — phasing.
Line 3-— = line current when operating 3 phase.
Pf, - = Power factor when single — phasing.
Pf = Power factor when operating 3 phase.



Y ¢ g = A
01 stator YDINOIRDT 3 1Wd ATy Wye-connected @numﬁﬂﬂugﬂ 6-12 nIvALLILY

Delta-connected mmﬁgmﬂﬂugﬂﬁ 6-13 1iioina Single—phasing nszuay line ﬁmﬁaeg"lu 218U

3 9
ﬂzgwmﬁuﬂﬁzmm 73 % 1N Iline Tagnszuaaznszaieluvaain stator winding OV

3_‘\

b4
U

' ' g
Yuegiuuaalnaeilutuy Wye-connected %30 Delta-co nnected

T Hine 3¢ /']'\ Hine 1 ¢
|
I v/
To ~ -
3-phase —-— G :
supply | “I N
A Hiinc 19
Motor Motor
© ®
= . .
3 1M 6-12  Wye-connected motor : (a) normal ; (b) single-phasing
,T\ Tiine 3¢ TN liine 19
| : | *
To Hine To AP
3.phase .._.’i\ oe 'y, ;c 3.phase —— N %, c
supply supply } I
|
Liine 3¢ B p e B
Motor Tiine 19 Motor

(a) (b)

gﬂﬁ 6-13 Delta-connected motor : (a) normal ; (b) single-phasing

A 4 A A a . . 9
inﬂj,ﬂ‘ﬂ 6-12  uaauomes 3 ma Nastuy Wye-connected  1U8LNAsingle—phasing awla

phase current (MNY line current  TUAD

Ty = Tye = 1 67

1 4 {1 4 a 1
131N 6-13  ueasnemes 3 1d NABIDL Delta-connected (101NN single—phasing A7
[~ [ 1 [ 1 { [ 3
uam‘lugﬂ 6-13 (b) phase current ﬂzgﬂllﬂﬂlﬂuﬁﬂﬁ’luﬂﬂm impedance NAoVUIU AU

MINTLNBVDINTLUATINTUNTADULY Delta connect ﬁ]zulgll phase current ﬁi’]



Tae = 2/3 71 ————— 68

Example 6-4 A 3 phase, 2300 V. 350 hp 78 A 60 Hz four—pole, Wye-connected design B
motor operating at one — half rated load has an efficiency and power factor of a 93.6 and 84.4
percent, respectively. Determine.

a) motor line current and motor phase current.

b) motor line current and phase current if one line open. ; assume the efficiency and power factor
are essentially the same as before the open occurred

c) the line and phase current if the power factor when shingle — phasing is 82.0 percent.

Solution a) motor line current and motor phase current. (I

line 3 -7 qlphase3-ﬁ)
Tandgfmuauuauoaes 350 hp 11914 % 109 rated load NUTZANTNIN 93.6 %
p

9
[ Y

WUNNTUMST n = @,/ ® )

(PinS-_‘) - (Pout3-ﬁ) /n

= (350/2) (746) / (0.936) = 139,476.5 W.
INTUNIT P. - = \E V.. 1. _, cos0
in3- line 3 - line 3 -
Iline3—ﬁ = Pin3_ﬁ / \/3 VL cos 0

= 139,476.5/ \ (2300) (0.844)

= 415 A Ans

9
o 1 Y
UBIADIABLUY Wye-connected ANUY

=1 = 415 A Ans

Iphase 3-7 line 3 -

b) motor line current and phase current if one line open.

(a line 1 -7 ,Iphase 1 —ﬁ)
1loiNa Single — phasing VINANNT

V31

|

line.1-

;- (Pf /P )

line

3 (41.5) (0.844/ 0.844)



= 719 A

g 4 a 1
UBINBIADIIUL wye-connected ieatna single- phasing 11

phase 1 - =1 line 1 -
-2 QaJJ
ANUU =

Iphase 1= Iline 1-7 = 719 A

¢) the line and phase current (I

1 _,) if the power factor when shingle—
phase 1 -

i . p gle—phasing is 82.0 %
inel -7,

ANTUNIT I

line.1-

V3 Lo 5 (P 3_ﬁ/Pf L)

3 (41.5) (0.844/0.82)

73.98 A

g

I A a . 3 1
UOLMBINDLIUY wye-connected UBINA single- phasing 1 Iphasel-ﬂ = e 1 —

U :JI
ANUU =

Iphase - = I linel - 73.98 A.

>
Z




SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

Lock-rotor condition (Single-phase motors)

T = K .I_ .1 sina

Operation of three—phase motor from single—phase lines
C,+C, ® 230uF/hp

C, ® 265 uF/hp

2/3 P

Prated 1-9 rated 3 - 9

Single—phasing (a fault condition)

Tine . 1- - - 3 L3 (P /PF )
Wye-connected

Iy, = O

Ive = Tye = Tige.r--
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NAINDIFHATIAY (Specialty Motor)

7-1 UNIN

Specialty motor Ao 1nTeednsnanii 1 1FnuniaY 15U reluctance motor LAY hysteresis motor
{ o A @ 4 @ ¢ A {
15 luginsalineaiune, 1nTeedaides ( tape records), turntable uazgilniaiou q NdeIns
< =
AITULTIAIN

S Iaq Y A " o A .. N
Stepper motor WuvowesnlFlumsiyounsnulreasidumasu pulse (pulse driving circuit)

Y
v @

A Y Yo oA ] =2 A Y d ., .
ol Iddwmusnmiveuluszuumana  Aatiu stepper motor 39ton 14 1ugilnsal disk drivers,
' . oA { o ' A
printers plotters, robots (Y[ H8UA) uazqﬂﬂimﬁu d NADIMIA MU step-by-step ﬂgﬂé]jﬂ\iﬂﬁ

. . . IS Iaq Y . A A
Linear induction motor 11JUN®IADIN 1591911590190 (mechanical forces) HAZMSIAADUN 11

4
v W J a

A 4 dyd a 9 ) =
UUIANTN mmm’ﬂm muuuamawu@umuﬂuslﬁviuizfuuminﬂ 5 5$Uﬂlﬂﬂﬂ3$ﬂ, u
1 < o o 1
ugitvian Tulih (electromagnetic guns) , Liquid-metal pump @131 nuclear reactors , 3 UUVUEN gy

{ <
19NdeInNus 294 (high-speed rail transportation)
A [

. 5 QYo o A o ° ' A 1 A A
Universal motor !ﬂuuﬂlﬂ@iﬂi%ﬁ’]ﬁﬁﬂ@]ﬂﬂﬁﬂl‘ﬂi]ﬂ’l WNWIUAT YU lﬂﬁﬂ\?ﬂ@ﬁju ATOIUDUYUIA

@n uazgnsainl¥meluass

7-2 Reluctance Motor

o @

] < I A A
Reluctance 190 AMUAUMUUBIAUIULNINAN WINNOIADS FHATUAUNYUAIY reluctance
@ 1 [} 1 ] a Qﬂj, [ I~ H 1
azo1den 1 I U9 reluctance Aafe luusSnuTINManii air gap uay Aiim

reluctance §1 18 rotor W MYUIINAIUNT air gap nA1e TFauTARUAY

]
=1

y @ A Y g ' <3 g 1
iiovaaia field Tasumsnszdquanunasoe ldihnszuaaduzadeldnuimaniu 2 dau f

[

= v, @ 1 A 9 ZV; 1 3 A . @
nanvae 14 in phase NU ludauni reluctance (aN] AT NNANIKANN in phase Aunszua lrlvh

v
1 =

° g 1 <] @ . [ [ 09.:’ o
aIUNT reluctance M1 vz a3 19NdNIBIMANAMAY ( Lagging) tsadu Irlufeow 90° dauiunemasda
A (aaa Y v A @ 1 =\ 1 Y 1 = 1Y .
HiUgnsendrenuiiuaadn 2 A 1edaeglu slot Taoliyusnavaiy  (uRedny split-phase

S [ o 1 @ ' <
induction motor)  taztdudamsiIdnszualwihiiyuaaaduisadeauumimanmyuly
~ o o Y J =R 14
witlonirotor lduemes Savyuly]A

A '
o 1 S .
Reluctance motor  UNAFIUTINI “reluctance-synchronous motor” 1111 Induction motor

YFUUAL squirrel-cage rotor MNAMAAIIUFUN 7.1



Pole Pole Pole
Notch

(a) (b) (c)

3 1 7-1 Types of rotor laminations used in reluctance motors.

A A o I ~ 1 A A o A
11319 7.1 () rotor NanMMzIIUUTOBIINGENI “Notch” 31/ 7.1 (b) Ndnvmed
=2 o Y 9 A ~ ! A <3| 1 3 ~ 1 .
anaguazi IiniGey 5en “Flat®  waz3li 7.1 (o) Wununseeny (591 “Barrier slot”
@ 3 a A 1< 1 A
asiunInuniisesuinmzanas vz udiuniian reluctance g9 1182 Section ¥4 rotor
Y v v " Y
TudIuveIWUNT high- reluctance 158A31 “salient pole” (Tnani1 1)) Taesruruued salient pole
INAVIIUIUVON stator pole
A 0 ' qve &2 A . ) . Y9 9
e stator NNNIU rotor %Qmﬁﬂwmmummu squirrel cage induction motor A Ina
synchronous speed AN slip L1 EUIN 1ag rotating flux VDY stator VLAABUNDENNI 9 HIU
. ! { | . [
salient pole VDY rotor a1 YU Low- reluctance. Y04 salient pole ﬁ]zﬂiﬂ%ﬂﬂéjﬂﬂﬂﬂumiﬁgu
1 <3 4 3| [} QaJJ 1 Y J o a . .
YOUFUUTWNNANVOA stator  iorTlururiu a1 slip wzminugud ildvga  n15Aa induction

' I J
motor action U9 rotor ﬁ]zgﬂﬁﬂﬂi@‘u 9 Iﬂﬂmiﬁﬁﬂﬂ%mﬁumm\lmaﬂ (558N “reluctance

torque” (Trel)



I Centerline of

I’/rolaling flux of stator

Centerline of
rotor poles

(a) (b) (c)

3 17 72 Simulated stroboscopic view of a reluctance motor, showing position of rotor with

respect to the rotating field for: (a) no load; (b) partially loaded; (c) maximum load.

i]”lﬂgﬂﬁ 7-2 uﬁﬂmuuEﬁmmgﬂmﬁmﬁauﬁamm reluctance rotor Gummﬁa No load tag i

o [ ] <
load. Iﬂ‘(’J%ﬁ?‘l”l\ﬂﬂﬁ@ﬂﬂ%ﬂﬁﬂ‘]Jﬂ1§ﬁﬂumﬂﬂl%ﬂllﬁﬂl!ﬂlﬁﬁﬂﬂlﬂﬁ stator.

=

31U 72 (2) Woluill load MEEMWAIRY rotor (no shaft load) waz liAamMIgads

u o

<3 1 (] o
rotational losses. ﬁlzmumﬁ’u centerline U9 rotor ﬁlzagsluuumimmﬁ’u centerline U stator.

{ 4 ! ! o 3 o .
519 7-2 (b) 1ileld load MWaIURY rotor 91 1H rotor aAANMTIAY 91 1H  salient pole

Rl

VD4 rotor A1HA (lagging) rotating pole UDJ  stator Iﬂﬂghﬁ%ﬁﬁﬂﬁﬂﬂﬁ “torque angle” (Srel)

A A 3 A o ' Y a Y v Y
i‘]J‘Vl 7-2 (c) YUZNANUIIIVDY rotor ﬁﬂﬁﬂLW@ﬂiUu@NﬂgNiﬁﬁEJ'Uif’JfJ rotor X NALVY

U U
'

< ! Y 1 A a a
717314137 synchronous speed ﬁigll torque angle oulnil MUV reluctance torque LNAVINNITINY

VOIYN torque angle Wl torque load ﬁiJﬂﬁﬁLWﬁ”l MILNUVD reluctance torque mﬂﬂmﬁmmuu

=Wl

torque angle ﬂzumqqqﬂﬁuu torque angle UAWMIN 45 9971 (6r61 =45°)



A -4 o 1 1 1 ] <
1 shaft load (AU IHAT torque angle TAUNINNIT 45° ANUEIVBIAUIMLLIAN
MUY centerline V4 rotating flux Y84 stator 1Ay centerline U84 rotor pole vz 1¥dULT 9
= v Vg A . A <
wimananas uaziduusauiianazgndneen i rotor 921gABENUBN synchronism AD AT
1 < 4 2 @ . . ! .
UYBI rotor YINNIINIINLTI synchronous speed 1azin3099¢39luanyME induction motor 9 slip

speed M 1FRaM3 over- load

1 ' < Y <
slip speed (n) A9 AMUUANANIEHINANUS IV synchronous-speed NUAIULTIVDY

rotor (N = n, - nr)

ANUNAYVOI reluctance torque ﬁuﬁﬂﬂu’g‘. IETGN voltage, frequency LAY torque angle

4
wilaninaums
_ 2 (28
T, =k (V /1) sin(2 rel) 171

1o T = average value of reluctance torque. (Ib-ft)

\Y% = applied voltage (V)

f = line frequency (Hz)

(8re1) = torque angle (electric degrees)

k = constant of reluctance motor

o 3 1 3 A A :JI A ) A Y v
2 = UIUVWUNANN stator AD VI N UAZ S IHUDIN ALK UIN rotor mwmu]u

A
14U torque angel %ﬂgi%‘ﬁ’JNGﬁ’J N 11ae S UD9 stator

] [ v 9 v
VNAUMIN 7.1 uazngdn 72 maiiueazasaly shaft load VINAUMINNURIYW

torque angle ﬂ'”lq AV reluctance torque TIN “pull-out torque” ﬂmﬁmﬁaw torque angle i

AUNI 45° (6rel = 45°)



Example 7-1 A certain 10-hp, four poles, 240 V, 60 Hz reluctance motor, operating under rated load

condition. has a torque angle of 30°  Determine :
a) torque load on the shaft.
b) torque angle it the voltage drops to 224 V.

¢) will the rotor pull out of synchronism ?

Solution_ a) torque load on the shaft_ ( T ot %90 reluctance torque : Trel)

NNAUMS n. = (1200/p = 120(60)/4 = 1800 r/min
LAz auNg P, o =Tn /5252

o 2 a

AU T, 0T = [P, . (5252)]/ n

= [(10hp) (5252)] /1800

= 29.18 1b-ft Ans

b) torque angle if the voltage drops to 224 V (Srel ),

' ' = VI 2
11 torque load QLA frequency AN AIUUIINAUNIT T, = k (V /1) sin (26rel)ﬁ]$
18
[ Trel ]1 = Trel ]2
2 2
[k (V /) sin@20 )], = [k (V /6 sin(3 )],
2 2
[(240) sin(2x30)] = (224) sin (20, ),
2 2
sin(20 ), = [(240) (sin60)]/ (224) = 0.9942
@3, ), = sin’ 09942 = 83.8261°
©,.), = 83.8261°/2 = 4191° Ans

¢) Will the pull out of synchronism ? )

1ndob) YN torque angle (8, ), Hioondi4se  dniu

The rotor will not pull out of synchronism. Ans




7-3 Hysteresis Motor

s = ’a Y A Y o o a .
UDIMBILUUY Hysteresis Lﬂuuﬂmﬂ’i%ﬁiNLLNUﬂUlﬂ Tagoderianmsing Hysteresis TuTavie
) 1 < <
IUIMULHNUDY Rotor LLﬁ%ﬁMHﬁ’J&ﬂ’ﬂM‘i’J Synchronous speed

Stator U89 Hysteresis Motor VNNITENN Hysteresis-Synchronous Motor Wwmilounuves

v o

1 o @ 1 [ a a A d
Induction Motor #7U Rotor 1N dgaaimimansianes lane Alloy milu Very Hard

q

1 o A [ 1 <] . A A
Permanent-Magnet wazaIusesun hitluusiman (Nonmagnetic Support) mmmmﬂﬂugﬂm 7-3

Permanent-magnet
alloy material

Nonmagnetic
support

3 U9 7-3 Rotor of Hysteresis Motor

v

) . @ [ Y 1 < 4 { o
NITNMNIUUDY Hysteresis Motor 918U ANNITUDUTULIILNLYIANVDY Stator LﬂaQUﬁmﬂﬂ‘U

v o ]

a { o ) a . a @ < 1 <
rotor VLNANTLHNYIN LLﬂ%ﬂWiﬁ!Lﬂﬂ Hysteresis  UTLIUITAAIUULNINAN %Qﬁlé}ullﬁﬁlmlﬁﬁﬂ

q

ANA199 Rotor

Yy 9 1

aaa ' < o 1 J ° < =~ o
ﬂaﬂiﬁlWﬂl@\?LﬁIULLiﬂ!LNLﬂ'ﬁﬂﬂlfN“VN 2 ﬁﬂuﬁ ﬂ'ﬂﬁlﬁl&tlﬁ\?Llﬂlﬁﬁﬂlﬁuﬂﬁu'ﬂu Rotor Llamgfju

=2 [ [

1 < = 1 Y~ Y a A A v o Y
UIUNHANYBY Stator WYNTorque angle mﬂﬂmﬂuuu Sh ﬁ]\ﬁ]%ﬂ"ﬂﬁlﬂﬂ!ﬁﬁﬂﬂﬂ%ﬂ\l JNA1 1/1111’1

woipesvyu 114

3 U 7-4 Hysteresis motor behavior: (a) magnets and rotor stationary;

(b) and (¢) rotor blocked and magnets rotating.



A 9 g A4 o o 1 g v
21]14 7-4 (a) U UUIUUHANUDY  stator ISV HIIUIVILUIUEANATIVIUUDY hardened -

=

] 3 { 1o { 3 1 1 3 . . 3 1
alloy rotor ﬁj’Jﬁlumﬂaﬂﬁ@ﬂﬂUﬂ LA UNUNULNVIAN (magnetic axis) YI S VDN rotor %agiuum

U

Y
o ] 3 o
ATINVUNULNHANYI N VB stator
A 1 <3 A To A
?l‘ﬂifl 7-4 (b) uﬁmmmgummuumaﬁlu stator (stator magnet) VMUY rotor BYNUN (rotor -
o [} < { : A o { o as/' [ <
blocked) M ldauumimaninyudaldussdasumamilenivestiutdmanly  rotor T
qgj ] < Qs: 9 [ g/l ] < 09: Y
VNN ANV rotor (VI S) cAIMAN (lagging) VIILUIVANUDY stator (VI N) A83U Sh
~ ~ ng 1 < 091} 1 <3 A ) A
JUN 7-4 (©) VuENIMUINAN N V0 stator ¥y TInutmanntiednin S u rotor az1/asu
o ] (R ~ o Y A 1< o Y a =3 ~ I a ' dgl Ay
duniaInedinan i1y o, AN Wuwari Ivinausnganan uaziiusaiaEyunIng e
Taouseianneanazise rotor 11N synchronous speed.

o w { Y ] <] { [l o w
fasuiaeldny rotor Tasauuimanivyuues stator 3zogluglvessidenuaiy

[ 1% {
$ou (hysteresis energy) LLazgﬂﬁl%’"lﬂtﬂumiqaﬁmwawmmm%’aﬂ (heat-power losses) N locked

rotor

iﬂﬂmiﬁﬂ‘ﬂﬂuiﬂlﬁ 1 section 1-7 1 hysteresis power losses "lugﬂmmmmﬁ (frequency)

] 1 [
HAZANUHUUUUUDITUINLNVAN (flux density) m"lﬁ}mﬂﬁumi

P = K,/ fB (1.13)

max

Lﬁ"e) P, = hystersis power loss (W)
K, = constant of hysteresis motor
f = frequency of the flux reversal in rotor (Hz)
B = maximum valve of flux density in air gap (T)
Lﬁ'@ rotor mg‘uasmﬁaiz G hysteresis power %zgmﬂﬁau"lﬂ”lugﬂmm mechanical power Tag

. { ' J & . .
mechanical power y‘ﬁgﬂﬁ $1971 rotor 3¥MI1ANTITIVBA rotor VU function VB hystersis power
loss uaz slip fatiuez ldaums

P = P, [(1- S)/ 9)] 7.2

mech

mech — Mechanical power developed in the rotor.



NAANMIN 7.2 3LARYAVAUMT mechanical power Na3191U induction motor THLNT 4 Ao

2
qums P = [3 I R(L- S)] /S waznnaumsved P . Tumonwod torque LAY rotor speed

mech

A
19

P = (an)/ 5252 7.3

mech

WeunuaA P = (Tn)/5252 910aumsn 7.3 uazP, = K f B___ 9naumsn 1.11
mech r h h 't “max

avdluaumsn 7.2 0214

[(1-9)/9)] —— 74

(T,n) /5252 =K, .fB__
11NUNT 4 1571 1AaUNTY04 rotor speed az AN U1 slip A

n = n (1-9) 4.4)

T S
Hag f = Sf (-9 (4.9)
A ' A Y
iounua n luaums 44 uag f Tuaums 4.9 adluaumsn 74 azla

ax

T, [na-9]/s252 = x,s.6) 8B, [(1-5/9)]

n
T, = (5252 k £B ) / n, —_— 75

A1 synchronous speed TU terms ¥04AWA D N_ = (120 £, )/ P rilounuaiadluaunms

175 a21d
n
T, = (5252 k, £B ) /(120fS/P)

n
T, = (5252k B _ ) /(120 /P) (Ib-fy) ——— 7.6

We: T, = hysteresis torque

h

. Y . 4 A < A A
Hysteresis motor 3¢ @319 hysteresis torque (Th ) NANNNN €] ANULTI 31NN rotor WEJG]LN]I‘]J

2 < ' nm o < {
IUDIAMWST ANO VI synchronous speed ua lisauanusa synchronous speed SUEREATL synchronous

% < Il =} . ==
speed A7 rotor ﬂzﬂmmﬂmmmaﬂ”lﬂmmmu random (random axis) HAZITYNANTY € IﬂEJLL'N



Y v
v o

[ < 1 [ 1 Q)
Q@ﬂﬁugmmmuumaﬂ JUUAT hysteresis power (Ph) LUAZAN hysteresis torque (Th) PV RIEAEY

)

quﬁ (Zero) N synchronous speed

(a) no load (b) partly loaded

:Jj‘]Jﬁ 7-5 Simulated stroboscopic views of and hysteresis motor operating at synchronous speed:
(a) no load; (b) partly loaded.

1n319 7-5 1AAININTIABIVDY hysteresis motor 11191UN synchronous speed

d‘ al = L} d' [ =) 1 .
gﬂm 7-5 (a) ﬁmgmﬂm load WNDNINANUBY rotor (no load) waz ' liAaA rotational losses

< "9 . { ) @ ] [ . .
IHUINAY centerline VBINIIINUBIIIVO rotor 8908 1UUUUABITY centerline YOI rotating pole

ﬁﬁ%ﬁﬂﬂﬂ stator

§ A { IS o ' < o
5109 7-5 (b) WBINY load NWA1VDY rotor W step 3 rotor ABY 9 anaNM5 a9 1 1H

[l 3 A 0 Al . Y v . . S|
UMM UEIUIN rotor (induced rotor - magnet) a1¥a4 (Lagging) rotating pole U®1 stator L‘]ng‘u

! ] @ o J I o [
(- uazvmzNANuEIHasTIvae MIUSunasyune completed WA rotor naLIAY

ma Y

{ [ 1 A a I < A
synchronous speed ‘ﬁqu torque angle oulvy MmN slaiman (torque magnet) Tagn sty

torque angle 3z 1HINAMIAUAAVDY load torque Miwan

a 3 { < 1 q’j 1< o 1 v 1 .
Magnet torque ( Tmag) WInATUNAINS? synchronous speed (N1HU wazudaaaunual sin

VONIU torque angle (Smag ) Hufe

T oC sin (8 ) - 1.7
mag mag

S=0

Magnet torque (T ) ZINUAINYY torque angle Uazzlimgegailin & = 90°
mag a v 9 mag



v 9
& shaft load rfinduaUiIHAMIVEN tarque angle 11ANG190° (B, > 90°) rotor 9zRNAN

] 9

. g S .
DONUDN synchronism LAY magnet torque ﬁ]wﬂmgﬂug{uﬂ mumuﬂ?m%wmamﬁ%’n hysteresis

4
v v

v Qo ' A y & o q ¥ A . =2 o q Ya
torque NuﬂﬂﬂllﬂJWfJﬂﬂmLUﬂﬂ'lﬁg load llﬂ G]f\ﬁ]%‘ﬂ’lclﬁlﬁﬂ synchromsm llﬂ ﬂﬂuu%ﬂ“ﬂWiﬁlﬂﬂﬂWi

over-load.

o Hysteresis operation

=3 A

E Tﬁ L 2

&

g

[=]

2

g Range of T,y
1.0 Slip 0
0 Rotor Speed ny

3 U 7-6 Representative torque-speed characteristic of an hysteresis motor.

S| wa v
mﬂgﬂ 7-6 nJummﬁmﬂmﬁuumm torque speed UDY hysteresis motor Tagduivozduans

52021nAY0INTINUVAE running N synchronous speed  Feansauaaslugivosndamans 1a

Al
T < T 7.8
mag h
S=0
iay T max = T 7.9
mag h
S=0

B any¥auzNIAYY9 Hystersis Motor
. = A = o Y .
1. Hysteresis torque ¥A1A4NIN locked-rotor 11/54 synchronous speed mld hysteresis motor
A Y o ] d? 9 = a A ] o 4
NABIVINUNN load fﬁllﬁm‘i\ﬁlullﬂ 54 motor FUADU ) klilﬁuﬂiflﬂig‘lfnhlﬂ
I~ =~ o Y o = 19 !
2. Rotor {WuluvGaY (smooth rotor) ‘l’]ﬂﬁﬂﬁﬂNﬂ!Nﬂ‘U Iﬂﬂhlllﬁﬁ)\‘l‘ﬂuﬁﬂﬂﬁﬂiglmﬂ"llﬂi
1 3 A a A . &L A s a A
HUHANNINAIN slot 11T salient pole muagiu rotor UDNUBDIADTIBUADU
1 v o . . U o o w
3. mmméfmmuﬁuwu‘ﬁ (relatively resistance) LA reactance a ﬂﬂﬁji}mﬂﬂi&mﬂlmz
starting 523188 150 % 914 rated current F¥992ATIVIUNY reluctance rotor NUAN resistance LAY
reactance 1 11 1¥n52UAV0Y locked-rotor 1/5¥118! 600 % UBY rated current.
A = ~ Y Aa Yy o .
WolSeuMeuny reluctance motor NUVUIATNAABIAU NITHINUVOS hysteresis motor 9%

Revin naglions1nMasage WuAoazilasunindnn Locked-rotor MAgan1M synchronous speed



Y 1 < (% :JI a . A v 1 = < A = ) o Y
Ulﬂf)ﬁﬂ\iﬁi]ﬂlii] PNHUVUSLITY starting ITNANHUSHNUIALUASNAITNLTIAIN e dmsulgau

Ay < A 1 IS v o A a o ] = A
U load NABINITANULIINN  1HY Lﬂu%']“llﬂlﬂa@ucluu11/\7ﬂ1hh’\|ﬂ1 , VUUNULIEFYS LaginTol

= S
VUNNLTYY

® Hysteresis - Reluctance Motor
Hysteresis-reluctance motor ﬂzﬁmﬂmﬁuﬁﬁmamsqﬁ@ (torque) YD hysteresis motor A1
Y Y o vady v o L. £ @
reluctance motor [ U1AIYNU Tﬂﬂﬂmﬁuﬂ@%qﬂ%mmi@m reluctance notch 1 hysteresis ring iy
NANIZNUAD salient pole
. S sq ¥ 1 s . A A .
Hysteresis- reluctance motor Lﬂummaiﬂmmiuuuﬂum (robotics) , INT0UDNA (machine

tool ) LLﬁSTiN”I‘L!QG]E‘ﬁWﬂﬁ?JVI@ﬁ”I (tex - tile industries )

7-4 Stepper Motor
A A ' . A I Ao A
Stepper motor UIWNLTYNI " stepping motor " 139 "step motor" 114 motor NVULAGDU IAE pulse
A 9 1 o = o 1 I .
nianugnAvaudg  Taemsnlasudmmuaveayy angular 11 step TuMIABUAUBY input

pulse NTTUUAIUAN digital

% v 1

o I [ qu a 1
Stepper motor 92U step Ao IFOUIUTZVY computer 13U 1FUHI8 U

1A 4 v A 4 ] 4 4
disk drive Y99 computer , UATNUNW , HWaNNNLAzNTzA LU printer, HUBUA UAZDU 7 NADINTS
o I
M3y step

H 4
ﬂmﬂﬁauun step (step angle : B) 919 input pulse Gﬁu@gﬁﬂﬂim?wwm stepper motor LY

~Aq 9

TEUVUNIVAUN LY stepper motor ﬁﬁigil step 45° 921U 1 59U = 8 steps per revolution GE)

o/ o _ v . A Aa o Wd o Gl,
360°/ 45° = 8 steps A1 revolution ) W30 stepper motor NUYN step 1.8° ITUITUIU step UM THYU

Y v Y
%

1501 A9 360°/ 1.8° = 200 steps 719 revolution AILUUYUMTAADUNNIHUAVO rotor (B) IZININ

2

v o £ ) Yo A
step angle (U step : B) AUNUVITUIU step FeasoReuauMs laaadl

Resolution = steps/revolution = 360°/ 3 710

g 0 = P x steps - 711

1ie: 0

total angle traveled by rotor (degrees) = 360°
B = step angle (degree/ pulse)
steps = number of steps.

resolution = AINTLIGUDITIUIU steps Ao NTNYU 150U



< <
ANEIIVDY  stepper motor (rotor speed 130 shaft speed) 211U function VOIYY step (step

9y
v @

angle: B) 11AY stepping frequency (f) #iOMINIYW 1 50U (39N “Pulse rate” gaiuag ldaums

n = (B xf)/360° — 712

iiie: n = rotor speed 130 shaft speed (r/sec: FOUMNDININ)

f = stepping frequency ( pulses/sec )

Example 7-2 A stepper motor has a 2.0° step angle.  Determine:
a) resolution
b) number of steps required for the rotor to make 20.6 revolution

c) shaft speed if the stepping frequency is 1800 pules/sec

Solution a) resolution (step/revolution)
INANUMT  resolution = steps/revolution = 360°/B

= 360°/2.0°

= 180 step/rev Ans

b) number of steps required for the rotor to make 20.6 revolution (steps)

NNANUNT 0 = P x steps
revolution x 360° = [ x steps
steps = (revolution x 360°) / B

= (20.6 x 360°) / 2.0°

= 3708 steps Ans

¢) shaft speed if the stepper frequency is 1800 pules/sec (n)

INANMST n =@ xf)/360°

= (2.0 x 1800) / 360°

= 10 r/sec Ans




7-5 Variable - Reluctance Stepper Motor

I a I {
Variable-reluctance stepper motor tJU stepper motor ¥HAANNAUMULLIManui/aen T
MINNUADIDIFEMNSTY pulse 31MI99T Logic Meuan 1y lavuIu pulse (pulse train) 19111 Tu
A 9 ] 3 1 R A o ] o ~
YA stator e lHunuutmanlugese 1M (air gap) aeuldamdumiamesiuan pulse 7
1 4 1 I o { ) ]
laldluvaadn stator  1iield pulse 1Uluvaaia stator Nazile rotor tasudmieldany
o ] 4 { Y a a 1 <
fUNUUAAIAVOY stator  MIIAABUAVBA rotor H AAINUTITAANUAUMULLINAR ( reluctance
v Y Y

A a ] [~} A A A AR '
torque) LAS/MIDLITIVALNIMANDIIT (permanent-magnet torque) Tﬂwmﬁmaauwumu@gﬂu M3

~ [ a d'ﬂl Y a d?’ ua/’ J = 9
VYB3 pulse ‘Vlﬁlﬁ'!flﬂ"lﬂ HazlsIUANABINS IHINATUIINNIAURAYVDY Totor MY

(d) (e) (N

3 11 7-7 Variable- reluctance stepper motor showing different step positions corresponding

to the switching sequence in (f). (Courtesy Superior Electric Company)



d’ . d‘ 9 9 1 ddy
gﬂ‘n 7-7 UHAY Variable-reluctance stepper motor nyuaaclasaainede ] LASHWUIIUNIT
Ml e Wuwea stator (teethed stator) W31 8 WU azfuvod rotor (teethed rotor) 3
o U Ay < 1 £ o Y o A o ] <3 A nmy Y o
$uau 6 Wu Aadrannnmanceu Fuihldiuzidunamimanvauniood lamndes  mswu
Ly o 1 3 [ o 1
YAAIA (coil) 59U ) W1V04 stator H11EMIAQAUUKMANDIUUANNUIUDY rotor  ANWA NI
=] =] 9 A (A
UNIMAN  (reluctance) YDINVTUNHANYNAF1991NH UV rotor 1A stator Mlaeuuilaslarmy
1 o w . = A . o Y vy Y 9 A
V04 rotor MIAINIAINUDIN coil 1A ¥TOHAY coil YD stator MK rotor 12 TT 19NN
[ o Aa Y A A 1 1 . U [ 9 ~
aaﬂwm"lﬂﬂmmzm reluctance UDYNTA ABD YOIIN air gap IEHIN stator NU rotor HOYNTA
1 (%] o % . ] d' = 3
1993918 9 VoI IIamAunIzialy stator coil taateglugn 7-7 (H  1ae stator UNanuA
o . o . . 1 3 % o [ 1
$1U9U 8 coil 1AZIA coil 2 coil WA 1 2997 vz lAS 11U 4 29950eAiY 58N “phase”
(Iugﬂﬁa phase A (A-A"), B (B-B'), C (C-C") uaz D (D-D') @1 input pulse Ael¥ stator
312U 4 pulse TAgaiag phase 92) switch DAIZAIUANNTNINUAY solid state

JUN 7-7 (@) uer@Id LU rotor 1D switch SW 1 @ (closed) awfinanalugi 7-7 (f)

A
o Y o v W

Y, = v a4 0o 9 ¥ '

92 1H phase A (A-A") 191U WUITATINITRAIAUUHANUULY rotor M1H rotor 0811
o 1 d’d 1 Y d' O'J A d' 1 ) ] = [}
AWMUINUAT reluctance UoENYA uno Huvea rotor N 1 tag 4 vzagludumuauuufgINY
Wuvod stator N 110 5

ﬂﬁ 7-7 (b) Kiesmsidla switch SW 1 uazila switch SW 2 9931147 phase B (B-B") %1411
ﬁiwuﬁqﬁmmmmaﬂmuuu rotor 99 rotor 1411108 1UAMMUUABINY stator AD ALV rotor i
3 Az 6 3oy ludnUUIAEINUTAUYD T stator i 4 uay 8 ez 1dinayw step angle (MY 15°
B = 15°

A A o a) . a . o 4 o

5UN 7-7 (¢) Wwemmsila switch SW 2 agila switch SW 3 921114 phase C (C-C') 191U

U

9 = g Y ' o 1A o A A '
ﬁ31\1lli\1ﬂ\1ﬂﬂllulﬁaﬂ@lﬂ rotor Lﬂﬂ‘iJ”l’f)QiHWlLﬁlNLﬂﬂ?ﬂU stator f19® Wumﬂ\j rotor N1 2 LAY 5 %gi’)g

9
v o

o 1A @ A ) Y a A d? =
Tudwrta@etunuivedilu stator 13 uaz 7 M1AIAAYY step angle AVAUDN 15° AU
step angle 1 phase C 9211171 30° (B = 30°)

510 77 (@  Weila switch SW 3 nazlla switch SW 4 929111 phase D (D-D') e
9 ] [ 9 [l o [ @ A A A [l
a3 19AgaLlmanga rotor 1913104 TUAWMUURBINY stator AD HUVDS rotor 7 1 91 4 vz0g luu?
1 ' Y
duniaReanuiluves stator 12 ez 6 wagildinayw step angle 1NUBN 15° H9TULA step angle
1 phase D 21111 45° (P = 45°)
A A o :fl Y o ) A ] 19 ~
JUN 7-7 (¢) 1WRINUATUIA 4 phase HAIVLNAVNININUN phase A TH taTUV09 rotor N
3 uaz 6 3208 IudwruaaeINUHuY stator i 1uaz s M liAayy step angle ogh IS 60°
(B = 60°) 1ufle rotor HYUINE 1/6 souminiu #e'liasy 1 501
<3 YA . 1 o = o Y A Ay
wmiulduile switch Lmaxaugﬂﬂﬂ (closed) 9£711% rotor HUUIAADUNAIYYN step angle
A d? = o o w . A o 091 ' . =< g‘d
(B) uIUNAL 15° MURIAVUOI switch 1D IIE 1NN switch SW 1 D3 SW 4 uazd1on

IUNTTNIMINYUUBY rotor ATUTIUIN 1 501 AD 360°



a o w [~ o a
NANWMITUYUIIN SW 1 - SW 4 gnuaiay ﬂﬁlﬂuﬂﬁﬂWiﬁ! step VBN rotor ﬂi‘luﬁlu‘ﬂﬁ‘ﬂ'l\wnil
< a v A v o w A a .
[WMUIAN (clockwise: CW) 81@0IMsnaURANIIMInyUIRNaUa1AUYed pulse Taaisulla switch
o 1 o w : <3| o a <3
AR SW4 - SW3 - SW2 - SW1 1oy Faazidunaiin1e step ¥09 rotor viyyulufiamianiud

U (counter clockwise: CCW)

v o J 1 o o
ANUAUNUDIEHINYY step angle HaZNUIUAUVON stator UAZTUIUAUYDY rotor ‘Vi']u],fs]}
NTUNII

B= [on-N) /(N ND] x 360° 713
1o B = stepangle in space degrees ( degrees)
NS = number of teeth in stator core.
N_ = number of teeth in rotor core.

T

d' d‘ o ! d’ 4
NTUNIIN 7.13 mamhlﬂmmagu step angle Y93 stepper motor Glugﬂ‘lfl 7-7 3¢ 1@

B = [8-6/68x6] x 360°

= 15°



®  Half-step operation ( N13711UUU 1/2 step)
Half-step operation Z‘ﬂiJﬁﬂﬁﬂﬁ}Iﬂﬂmiﬂgﬂﬂiﬁ pulsing sequence Iﬂ&lmi‘ﬁ1ﬂm§'mﬂﬂ
phase A 11911 = phase A MUY phase B = phase B 119411 = phase B MUIWNY
phase C => phase C 1197 => phase C MNUT WAL phase D = phase D 911914 => LIa¥ phase

0 "o A A o o A =
D MAUTINNY phase A. uazmau"lﬂwaa il mumﬂummﬂﬂugﬂw 7.8

(a) (b) (c)

3 U9 7-8  Variable- reluctance stepper motor sequenced for half- step operation. showing

three successive pulses.

d’ d' o 1 d‘ [ Ql 9 QBJ} [
3191 78 9zu@A3 pulses 3 pulses NINNUABLIDINY TATUAUAWG phase A (31 7-8 a)

=1

phase A (182 phase B (gﬂ 7-8b) U@ phase B 184 phase A8 (g’ﬂ 7-8 ¢)

= o ~ = o Yo ' A
T]JV] 7-8 (a) HAAINITNINIUUDN phase A W83 phase Y7 ‘I/lﬂ‘lwmmuwm rotor W‘L!‘VI 1

U

waz 4 o8 ludwruaReINULUIVEIAY stator 11 1az 5

5UM 7-8 (b) UAAINIRINIUTINTENIN phase A A phase B 91a0UAUNUIUDI rotor 11/
d‘ o
NYN step angle = 7.5

d' o 1 3 o Yo ] d‘ [
31U 7-8 (¢) 1eAINIINNUVBY phase B 111151 1@ mnUIv04 rotor Wuh 3 1oy 6 agluy

Y
¥ o

H ' 4
A uReINUUIUeIHY stator 1 4 118 8 34U step angle IZIWNTIUDN 7.5°  AIHUNN step angle

'
1

x9N 15°

U

< UK 1 A 9y o Y A A g ~
vmuIdnlunaas pulse N9161% stator 92117 rotor vyndeUMT UYL step angle Tiay

3 a < a
Y step iy 7.5° Tudiameauidiuuninm



®  Microstepping
. . Y A T W ] ~
Microstepping a1y phase 2 phase Atngzua lumnu L“]f‘uiﬂﬂgﬂ 7-8 (b) unuazilou
nszialy phase A 18¢ phase B w1y 15119 nszualy phase A finneh vauzfinszualy phase B
A g ~ ] o ~
%ggﬂLWMLﬂIWVlTJﬂﬁ%uﬂEl%Wﬂ pulse nsENInseualy phase B giga tazaanszua iy phase A 1
Y 2 = I o Y <3 A 4? = Y =K A 1
NTUDYIUDIA Zero %Q%%LﬂuWQQZﬂleHN step angle YHIALANINUVUNATUDY LITNLTINI
¢ o, { ¢ 4
" Microsteps" N@m@il!‘ﬂ‘ﬂﬁﬂgﬂWQTHﬁﬂ’JWIILi’JGH 1A resolution T;:[Q
1Y stepper motor WI9IUN resolution = 200 steps/revolution ‘ﬁigiJ step angle = 1.8° #1119D

Wi microstepping  resolution = 2,000 steps/revolution ﬁuu step angle = 0.018° &

® Holding torque
. ~ ' . A 1 P Y o
Holding torque (38071 "static torque" A8 ATFIFAVD load torque Nesoaz s lumsniau

V04 stepper motor 1A81l51A910M5AA slip pole

(©) (d)

3 17 7-9 Rotor positions that develop restoring torque in a variable reluctance stepper motor with
phase A energized: (a) rotor at rest; (b) rotor forced 15° CW; (c) rotor forced 30° CW ( unstable) (d)

rotor flips to 60° position



=

310 7-9 (a) @uYAI phase A MU 1AL rotor DY

u U

51 7-9 (b) MIu5INNNA (mechanically force) ¥INTEHIN rotor THAApUN 11 1 step N1 15°

v S <A a = =
wagld input pulse N coil YD phase A Naﬂﬂﬂ%mmlﬁQmﬂﬂﬂuﬂuﬂlm rotor N 1 4A¥ 4 1NNIT
< = P = 9 a . "y '
Wungitianueaily stator N 1 uag 5 F9zaduILATEaN (restoring torque)  UAN I ADY
rotor Tagiaausinasonizild rotor vyunaulugdumiudy awgil 7-9 (a)

{ 4 { { <3| o [y 1 3 !

5UN 79 (c) &1 rotor naouR 1 2 steps 1 30°  dzfunarildflues rotor agludwmiia
~ ] 1 ~ =~ = Y o Y a 1T W 4
#liauga (unstable) 15121 UVRY rotor 1 1 taz 6 vxlusIAegaIInY i ldussdaminugud
(Zero) Woslane rotor 321 rotor wyu'lilianalananenils Ae o1vvzryunosnasll
2 steps 8¢ TudwmiaaNamNgl 7-9 (d)

17 plot n3lsEnIg restoring torque N1 force step displacement 380 "static-torque curve"

aunuaalugii 7-10

Restoring torque

—

4 Steps

1)
L]

:Jj‘]Jﬁ 7-10 Typical static-torque curve for a stepper motor.

A < Y1 ' . = Y o 1
ﬁ]”lﬂqij‘ﬂ‘ﬂ 7-10 i lan APIFAVUDY restoring torque ICDYN 1 step 1 udurug 2 steps
1 . A g 4 o | dy 1 ) oA ] 9 U
f11 restoring torque %znmgﬂuqua waz lud sl rotor ﬂzagiuﬁngwuam"luﬁu@a nustlaos
o Y A A o 10 I a A A A A Y Y A A
rotor 921114 rotor indeuNnaY lgawnuuANN 0 step WioAAOUN 11419411100 2 steps AD
6@11Hﬁ1lmﬁﬂ4 steps

®  Step Accuracy

9 Y
v/

< 1A { a
ﬂ’ngﬂéf@dﬂl’m step (step accuracy) naaudu percent Tﬂﬂﬂmﬂwamﬁmﬂiumwmiu
stepper motor 3LAANE step 18D AANuAanaave liAaarauas lufamuauyae Insmy
step HAZAINNUARIAAADUYDY step 1U stepper motor VLUAITEHIN 1-10 % VBIVUIA step

(step size)



7-6 Permanent-Magnet Stepper Motor

< a ] < '
Permanent- magnet stepper motor 11l stepper motor FUALLUIHANDIT UHAZWNITNY ) YD

A S @ Na @ a J
stepper motor NLaAIlugY 7-11 azudaaliiviudnyazn el a@nd (physical) sauDYIAvEINOIMDS

Rotor

Permanent
magnet

Toothed
A-A" —Phase A sections A-A" — Phase A
B-B' — Phase B B-B' — Phase B
Stator Stator
with rotor section S with rotor section N
(a) (b) (c)
Permanent

Permanent magnet
magnet flux
_— Stator

| — Stator winding

Toothed section

(North) ™ - Toothed section (South)

a— — 0
U )

~—— Rotor

Air gap

(d)

3 19 7-11 Permanent-magnet stepper motor: (a) stator and south section of rotor; (b) rotor;

(c) stator and north section of rotor; (d) axial view of assembled motor.

A Y = L] . A 3 3 = v
90310 7-11(b) A7 rotor dNAUUIATIU 2 section AB 19 N 1aZYI S FWENDINIINAUAY
] < 1 . g ' < =) 1 3 ' <3
uNMaNaMs Taguaag section vowmmManzliszezllszinm Y2 vosszezilu  dunimanves
' . y o o . A
ugiay section UsenoUA1e TIN 91194 592 11 1 section  enuiuanalugil 7-11 (o)
o < "o [l o ] v o . ' o ]
wdungriuig S vwwogludmnisnsanudIves stator coil  Hazde N 9z0g lud s

Y
RE9NUVIVBY stator coil

~ I 1
519 7-11 (d) Wuguaasuuinauaivilsznauuea stepper motor



911031 7-11 @7 rotor UAAZ section ZNTENBAUATMTITA  1H1BININUAAZ section VUIUAY

Y] 3 o 4 3 v o 0911 o

AUIUNAANFVDIHUNT 5 UDI rotor NUTAMIT 4 U049 stator 11119 13w step angle YD stepper motor
A

Ao

=
Il

[N -N./N .N_] x 360
S T S T

[(4-5)/4x5] x 360 = 18°

dy o a ] <] Y d?‘ Y .
WUHTTUNTINTIUYDN  stepper motor FUALNIHANTIIT Qﬂﬁﬁ']\i‘llujﬂﬂalslnﬂﬂﬁulwﬂ'] switch

table LAZAMNUIVOI rotor MUALAAIUFY 7-12

+I Step CW Rotation [CCW Rotation
s J —
T S+ SWi[sw2 | swi | sw2
| —— | off (=) oft (=)
swi § () 2 | (+) | off | (=) | off
] + T +
Phase A - 3 off | ( "J off ( .I]
4 (=) oft (+) ofl
Phase B 1 off (—) ofl (—)
o (+)
e ——
l (=)
| sw2 ¢
I Phase B

Phase B

SW2 = (—) SW1 = (+) SW2 = (+)

Step | Step 2 Step 3

SW2 = (-)

Step 1

3 U 7-12  Circuit diagram of a permanent-magnet stepper motor with rotor positions

keyed to switching sequence for CW rotation.



mﬂgﬂﬁ 7-12 UARURTNZEIUYBITY S VB rotor T FHL VB rotor LNYUAWAINY
Y94 switch TURAMIUANUIAN (CW) 18 phase A Wi SW 1 uaz phase B Wi
SW2 &4 switch udaziziauaduiuludumdson (+,—) uaz off 1% rotor vagu a#
az Y2 step wazﬁé’ﬂymzmsﬁmumﬁau variable- reluctance stepper motor H11 Half-stepping

10 Microstepping AMUNNAINLIAD

7-7 Stepper-Motor Drive Circuit

Phase A
[l N paaan s BN

Phase B

Forward pulse )—— ——

Reverse pulse )— —

Phase C

L]

Phase D
54 L g

L -

t v

T

3 1/ 7-13  Drive circuit for a variable-reluctance stepper motor

mﬂgﬂﬁ 713 uaaslaseadion q llvesmsdunaeuiwsdndy variable- reluctance
stepper motor 1AYT YN input pulse ﬁmuqmame{ﬂzﬁhﬂmu Filter 11 block F tazeudn 11/
14 bidirectional counter 11 block C  Fsvzusndyanaesniu 2 fimme e Fayai Forward
pulse Ui Reverse pulse (18 output bit YB3 counter 14 block C %zgﬂﬂamsﬁ’ﬂﬂiu input U9 block
D #iilu decoder 1fiomMsnonnanIng¥e uazaely Electronic switch S1, S2, S3, Iy S4 1o

[

MAUIAAY phase #1199 MUBIAUNA input pulse 9



From decoder

©
[

3 U9 7-14  Solid-state switching circuit.

= < . . A . . .
gﬂ‘ﬂ 7-14 1Y uNIMVe18U09 Electronic switch MUty Solid-state switch  1ag Amplifier A

o { [ { o I @
wimihinasdyanm Logic Noeaswan1nin block D Tiludygalui Tuglves voltage

A A A o Y . ) o o ' 9 9
Lag current “I/ILWENW@T]%%‘VIﬂ“H transistor QA NN on LA off FAIHIUAIAIINATIUNIU RS %31%’

iy Discharge wasnuluvaaia e transistor Q, 9n off
Y 4 a ] <3 @
TA59e51999 92995V UIAADY stepper motor FHAUNIHANDMTITHToUNY  Ae UTznoudly
Filter, Counter (6% Decoder Aruiuanaanune MsaeIINVDd phase winding, switch L% power

' : Y 1 <3
supply 11312 11d04MINIEAAUEULTBBIMAN



Phase A

(a)

(e}

(05}

(b)

3 1/ 7-15 Drive circuit for a permanent-magnet stepper motor: (a) unenergized circuit;
(b) Q, isin on state; (c) Q , off. diode D | provides discharge path.
~ % 1 . . Ao Y I A 9
1n3UN 7-15 uaaad10819ved switching Q,, Q, Az Q,,Q, nvalAlumwon maldniuny
a ] < < v o w 4 . .
stepper motor FUALNIUANDIIT Tagazd Diode tHuAIvINANTZILE phase current 1o switching

30 transistor 08 UAWNUQ off
Ad' &' . . A . ' o 1 .
JUN 7-15 (b) 110 switching W30 transistor Q, BYIUAWMUI on wazNIZUA i, 91N
1 1 1 Y d‘ 1 o ] o .
uraanie vl v, 91eldvaada phase A uwaziile Q, egludumia off T8I inductance V09
. v 9 [
phase A ag Diode D, dzilosiunszud lnadounauy

3101 7-15 (¢) Diode D, 97113 discharge nyzud I Fumsdunnurassuia v, hld
o w I~ 1 <3
msmaanszuaiuliogiasias)

Y = [ . . 9 A Y = 1 o A i
Tordaseuveinson switching ll')lfl_lu'W'Jﬂ D ADINLNAINUUA power supply 2 KON



7-8 Linear Induction Motor

Y

Linear induction motor #38 LIM ﬁﬁugmmi Maumilouny Three-phase induction motor

I8¢ single-phase induction motor uannunez 1¥auuivanves  stator HUYUNNA  squirrel cage

3 4 . 1 <
rotor U Linear induction motor (LIM) 2z 1¥mM s aouNUBINULNIMANAINTLIZ NI (Linear)

A1A519A1 W3ATIA Ladder-type cage

7
/ ey
/—r—' 5
i z
Pt </
' / /
e /
_P/ f¢ﬁ
/ /
/ A
>, \_J S

O","- O"ff" o (o4 O;-— Rollers

(O A o A A A o
/ / U,
(b)
f
/ U,
F /
i . —/
¢‘°/ )/*?P —U
/f ¢s U
oo O ol

:.i,ﬂﬁ 7-16 Diagrams of an elementary linear induction motor; (a) magnetic field sweeping rungs of ladder;

(b) direction of flux around rung as determined by Lenz's law; (c) direction of current in rung as

determined by right-hand rule.



1 I A Ay < o w .
zl]"l‘ﬂg‘]J 7-16 (a)  UAAITUINLNHANAADUNAIIAIINLTD US mmmm"lﬂmmn aluminum

A

{ o a 1 < 4 y
ladder ~ @IWNLUDI Lenz' s Law 1419 voltage 118 current N IR IAId UL SusimanindouiF 1
¥ o o o 9 ] 3 Aaa 9 Y] A A 9 1 < A g
AU AIUVSTINA VLA ANNUNANNATIVINNUNITLADDUNVD AT ULTILLULAAN oty
[ ng { a 4 a o 1 <} o
I UHULUITINNNEA (mechanical force) ﬁm@ﬁmzﬁwﬁwmﬁt’nﬂ‘umimmmmammmmaﬂ uuﬁ@
[} I a v o {
flux bunching Av MIVINVOUFULTIHANIZINAN A U801 amduaaslugll 7-16 (b)
1 v 4

dmsuianwesnszumuilenhinaduludni  awnsomlaninngiievn (rght hand

rule) Munuanalugy 7-16 ()
o a 4 . . A 9y g v 3 A A A 1
AUNANNIINIIMTATUDY  induction motor INITNATIUTULITILIHANNAADUNNITANTY
9 1
@111 150071 primary  1182A1, 319 130 ladder 150071 secondary  A9HUAT primary ogRiUN
secondary wdoundoun 1Un1av nsem primary naeun secondary i]zigl)ENQﬂ blocked la®
. 4 A ¥

primary AU ldniedne

MINAUNANIIMIHYUYOY  Linear induction motor 1114 TAsmMInaUd WY phase V09
voltage Tu primary

YA primary YO three-phase linear induction motor 91 AUANHAUTAAEALY squirrel cage motor

9 1 I~ ] ~
ﬂﬂnuuﬁaﬁlﬂmngmwuamﬂuLLu’JL’dumﬁ Gnil‘mmﬂﬂugﬂ 7-17

I Secondary
T { conducting rail

I
I
|
|
I
I

To 3-phase
supply

3 U9 7-17 Linear induction motor showing conducting rail and pole pitch.

] g { v o . . .
g‘ﬂ‘ﬁ 17-7 111U Linear induction motor NUEAITINAINN (conducting rail) 4@ pole pitch

' & o ' 3 A Yo &£ daA 1 o Il <]
(5383W’l\?igﬁﬂ’]ﬂﬂ\iﬂa'l\?%?llulﬁaﬂﬂﬂﬂiﬂﬁﬂuiuzﬂﬂ]@ﬂ@Qﬁ’WI%ﬁﬂﬁ FINAD  BINUDIVILULNAN)

U

A

dm5V pole pitch Tugiosmmalvlih Ao szezmanlaounasgiadu’laiy  Tae 1 pole pitch 2zl
seazmny 180° 119 1l 1awe

A I~ a 3 A 1 ' 3

g‘ﬂ‘ﬂ 17-7 1u Three-phase Linear induction motor ¥UA 2 U NUVAAIA 1 coil AB phase ADUY

(coil per phase per pole) 1@ secondary A0 conducting sheet 130 rail YDINOAULAINTDDANITIBY
perp perp ry g Y



< A A 9 [} < . ~ 1 I~
ANULTINTADDUNUDUTULIWNLH AN primary flux 15801 "synchronous speed" awiu

. = Y . . . A v
function YOIAIINDLUALTLEZNINNVBY primary coil (pole pitch) 11 1 cycle U0 voltage N1814 lag

9
v A

v 1 3 Aa < v "o . £ = <4 ¥
mumqmeamnmumuﬂuizﬂzmumqmmu2pole pitch mmmammﬂmﬂuﬁmmﬁllﬂmu

US = 27Tf 7.14
e : U, = synchronous speed (m/s)
. ' & [
T = pole pitch (32 NVDIVILNVIAN) (M)
f = supply frequency (Hz)

4
. . . 1 "o o 1 1<
Synchronous speed U839 Linear induction motor %z”luﬁuagfmmmu pole 2819 15nA1

<
HWaTINVDN force developed ISUAAINIINLIIVDY secondary (U) Gl,ug 109 synchronous speed (US)

waz slip (S) 1uAD

U = U (1-9) 7.15
791111 Slip 9 UAUNINY
s = (U,-U/u 7.16
A .
1o = slip
U = speed of secondary  (m/s)
U. = synchronous speed (m/s)

C ' K{

Three-phase Linear induction motor 3¢ 1% lumsinasunveunsuvuialvg uonosueesnsig
A A 5 . . A BJd'QI o w A a
nNauge nsesilulaneiviad (Liquid-metal pump) 11821A303 16NADINITMAINIUGY 1ATOTUY

Llﬁglﬂ‘iﬂ@ﬂfﬂuﬂlﬂ\ﬁ]i?ﬂ



Example 7-3 A 3-phase moving-rail LIM has three-pole and a pole pitch of 0.24 m. The LIM. is

operated from a 50 Hz system.  Determine:
a) the synchronous speed.

b) the rail speed assuming a slip of 16.7 percent

Solution a) the synchronous speed (US)

NNTUNIT Us = 27Tf

= 2 (0.24) (50)

= 24 m/s Ans

b) the rail speed (U) ﬁuyaiﬁ}m slip =16.7%

NAUNT U = Us (1-9)

24 [1-(16.7/100)]
20 m/s Ans

7-9 Universal Motor
. ~ A ' . <3| g . Aq Yo 1ot
Universal motor UNNTONIT " series motor" 1HUUBIADT single phase nlFnuuvasaie
useau lihnszuaady (AC) uaz nszuaase (DC) 14 TasaouAadn armature OUNTUALVYAAIN
A 4 .
field mmummm”lvxlﬁmimammuu series motor
. I 7 3 A Y 3 1 ! = 1
Universal motor Lﬂummaimmmaﬂ‘ﬂaammﬂwummgmagﬂum’m 5,000 94 12,000 59UND
Y
W MuAsgIH NEMA wiivuiadaua 0.01 hp 89 1.0 hp
Y v
WUFIUVDY universal motor MMLAAIBEYTUFY 7-18 (a) 1Az (b) AIUNWYUITENTN armature 2

[

Giaauﬂmﬁm@mﬂ series-field winding Tagr11 commutator Lazu)59011 (brush) ﬁagimjﬁ



Series-field Winding

F
>—— ——
s
Conductor B
- _ -
e e e
Bar
1
—_‘ﬂ [___—_‘_
To
AC Source

(a)

Series-field Winding

Conductor B

AC Source

(b)

Series Field
faaaat

~]

To AC Source
~

]

(c)

Armature

3 1IN 7-18 Elementary universal motor: sketches (a) and (b) show the same direction of rotation

regardless of polarity of voltage source; (c) equivalent circuit.

A . A A Y 1o 2 2 o
mﬂgﬂ 7-18 (a) ttag (b) UAAINANINUDY rotation MHUDUNU Tag lufilanatveq voltage
source
91031/ 7-18 (¢) 1EAINATANIYAVDY universal motor  1ABTVADIA series field HOOYNIUAL

armature

b4 Y H
[ 3 =

AN developed torque HAZNANINYOY armature rotation UYUBYNUTIVBY AC. source
waadlugil 7-18 (a) uag (b)  dMITVUTINING (mechanical force) YBIVAAIN conductor A 1AL B
Y . A 9 1 < A 1 < ~ [ dy A
1189109 Ue4 flux bunching Ao MIVINVOUFULTWHMAN WoFLWMUIKAD 2 A1 Noglunun

% a o ) a @ ] <} % o @
!aEJ'JﬂL!L!ﬁ%ﬁ“ﬂﬁVINﬂ5Qﬂu{l}1ﬂﬂ$ﬂ11ﬁl!ﬂﬂuiﬂﬂﬁ‘mf‘lﬂ'ﬁWaﬂﬂl@ﬁlﬁ}uuﬁﬂlmlﬁﬁﬂfﬁﬂﬂutlﬁ&ﬂu



< o 1 @ 1 1 <3
Developed torque U®Y universal motor wiudadmiuaNuHU Y SF LT LNIHan

e

Y
(flux density) U84 series field AUNFZLa 1Y armature conductor At HENITRBUENMT AR

T, € B, I

7.17

=3
a2}
—~

|

b = developed torque
B, = flux density due to current in series - field winding
Ia = armature current

Y 1
911031 7-18 (c) YARIA series field 9ZADOYNTUNAY armature AdTIUNTZIAN IWa 1) series field

S A A 1 9 ] < . d? (Y]
ﬂﬂﬂﬂﬁgllﬁﬂllﬁaalu armature !,Lazmmwmuuummmuuiummaﬂalu series field wwVIHBYNY

AMNTLUE U AD

7.18
a

{ ] 1 | o 1 Y o w
nnaumsi 7.18 wwiulan Developed torque wtludadIUnUNIZId armature 9NAAIAD

. < o ) A gy - g o
Universal motor HJLl1]'f]l;@']'f]iVlﬁ’liJ’]iﬂﬁ'i’l\uli\iﬂﬂulﬂEI\? UAZUANULIINGLA 5,000-12,000 591

] = =K a P A 1 A P [ ' A y 31 9
aouil  velenldluniesgadu uazinieeldlunsa wu niesiluima 13l

v a . o 4 v A
NMINAUNANWNITUYUUD universal motor ﬁ'liﬂiﬂﬂi&‘vnllﬂ Tﬂﬁlﬂﬁﬂﬂﬁﬂ’l\iﬂl@\?ﬂigllﬁiu

armature coil




SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

Reluctance Motor

T, = k(N /Dsin@ )

rel
Hysteresis Motor

P = K f B P

h h r “max mech
P o= (Tn)/5252 T,
T, = 5252k B_ ) /(120 /P) (Ib-ft)

oc sin (O ) T

mag mag mag
S=0 S=0
T max = T

mag h

S=0
Stepper Motor
Resolution = 360°/ 3 (step/revolution)
0 = B x steps

n = (B xf)/360°

— - [e]
B = [ N) /(NNDT x 360
Linear Induction Motor

u = 27Tf

S = (US—U)/US

Universal Motor (Series Motor)

T, o€ B, I

= P, [(1-9)/9)]

= (5252 k, £,B_ ) / n

S

IA
~

U = Ug (1-9)




unii 8
warmesuuy Synchronous (Synchronous Motor)

8-1. umh

Synchronous motor asgaldnusuasessnsnafiimdsnmumala) teann
matauves Susziszdniamgs Wede'ld wazeunsaaruauar Power factor 134
Synchronous motor Wuuemesdlimdanunansi Taslidesiiisds Load finaedi

A I9zNNUI01ley fari
Synchronous motor feiienl#uTsed TseTudu Tsandu Tsalwdh uazdu 4 #Al4lums
Ju Pump

uaz Compressor

Synchronous machines fieenuuylasmmzdmsuaiugy Power-factor v
lufimadoneuen
(no external shafts) uazazgniseni1 “Synchronous condensers” Tagazld
ave'135u BUS iifedhemn
Reactive power l#iuszuu finmves Reactive power uaz Power-factor ves
ssvuamnsalsuuas 18 Tasnsiasu Field excitation ves machine

8-2. Tassadaves Synchronous motor
Synchronous motor ssiignsazuanaeninuemesou ) fe deeldundsieliih
2 uvad Ao
1. Stator  suddenulilihonumasselihnssuaadu 3 wle (Three-phase AC

Supply)
2. Rotor suideauiihonumasseTvihnszuaass (DC Excitation

Supply)
m Stator
Stator 3 wla ves Synchronous motor 5eni1 “Armature” azmiloury 3

wle ves Induction
motor iessienszua Wihady 3 mla i Stator vaanalu Stator wwataduiss

1 <] A
HUHaNYiIo



aumimdnmgu Fazmuimduniminves Rotor d1eanmisa Synchronous speed
Tudnvae
wwdeanulu Induction motor
m Rotor

vaaafiiueguy ROLOr szgnnszdulimamnnunassielifhnszuaass (DC
Excitation Supply) sleaswaumuimnliih Faezqn Locked aglu
Synchronism fudrveamsiiiudinse
i (Opposite polarity) fignazienn Rotating Flux ves Stator - gafusau
ives Rotor 34

Y
Snumtusudves Stator

Rotor wes motor wiia 2 pole 60 Hz wu cylindrical rotor awiiueasly
3107 81 Taseardrvazitunain solid-steel  Fssnudeusanisaiionomesnyudasnnnnds
high speed  Ssiionldsunsesinsfiianuiiqe uas cylindrical rotor msiisenh
<round rotor’ ‘hignnsasanudiam load Afusadesgeld dniusedeslsiu pump

. fans , blowers uaz load fidosmausatalumissy starting 1

Slip-ring

L

O

s1ii s-1 Two-pole cylindrical rotor for high-speed synchronous-
machine application



Rotor #ishwun squirrel-cage winding  wSeisend1 «pole-face

winding , amortisseur winding
wie damper winding» awinaadlugiii a2 Rotor siaiisgisenrusuinlng

Synchronous speed
aniudsien]Foudy load Adesmsusedageuazisu starting  uaz rotor uuuiign

ponuu 143
vaaaa SQuirrel-cage winding siwu 2 va Fueddnvuzmioudu induction
motor auuesgiu NEMA design C

Excitation winding wves rotor wwiiseni “Magnet winding wie
Field winding w3e Field coil” waada Field coil ves ROtOr azgnaeoynsu wie
ounsu-vinu itel¥Iddamile (N) uazd1d (S) aduiy Tasasesves ROLON vwdugaii
Slip rings uazulsamwiidadu Slip rings riedeszvin Field winding fu DC
Excitation source

Field coils

Squirrel-cage bars
(starting windings)



sUiis2 Squirrel-cage rotor or Salient-pole rotor for slow-speed
synchronous-machine application

Salient-pole rotor #iaass DC exciter 137 shaft-mounted awiuaas
Tugilii -3 nszualviih
DC current wiwlésu Field winding Tasswuinlssdwiianegiu commutator
uazaeriullds slip-rings

Salient-pole rotor Al#fuszun excitation #i'lifiusesm awfinaaslugii
84 Tagazdnda
3-phase exciter armature viaidn, 3-phase rectifier nazssarvau3amasy

= v
RYINU

Rotating field

Commutator

Exciter
armature

.

Banding
wire

Fan Slip-rings



s 83 Salient-pole rotor with shaft-mounted DC exciter

Control circuitry Diodes

3-phase exciter

8-3. msam3in Synchronous Motor

demmieliihnszuaady 3 wla Wduweadn Stator wwilRaduusamindnnse
aumimdnmyu (Stator magnetic field rotation) rwduuiminves rotor &e
aymisa synchronous speed Tonltiansedatudrvey azusedafifadudvasdin
Wi Tudamite (N) vea rotor szvyummda1g (S) wea Stator uadsliamnsails
rotor wyu'ld fwdiieelui load seegiimaivewemesiam wiiimsz rotor dlauila
od dwsuussdaisudunyu (Starting torque) ﬂlmzﬁyﬂug{ué{

mﬂmg}waﬁmdnﬁﬁnmﬁﬁfﬁmﬂmﬁﬂmm stator  sfveaamiae  (damper
winding) dszneved sufuilersisieliihnszuaady 3 nla 19 Stator szamsmiieni
Jufivaatamine ¥ rotor wyuaunssialinnuSufevszhiuanuss synchronous
speed iFsnwlilihnszuansanszdu (DC. excitation source) whiivaaa field
winding wes rotor  iievaasa field winding 1850 hnssuansanszduazihifiaa
anuduvesauindni Fotor iy uazdmiminves rotor fudamimanves stator
alsznudadu (10cK in) uazwyudasanuds synchronous fined

Synchronous motor ifuuemesinyudisaiuiiasinasanar lidnei load

w3e'lifi load (no load) arwisildennmusiiseluneniuanmuvesaumuuimdntgu

A
o



Ng = 120f/p

[+
= _.: Armature
& B (Stator)
g “w
Field winding

(Rotor)

- I—J——I,mm] e "
A
/

/4
L,_E_._I

Varistor

To DC supply

of a

Y
=
=h.
o

1
-

U] TIVITITI VIIVUWY 111wV LwVvI

1l 85 wamamsAedassdie 9 ves rotor uas stator u synchronous
motor Tas varistor #3e resistor uaz Switch azsenseutuvaaia field winding
uazazegiimthsznivuae  locked-rotor wazvaizissiuves  rotor  ieflesiunisifia
induced emf fiqeluvaain field winding  wastlessu induced current luass
fiiannvaasn field winding  msdemanudumunnmeuen (external resistor)
sziiusafaves induction motor sy

""" Tt T T T T T T T T T T T T A
| AC exciter Rectifier Control SCR-2 I
diod circuit
1 armature —\ i fs N ) ‘ / ) , l
| [ |y ¥ |
| |
| Motor I
! field I
: - winding |
| |
| T AN |
I SCR-1 Field discharge I
! resistor |
U -



s1ii 8- Circuit diagram of a brushless excitation system for a
synchronous machine

nngilit 8-6 szudasssvesszuy eXcitation Alifulsesw Taedl frequency-
sensitive solid-state auguasasieasgawivewsundoumiieni (emf) 1
vama field winding veswemos Tasmsnmpudunsanimdnlu stator manudves emf
wimileununuvesuaadauuy squirrel-cage
wagazilu function suawdves applied voltage sl stator wazei slip iufie

fr = S fS

8.1

varz locked-rotor s slip = 1 aziil¥anudves rotor (fy) whiuanudves
stator (fs) uazvaizii rotor sy i slip fizdes 4 anas lianmdves rotor anasdae

dions frequency-sensitive assawuanuigs (high frequency) fignielu
wnadn rotor vaz locked-rotor uazszwiumsssiuves rotor dian slip gqa 903
SCR-2 12995 naz SCR-1 Wlanes matlaases SCR-1 aziflums block awnszua
exciter current  uazmsiansss SCR-2  awdee discharge resistor asewudu
vaaan field winding fif11ndfu synchronous speed sinl#aanuives rotor i
S0 (Aeuaziugud) uaziiermitiass SCR-2 uazilansns SCR-1  msidlanees
SCR-2 wilumslasdianudiumuesniinins  uazmstans SCR-1 azeeulw
nszuminguaana field winding
Synchronous motor — @lifidaulszney built-in starting eslishaw
szdeeld auxiliary motor wie turbine Wusiy rotor wunszits rotor s
1nd synchronous speed

e Reversing a Synchronous motor
MINAUNANNMINYUVBI 3-phase Synchronous motor duiluszdonga

motor neu udads
nduiduilavesldl 3 phase fivwldsy stator Tasmsaduaoglaguilelu s oo azihld
3-phase Synchronous motor ndviismuamsvyu mindunszualuvaada field

winding v lifinademsnaudismians sy



8-4 Shaft Load , Power Angle and Developed Torque
usii1 rotor wes Synchronous motor sgwayu'liwdewsu (Synchronism) my

msvyuvesmimAnves stator madin load fimangildmaiunivda (Mmagnet)
vea FOtOr wWasudumiauvesiuiifdeaumumdniinguy yu displacement angle i
aunsaveuiinld  Tasmswes rotor @ strobe light (electronic flash) i
synchronized anwives Stator

Stator Magn tic field rotation

\_\— Rotor position when loaded

Rotor position at no-load

el
=
=)

at synchronous
speed with no load on the shaft

wnglit 87 usas Strobe view wes salient-pole motor v
synchronous speed wazluiil load (no Ioad) VUWAT  AANIIMTHYUIZHYUN UL
wiin wvaizdi motor % load & rotor ﬂzgﬂ?;ﬂu@‘inmﬁwmﬁuiﬂafuagjﬁuaummjmﬁﬂﬁ
viyuves Stator Teasevegdmduiluyn Delta (8) Taoyy & et Sonh
“Power angle» w3e “Load angle w3es «“Torque angle-

Synchronous motor s=1¢nuiinnudimacsiiumaaves load  dusiainaeu
no load lugneviii load quam  ile load vu synchronous motor gardiniu
vamesvznyudias ey rotor Ysunlfeudwmiaiduiusfumnuindnindeuiive

stator winiu udwznduiihganusai synchronous speed snasa Suinlifianudiacd



e Developed Torque
usedafiafrelas Synchronous motor il 2 4w de reluctance torque uaz

magnet torque
m Reluctance torque
Reluctance torque fie nsafiafiiinninussdiumuvesiaasuimaniiise

1 < 4 wa ] < ] <] { v @ 4
auiman ieannngaaiavesssuiman luauwmimanizis ssdniue s 1o 112993
] < 1o
wiianves reluctance az'1diiadga

= Magnet torque
Magnet torque #e ussiafifaanuiman suiloannnusidgaulivanszing

field pole vu rotor ﬁueﬁy’mwﬁ'mmmﬁumuﬂmﬁﬂﬁwyuuu stator

8-5 Counter-voltage (CEMF) waz Armature-reaction
Voltage
duusaunimaniideiuresin air-gap (air-gap flux) u synchronous motor

awilszneudae rotating field flux (of ) fidaan DC current (If ) 1w rotating
magnet w3eiiendt “magnet flux- uae rotating armature flux wSefisenh

<armature-reaction flux: (ogy) fignadralasnszua armature 3-phase Tuvaain
stator wwauazywwues armature-reaction flux sziflu function suvneuazsyuues
armature current  daudianmsmsuyuves magnet flux uaz armature-reaction

Flux sgfifiamenmsmyumaRennu

msvyuveudunsuniman Of uaz dyr wite Speed voltage ludniwes Stator

amuinaadlugaln 8-8

Rotating
magnet

+
_.__/—\____ @
To AC )
source Vi
N
-— S

Stator
winding

(a)

> Rotating
armature-
+ reaction
1 flux




;17 8- Separate circuit showing emf generated by component

magnetic field for one phase of a synchronous motor :
(a) due to rotating magnet ; (b) due to rotating armature-reaction flux

nngiii 8-8 wzuansdmsy armature disa 1 phase ves Synchronous
motor uuw 3-phase Tasazuans diagram wemilu rotating magnet flux awgi
fis-s(a) waz diagram wesrotating armature-reaction flux awsalii s-s (b)

e Counter-emf
Rotor magnet d@ismdsnnadiiwes stator awdinansluglii -8 (a) ozdw

speed voltage #ssn “Counter-emf- wie <Excitation voltage® #sziiiia
nassdwdu applied voltage  uwasen Speed voltage wifludadusuauunsiman
(field flux) wazanusaveamsnyu speed of rotation) Fsamsadewduanns’d

Aatl

Ef = —fs—or— Kk f
8.2

vnaumsii 82 muduusaindn @ lwmewves magneto motive force
(mmf) uwazarudumuvesisssuiman (reluctance of the magnetic circuit)

A
19

= T ns (NFHF) k¢

8.3

il : Ef = excitation voltage/phase (V)



Ng = synchronous speed (r/min)
of = pole flux w3 field flux (Whb)

Nf = number of turns of conductor in field coil
(turns)

I+ = DC field current (A)

» = reluctance of magnetic circuit (A-t/Whb)

kf = constant

anuisaves Synchronous motor wzmwiduaimsaves rotating flux wazae
asfinmanuditenld  ifude vnaumsii 8.3 i excitation voltage sxilu function

[ . J 3 ] 3 4 A @ [ < [
fu field current mmniu 2619 13N UIT19991PHANTZNUIINATOUAIVOUIMAN AN

reluctance vevissuimanvziislinedi fufe m of waz Ef axlidludadaudud I
a1 cemf azfiunumdrdnlumsinuves Synchronous motor uagsiueisagiia
fosn Senidu wSemnnhar applied voltage fiswly stator 18 msisuudan

cemf aunsoihldTasmanldsunszualu field 7148 power factor vosszun

e Armature-reaction Voltage
msvyuves armature-reaction flux finnagaiwes stator awinaaslugid

s-8 (D) 12910 speed voltage #seni ~armature-reaction voltager
armature-reaction speed voltage lumenves armature-reaction flux fe

Ear = Ng oy ka
8.4
\le : Ear = armature-reaction voltage (V)
®gr = armature-reaction flux (Whb)
Ng = synchronous speed (r/min)
ka = constant

BdanansznuanmIsusveuimanic a1 armature-reaction flux wzif
dadaudum armature current siude a1 armature-reaction voltage ervazuaas
Talumenaes armature current uaz



armature-reaction reactance e

Ear = g ] Xar
8.5

il : Xar = armature-reactionreactance (o/phase)

8-6 asvsaya unaz Phasor Diagram wes Synchronous Motor

Vr ErI df\) E\ E;,‘source

Field winding

(a)

(b)

QN
=
=)
[0e]

ynchronous-

motor,
(b) phasor diagram corresponding to the
equivalent-circuit model in (a)
sihewsauyadmsy  armature wvu 1-phase wes cylindrical rotor
synchronous motor awduaaslugyd 89 (8) Aismuaiinanuiiudide phase iold

ngues Kirchhoff 's voltage law g1 s-0 () o8

Vi o= IaRg + |al%e b dgiXer +
8.6



iiesaud1ves reactance

Xs = Xe —+  Xar
8.7
unudn reactance nnaumsd 8.7 asluaumsi s.6 a2l
Vi = laRg + jX, + jXgp + Ef
Vi = B + laRa + X9
8.8
130 Vi = Ef + |34
8.9
e

V1t = applied voltage (V)

Rq = armature resistance (@/phase)
X, = armature leakage reactance (/phase)
Xg = armature reactance (q/phase)
Zg = armature impedance (o/phase)
nngilit 89 (D) ezusasdlsznenves phasor diagram yu phase

angle wes excitation voltage (8) wwivduyu torque angle (8) lugili s-7 a4
yu torque angle fivzisenda <load angle» wie “power angle~

8-7 Synchronous Motor Power Equation (Magnet Power)



Synchronous motor wualug anaudmumuves armature (Rg) o 'lines
anudadeneufivuium synchronous reactance (Xs) — duunnaumsd s

A o 9 Qy 14
edamanuduniu Rg na ald

VT = Ef + |a XS

8.10

diadamanudmmuves armature (Rg) i 2sauyanay phasor
diagram azuaaslugild s-10

—
N+ +
source P _
(a)
Vr
o
T
| Fysin
I
1.Xcos 6; i
h E, e [ v——
\\ 1
~

(b)

s1li s-10 (@) Equivalent-circuit and (b) phasor diagram for a
synchronous motor
assuming armature resistance negligibe

nngilii s-10 (D) iifelfisvindindiases phasor diagram wes synchronous
Motor semsndeunasves load waymse msnlasuuasves field excitation a2l

la Xg COsej = Ef- sin §
8.11



nnaumsii 8.1 Weihen applied voltage (V1) qanasa wazdaaumslu 118

V1 13 Cosej = - VEf /L Xg sin §
8.12

nnaumsd .12 aziuldhaunmmedde V1o lg COSej  Adedwes active
power-input wufie

‘ Pin 12 ‘ = —V1—13 COSoj
8.13
130 ‘ Pin , 10 = ~\ V1 Ef~Xe) sin §
8.14

9

ariuduilu synchronous motor szuw 3-phase a¢1d

‘ Pin , 32 = 3 X Mt 1y cosej
8.15
Y30 ‘ Pin,3s6 = 3 X J[(VT Ef /1 Xe) SIN S
8.16

vnaumsi 8.14 5end1 “synchronous-machine power equation» &
wermenwneves Magnet power de phase fiashalas cylindrical-rotor motor
Tumeuwves eXcitation voltage ez power angle

Syl source voltage uaz frequency asii gufuaumsd 8.13 uaz 8.14 7

wlFlumsamsgd synchronous machine suiifudadaudail

P oc la  COSoj
8.17

Y30 —P—ec—FEf sIN §
8.1s



Example 8-1 A 100 hp, 3-phase , wye-connected , 60 Hz , 460 V ,
four-pole , cylindrical-rotor synchronous motor is operating at rated
condition and 80 percent power-factor leading. The efficiency ,

excluding field and stator losses , is 96 percent , and the synchronous
reactance is 2.72 o/phase.

Determine : (a) developed torque;  (b) armature current;
(c) excitation voltage;

(d) power angle; () maximum torque (also called
pull-out torque)
Solution (a) developed torque (Tp)

vwwawms Ng = 120f/P = 120 (60) / 4 = 1800
r/min

waznnaums  Pmech = (Tp ns)/5252 = Tp = Pmech

(5252) [ ng
Tandsmualivememauivss@ninm 96 % duiu Pmech = (100 hp)
[0.96
To = (oohp/ 0.96) (5252) /
1800
= 304 Ib-ft
Ans
(b) armature current (I3)
nInauMs N = Psnatt/ Pin = Pshaft/ (Sin X
Pf)
Sin,so = Pshaft / (WP = (100 hp x 746) /

(0.96 x 0.80) = 97,135 VA



K Sin 10 = Sin. sz /3 = 97,135/3
32,378.33 VA
Tandimualiuemesdeunn Wye-connected uagsn line voltage = 460
V  &uiuphase voltage s=fiaiiy
Vp = Vr =~V [v3 ~= 460/v3 = 26558
v/ phase
uazsyu power-factor angle is negative for a leading power

factor &utu
6 = _cos.0.8 = _36.87°

4
ATIUIINANNS Szs = Vi Iy

/ 32,378.32—36.87O = (265.58 0°)

A = 12192 -36.87°

P = 12192 36.87° A

Ans

(c) excitation voltage (Ef)

VINAUNT Vi = Ef + I3 Xs = Ef = V1 - I3

J Xs
Ef/ = 26558 0° - (121.29 36.87°) (2.72

90°)

/ = 26858 0° - (331.62 126.87°)
= (265.58 +j0) - (-198.97 +j 265.3)

= 46455 - 4’ 265.3 = 53497 -
29.73° Ans

(d) power angle (5)
5 = - 29.73°

Ans

(e) maximum torque (also called pull-out torque)
Pull-out torque occursat § = -90°



VINTUNS Pin 1o = 3 X -(V1Ef /Xy sins

= 3 X — [6s.58x 534.97) [ 2.72] sin (-90)
= 156,700 W = 156,700

[746 hp = 210.05 hp
NNAUNT Pmech = (Tp ns)/5252 = Tp = Pmech

(5252) [ Nng
[(210.05)(5252) / 1800]
Tpull-out = 61288  Ib-ft

Tp

8-8. masnugadanazilszanimmwes Synchronous Motor
Power-flow diagram fiuaasms lnasidsan lulfhwes Synchronous motor
210 Stator wazdaru rotor luds shaft output awdnanslugiii s-11

Picid

—
Pgap

BRIl Snpa

Py Peore fecl Pf. w Pslfay

s1ii s-11 Power-flow diagram for a synchronous motor



1ngl Power-flow diagram senunsamisvessidasaugydeianualy

SynChronous motor
Tannaums

Ploss = Pscl + Pcore * P‘fcl + Pfw—+"Pstray
W 8.19

e Ploss = total power loss (W)
Pscl = stator-conductor loss (W)
Ptcl = field-conductor loss (W)
Pcore = core loss (W)
Pf.w = friction and windage loss (W)
Pstray = stray power loss (W)

o iszansmw (Efficiency)
Uszdndamues Synchronous motor wildnnauns

N = Pout/Pin = Pshaft/ (Pin+ Pfield) |=—Pshaft/
(Pshaft + Ploss) 8.20

Example 8-2 A 3-phase , 60 Hz , 460 V system supplies the
following load :
1.) A six-pole , 60 Hz , 400 hp , 3-phase , wye-connected induction
motor , operating at three-quarters rated load with an efficiency of
95.8 percent and a power-factor of 89.1 percent.
2.) A 50 kW , delta-connected , 3-phase resistance heater.
3.) A 300 hp, 60 Hz , four-pole , wye-connected , cylindrical-rotor
synchronous motor , operating at one-haft rated load , with a torque
angle of -16.4°

Neglecting copper losses , the synchronous motor is operating
at 96 percent efficiency , and its synchronous reactance is 0.667
o/phase. Determine :



(a) system active power
synchronous motor
(c) system power-factor

(b) power-factor of the

(d) percent change in synchronous motor field current required
to adjust the system power-factor to unity (neglect saturation effects)
(e) power angle of the synchronous motor for the condition in

(d)
3-phase, 460 V, 60 Hz
;u}phasc )
Induction N "‘_":;n fny;(;]:
(a) ?t:::: heater stator
Q ind mot
233,611.7W
—116,562.5 W
, 50,000 W 0 o mo _
51l 8- diagram
Soluti o ]
NNAUMT M = Pout/ Pin = Pin = Pout/n
Pshaft/ 1
Pind mot = (400 hp x 746 w) (3/4) / (95.8/100)
233,611.7 W
Pheater = 50,000 W
Psyn mot = (300 hp x 746 w) (1/2) / (96/100)
116,562.5 W
Psystem = Pindmot * Pheater * Psyn mot

= 233,611.7 + 50,000 + 116,562.5



= 400,17419 W = 400.2 kW

(b) power-factor of the synchronous motor
synchronous motor senuu wye-connected  dwiu Vphase =

V|ine / \/3

Vi = \7phage - 460/\/3 -
265.581 V
VINANMS Pin 306 = 3 X -(V1Ef /Xg sin3
Ef = - (Pin,3e Xs /3 V7 8ind

= - (116,562.5) 0.667 / 3

(265.581) sin (- 16.4°)
/ = 345614 -164°> V

VINAUMNS Ef = V1 - 3] X
345.614 -164°/ = 265581 0° - g
(0.667 90°)
/I3 = 176.6 34.06 A
6 = ov-0i /= (0-34.06)
= -34.06°
power factor = co0s 0 = cos(-34.06°) = 0.828

Ans

(c)system power-factor
The power-factor angle for the respective loads are

Oindmot = c0s'0.891 = 27.0°
Oheater = COS_l 1.0 = 0Q°
esyn mot = - 34.06°

nin power diagram lusid s-12 (b) 0214
tan 27.0° = (Qindmot) /2336117 = Qing
mot = 119,035.3 var



tan (- 34.06°) = (Qsynmot) /1165625 =
stn mot = -78,800.1 var

Qsys = 119,035.3 - 78,800.1 = 40,235.2
var
Seys = P +jQ = 400,174.19 +/j40,235.2
= 402,191 5.74> VA
Power-factor of system = cos (5.74°) = 0.995
lagging Ans

(d) percent change in synchronous motor field current required to
adjust the system power-factor to unity (neglect saturation effects)
To obtain unity power —factor, the synchronous motor must

supply an additional - 40,235.2 var.

sty Ssynmot = 116,562.5 - j (78,800.1 + 40,235.2)

/ = 166,602 -45.6° VA
dmiviphase  Ssynmot = @66,602/ 3) [/456° = 55534
_456° VA
VINAUMS Ssynmot .o = V71 Iy

/ 55534 _456° = (26558 0°) Iy

[ 1" = 209.1 -45.60°
Y P = 2091 45.60° A

VINAVNT Ef = V1 - I3)Xs

= (26558 0°) -/(209.1 45/60°) (0.667

= 265.581 + 99.65 - j97.58
= 378.04 _1496° \Y,

90°)

Ans

Neglecting magnetic saturation 18 Ef « ®f o If



AEf = [(378.04 - 345.614)/
345.614] x 100

= 9.38%
‘Ans
(e) power angle of the synchronous motor for the condition in (d)
§ = -14.96°
Ans

8-9 Salient-pole motor

wes rotor uas interpolar  fiferteslurnsmimines Salient-pole
motor awduaaslugli 813 effumsinlasulasiinsusenves reluctance (Curve
A) so armature-reaction flux linnadniwes stator Tasa1 low-reluctance
s llauunuveusiazdn nazm high-reluctance = liamugesinaves interpole uaay
§u mansTnusmAiAaTuuuYaaIn armature winding wmiloutumsadidiulsznou
vesnau 2 aau ves armature-reaction flux Tasusnvnfudug 90° dalszneu
ves armature-reaction flux #uaadlunmunuvewsazdn (field pole) Sonn
«direct-axis>  uazdruilsznenves armature-reaction flux fueaslugosivves
interpolar szninets N uazdh S Bonh “quadrature-axis’ d@wisznouvouduss
wimdnmaiiizie voltage drop lu armature #lguansluguves armature
current uaz armature-reaction reactance

aumss  POWeEr wes salient-pole motor fiAmdesiinaaslumenes
reactance wziszneudis magnet power uas reluctance power awiueasly

aumsn 8-21

. 2
Psalient, 10 = -NVTEf /X sindg - Vi [(Xd—Xg) /2
Xd Xg] sin 25 8.21

magnet power
reluctance power



il : Xd = direct-axis synchronous reactance  (o/phase)

Xq =  Quadrature-axis synchronous reactance
(o/phase)

netic field rotation

\_L Rotor position when loaded
Rotor position no-load
Curve A: Reluctance torque

zﬂﬁ 8-13 Curve B: Magnet torque quue VS

Curve C: Net torque
puvver dilyie sriuvv
superimposed on a strobe view of the rotor

e Normal operation
vouamsinuilndnn  haft-rated load ‘lig rated load ez excitation

Und @1 excitation
voltage (Ef) luaumsii 821 szdosfidqeneiazilia magnet power (Pmag)
wnn reluctance power (Pre)) tiufedmsumsihanlndes Idaunns

Psalient , 1.2 ~ - (VB Xy sin &
8.22



4

7 U 0911
® wnewg dwesdnwes interpolar szwaeda N waz S gﬂaﬂawmﬂuqua rotor ¢

ﬂEﬂEJL‘]dJLl

cylindrical rotor fie Xg = Xgq =Xs dwilszneuves reluctance power
=0 Fufuawmsi 821 %gﬂaﬂmﬁmﬂuaumiﬁ 8.22

ilesnndauilsznouves reluctance power wiflusassan excitation voltage
mdgaves eXcitation awiludraaludiuves magnet power Taslifinadeduves
reluctance power siude dwemes s load w3edl load wee waz field circuit gn
open s excitation voltage v drop awwndesuiisudndes awiiiliar magnet
power luaumsii 821 amas  wazwemeswzvuuuy reluctance synchronous

motor
ms plot a1 reluctance torgue way magnet torque fuam § azuansgiu

lugdvesdamazmundeniives 1otor ewinaadlugdit 813 Tas Curve A fe
reluctance torque , Curve B de magnet torque waz Curve C de net
torque Fazsamawes Curve A uaz Curve B dwsudiuveaduilzozuaasvenivn
mamai hiaugadmsvdmiiduusedauaznadnivewsada

g7 813 nazeumsh 821 mgegaves reluctance torque fifaduvuzld load
fuwanazaih ¥ rotor dwmaswazhifi load (no-load) iy 45° (5 = -45°) m
magnet torque efimgagafiyn 8 = -90°) 1 net torgque wes salient-pole
motor fisauszwiue reluctance torque waz magnet torque Tasagsqaves Net
torque s=iendt <pull out torque” # & = —70°) wazeh rated torque aws

naaelugii 8-13 Matuiiyy 8 =~ —32°

Example 8-3 A 3 phase , 200 hp , 60 Hz , 2300 V , 900 r/min ,

salient-pole synchronous motor has direct-axis and quadrature-axis

resistance equal to 36.66 «/phase and 23.33 o /phase , respectively.

Neglecting losses , Determine

(a)the developed torque if the field current is adjusted so that the
excitation voltage is equal to two times the applied stator voltage ,
and the power angle is -18°

(b) the developed torque in percent of rated torque , if the load is
increased until maximum reluctance torque occurs



Solution (a) the developed torque if the field current is adjusted so
that the excitation voltage is equal to two times the applied stator
voltage , and the power angle is -18°

MNAUNI Pmag , 1- = —(V1Ef /Xy sins
= _ [2300/3) (2x2300/
3)] / 36.66 sin (-18°)
= 207277 W
2
Prel, 10 = - V1~ [(Xd-Xq) /2 Xd Xq]
sin 26

~ = _ (2300 /3)° [(36.66 - 23.33)
/ (2 x 36.66 x 23.33) sin 2 (- 18°)

= 80769 W
Psalient , 3.2 = 3 (Pmag,12 *+ Prel,12)
= 3(29,727.2 + 8076.9)
= 1134123 W
= 113,412.3/ 746 = 152
hp
NAUNT P = Tn/5252 = T = 5252
P/n
T = (5252x152)/900 =
887 Ib-ft Ans

(b) the developed torque in percent of rated torque , if the load is
increased until maximum reluctance
torque occurs
The reluctance torque has its maximum value at § = -45°

NAANMS Pmag 1.2 = —(V1Ef/ Xgsing
— = _ [2300 /\3) (2 x 2300 /+3)]

/ 36.66 sin (-45°)
= 68,0231 W

2
Prel 10 = - V1~ [(Xd-Xq) /2 Xd Xq]
sin 28



~ = _ (2300 /\3)° [(36.66 - 23.33)
/ (2 X 36.66 x 23.33) sin 2 (-45°)

= 13,7413 W
Psalient , 3¢ = 3(Pmag,1o * Prel, 10)
- 3(68,023.1 + 13,741.3)
= 245,293.2 W
= 2452932/746 =
328.8 hp
sy percent rated load = (328.8/200)x 100 = 164
% Ans

8-10 msmuauanuss Synchronous Motor
anwisaves Synchronous motor awiludadiulasnssfuanudiinels stator
wagiudn

[T ng; = = I PR dy
NAUNUIIUIUUD C]Nf’f']ll']iﬂl"llﬂulﬂuﬁllﬂ'lihlﬂ JU

nr = nHZO—LL: P

8.23

manldsunasnnudves  synchronous  motor  adeanlsuanuives
applied voltage s 'lbigunsodouson pole 18 iiesnnTasearaves
synchronous motor udasaiiaezisu pole asii wagnmnmsfnuluunii s math
vowesildanud 60 Hz  lldfuawd so Hz agildifaniudouluvaasn stator

- - o & 4 Aa 2 - H o &
winding dulwiendilgmarwieuiiaiuuuvaaia Stator winding seiniluszdes



Ysusmwes VOIts / Hz  Fsmwnsari1dTasmsduanudves generator &awqilnsal

volts/Hz regulator w3e1%solid-state control

SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

Ef = nNgof kK Ef =
ns(Nflf/R) K

Vi = 1gRa + 1gJX| + 13 )Xar + Ef Vi =
Ef + I3 JXs

VT = Ef + |aZS

Pin, 10 = V7 laC0S0) Pin , 12

= -Vt1Ef /Xy sins



Pin .30 = 3 X V7 l3C0s06) Pin,zs =

3 X -(V1Ef / Xg) sin s

Ploss = Pscl + Pcore + Pfcl + Pfw * Pstray
Psalient, 1.0 = -~ V1Ef /Xpsing - vy [(Xd—Xq)/ 2 Xd
Xql sin 25

magnet power reluctance
power
Psalient, 36 = 3(Pmag,12 *+ Prel, 1)

nr = ns = 120f/P



unii 9
inesiudialvlihuuy Synchronous
(Synchronous Generator)

9-1. umi
Synchronous generator uwiiseni <Alternator wie AC. generator-
Suiuguveumaasufiangsan Wi Tan Tasvefvmaguaidy KVA g MVA

£

inseatuiialulfh fe aUnsalfideuainndsnunadiundsam i suhusaiiudes
ffdumdsiu (prime mover) iedumaives rotor Ifwyunazifacunindnld link
fu stator iweazadis voltage uazsrwnszualiihoonin dduidaduduiunios
suila Synchronous generator vinaidnazldiasosoudfimaiiugiiy duduinioa
uiialthaalvajindanszue lifiduswounn 4 1214 gas turbine we steam
turbine w3e hydraulic turbine #1dnndeusniiiugdu

Taseadreves Synchronous generator azmilouriu Synchronous motor
auifioseluunii s us
fnhaulade Synchronous generator gaiudas hydraulic turbine wazdedu
szuuidmalng wazuiild Synchronous motor szwissgamemsidau Tag
uaIngnasen'ly synchronous generator szgniunaeumiion
synchronous motor lusismsnduniu Gluazuuﬁyﬂzﬂl%’ﬁumiﬁnﬁwmﬁﬁuﬁﬂﬂdﬁﬁuqq

msfuih e l#mendaiigniseni <pumped storage”

9-2. Motor to Generator Transition

3-phase
infinite bus

{— Steam

inlet

Turbine
valve

) ) )Breaker
Water
Synchronous pump
motor

e 9 f

1 1 Coupling
To

DC excitation

Condenser

(@)



st o-1 (@) Synchronous motor mechanically coupled to a water pump

and a steam turbine
vzt o-1 (@) ezuaas an infinite bus dehiu synchronous motor

Funarweuiugerdiiy
water pump uaz steam turbine mseenuuu turbine iy fie e levhsuluia
v tUrbine ussia
vos turbine eiliemaferiuussdaves Synchronous motor

ileduves turbine gnila ited1ezlidlerindg turbine §wiu synchronous
motor wu pump
uaz turbine &2 synchronous speed & phasor diagram «es synchronous
motor awfuealugilii o-1

(b) e 18aunsfineades fe

Vi = Ef + lg jXg
(motor) 9.1

Assumed
/ negligible

JX

(b)

gﬂ“ﬁ 9-1 (b) EC]Ui\lo.lan CILUIL TUI UIIT PIAST Ul uic dynivinuniOuS motor
armature




1

st 92€) Phasor diagram of the synchronous motor

Rotating
stator flux
LajXs
N
I,cos 6;
(a) Motoring (& negative)
I,
L2 jX;
6; Vr /
— N o —
LjX, E,
(b) No-load (8 = 0)

~Y
5
/!

(c) Generating (3 positive)

9-2 Strobe views of a two-pole rotor and the corresponding

phasor diagram for
motoring no load and generator

93U 92 wnamimsindeusives rotor wiia 2 41 uar phasor diagram fifesdes
fumnilu motor dwsuno load [jUii 9-2@)] wasdwmsumailu generator [yuiio-

2(C)]



B domTeuhowiiu motor s (delta) seinvilvay awinaaslugili 92

(@) siwezgniuiae bus voltage (V1) waz excitation voltage (Ef)
B densoshowiugenerator yu s (delta) asdiauilumn  awdnaaslu

51/ 92 (C) Taw excitation voltage (Ef) sznawilu source voltage uwazdauiiiiu
active component veanszue fio

I3 COS 0j azgnnaunis

uii phasor diagram awdinansluzili 9-2 (C) wegndesdmsu
synchronous generator uges ilfiuiedinngiqaauidues generator msizh
fuastinddwdiilu negative power factor &
mawaiih manfasulu phasor diagram vewuadesdivianuiiu motor fnlaewlinu
il generator ugaenn

o Phasor diagram of a synchronous generator

J'-Xs I“‘
faaan -

+ ~~
. \4 Load
d_:'@ Ey T~ ‘

Prime
mover

(a)

a

S f,f
sUfio-3 () equivalent circuit and ~¢b) phasor diagram for generator
(b) action

gl 9-3 namsmsvianuiiu generator szdiudii excitation voltage (Ef)
wnaeiilu SOUrce
voltage waz bus voltage sznareiiu voltage fisielitsu load (V1)
1¥ngues Kirchhoffs

4
%

5 d‘
NHUIUD



voltage law = ldaumsde

Vi ® Ef - ladXe——

(generator) 9.2
il : V: = terminal voltage / phase (V)
Ef = excitation voltage / phase (V)

lg = armature current/ phase (A)
Xs = synchronous reactance / phase ()
wdangifunand et e 9.1 dmsumadu Motor  uazaumsii 0.2

9

dwsumaiiiu generator #e armature current dy ssfinameasaiudn  duiu
phasor diagram wesmsiflu generator azuansamlugili o-3 (b)

9-3. Synchronous Generator Power Equation

aumsidenuilihves Synchronous generator szmilouru
Synchronous motor usszuansafufifiemavesiidaan ifwindu nande dusiiie
sasau lwitudnly (input power) szshawilu motor  uadrresidsnuluihesnin
(output power) vshanuiiu generator Faaunsadouiy

aums &t

Pin 1o = - [(Mr.Ep/Xg] sins
(motor actjon) 9.3

Pout,1-0 = + [(VT.Ef)/ Xg] sins
(generator action) 9.4

Auduszunih 3 e a2'ld

Pin , 3=D = 3 [(' V]’ Ef) / XS] sing____
(motor actjon) 9.5




Pout,;-0 = 3 [(+V1.Ef) [ Xg] sins—
(generator action) 9.6

Example 9-1 A certain 3-phase , 460 V , two-pole , 60 Hz ,
wye-connected synchronous alternator

with a synchronous reactance of 1.26 o/phase , is connected to an
infinite bus. The power angle , when

supplying 112 kW to the bus, is 25 °. Neglecting losses, Determine :
(a) turbine torque supplied to the alternator.

(b) excitation voltage. (c) active and reactive
component of apparent power. (d) power factor.

(e) Neglecting saturation effects, determine the excitation voltage if
the field current is reduced to 85

percent of its value in (a)

(F) Determine the turbine speed.

Solution (a) turbine torque supplied to the alternator

vnaums  Ng = 120f/P = (120x60) /2 = 3600

r/min
iledadimsgaydons (Neglecting losses) a1 Input power s Turbine

lulds Synchronous speedas 112 kKW =112,000 W wSeminiu 112,000/ 746 HP
dufusnaums HP = T Ng/ 5252 = T = (HPxX
5252) / Ng



T = ai2x looo/ 746) (5252) /3600 =219 Ib-ft
Ans

(b) excitation voltage.
Synchronous alternator seuun Wye-connected auniuaz'la

VT :_Vp = VI/\/B = 460/\/3 =

265.581 V / phase
VINAUMS Pout, ;- = 3 [(+Vr.Ef) / Xg] sin
(V1 = Vp)
Ef = (Pout . Xs) / 3 (VT . Sin 8)
= (112 x 1000 x 1.26) / (3 x
265.581 x sin 25°)
= 419.1 -/ phase——
Ans
(c) active and reactive component of apparent power.
MNAUNI Vi = Ef - 3] Xs
265581/ 00 = (419.1 25°) - /I3 (1.26 90)
26558 +j 0 (379.83+j17742) = — I3 (1.26 90°)
“114.25 j17742 = - 15 (1.26 90°)
PIALAUADON ; 11425 +)177.12 /= 13 (1.26 90°)
/ 21079 57TA7- = 15 (1.26 90°)
) la = (21079 57.17) /
(1.26  90°)
/ = 167.29 -32.83°
A [ phase

VINAUNS S = 3(Vr.lg = 326558 0°)
(167.29 -32.83°%)

/= 3(26558 0°)
(167.29 +32.837)

/ 133,286.63 32.83°



= 111,998.47 + |
72,261.11 VA

fuiud1 active power uaz reactive power ludaulszneuves apparent
power e

P =11199847 W = 112 kW
Q = 72,261.11 VAR = 172.26

KVAR Ans
d) Power factor
6o = oy~ o0j = 0-(-3283) = 32.83
nnawms P§ = COSo = €0s32.83° —084——
_Ans

e) wexcitation voltage (Ef) #wnszua field current anaamnde 85 %
iedaiiaAransENIINMI BN, (Neglecting saturation effects) azvirl¥sn

V1, Xg fimaai
vnaums Vo = Ef - I3 Xs = Ef = Vr+ 13 Xg
V1 uaz Xgnait)

Y
¥ o

wium Ef oo Iy fude
Eft = la1 = Ef2 = la2
Efp =Ef1(la2 [ 1z = 419.12 (0.85x
167.29 / 167.29)

Efp = 419.12(0.85) = 356.25 __V/phase
Ans

f) the turbine speed.

vwewms  Ng = 120f/P = (120x60)/2 —=3600-
r/min Ans

9-4. msmeviiu Synchronous Generator
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717 -4 Simplified one-line diagram for a two-generator system

nngilii 9-4 uaas one-line diagram vesszuudiingossuiialulfhi o 21n3eq
ABYUIUNY
Tamnsosduialuih A (Gen A) dhuaiossuiialiihduiisedhiy bUs szswidan i
Tif

load dansesiuiialih B (Gen B) Wuniasiuiialviunioslmifirlldeviu

U ] ﬁ' o a v U
o unanmslumsiiuasesnuiialuihundevinuiu
mssuasesiuiia liiunasvuuiuazdsiinsandeulumalih 3 4o Ae
® 1.desiidwu phase (phase sequence) miouiu
wsesiiia ihheihwsevuuezdesil phase sequence wiiaeiumie
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AETRILTORE
annsaaevuuiuld uadil phase sequence limilouiunioasadwiu vz ldinans
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luilogiueg1diagosile Synchroscope ifugilnsallumsasvaendiy phase
dieddn phase veunsosiuialdihiiiundeviunssfug sy phase veunosdiuiialuih
Synchroscope fsdsl# circuit breaker aessssvumunIossuialulihlnesaluia
® 2.desi Voltage whiu
M Voltage veunsossuiiallihiiaziiundorn wdesiismmisunieatuia
Tt ileri luderthiy bus sxdoanlsus voltage Tiiawidu bus voltage fisieTae
insesiuiialufluAuiazdeatisasimsianaia (€rror) ves voltage lidu 6 23 V.
B 3. fosfinnud (frequency) mhiu nieqaniudniios
awid (frequency) vewnsossuiialulihfiszsiundovunuazdouriu uiogand
wlessuiiaiidudntes  dnudveaniesiuiialiihiaeunio iniiy w1
power transient sunszitailiaudveunieiuiallihiudeunladly dundes
suida llfhiithinaevinuiinnwidesniuasesiuiia i uduazgninsessuida llflududy iy
insesduiialiihiiiundevuushanadiu motor I8suanudene'd
i’Jmqﬁumsmnaaummﬁﬂxsl%’m%imﬁa‘?ﬂmmﬁ (frequency meter) 3o

Synchroscope

e JumaumMIvMIMAIInuTa vV
¥ Y Y
msvinuasodnuiia i idunouaudidudaas 11l
@ 1. U5Sunszua il field vounTossuialuifazinndevuulid voltage midu

voltage
¥4 DUS voltage wissiuiialufuauinelviu load

m 2. wisudsumsisesdidu phase (phase sequence) wvewadearuiialulfhiiimn
aeviulinsasudidu phase veunJessuialiiuan Taeld Synchroscope

& 3. YfummdveunTessuilaihiiinndevinuldianudohiy  wSegeniunTessuia
Tihuamdndes ielfnilatuadesdudia ihiiundevushaondlu generator &
A
vouasesiuiialithiithindevinudesniuaieasuialuiludy szgaduldiheady motor
m3asnaeuaNudzlfiniesiioTanui (frequency meter) 130 Synchroscope

& 4. ilennudveunseaiuiialifini 2 13eq wazyw phase ves voltage ineq
fufia’lulihi 2 nSeaiieusr inphase fu waea’lvl synchronizing lamp szes @ wias
uaziie voltage veundessuiialulihie 2 mdes yuula inphase fu wx4in1% voltage #

' 1w 4
annsouriaen TN ugud



Suhumaenlil synchronizing lamp szduas  uag Circuit breaker azsoaevslae
saTuianlfingos
fufia Wit 2 1n3eq Aevtuiy

]
1 =

dmsumsaovuuniestuia IWihvinalnginiiddsanildhun 9 2219 Computer
il

gilnsallumsmiuqumsaevinwaTesiuiia luih

Bus

I Synchronizing T

)) ) B )))
1930
B/ |

f\ \ Potenual /J-\
U Transformer U

sl 9-5 circuit showing synchronizing lamp connection

e Synchronizing Lamp
Synchronizing lamp fugilnsaildfuanséiu phase vounIossuialuih

flaztinnaevuny
Taovzduiiusiu bus voltage waz1ddmsuasrnasuanugndes

m fuasossuiialiihiiudennuiisdu phase milousuniossuiialriudu
vaoall  (lamp) V’?@@:i}miwuazﬁﬂw%’anﬁu

# dunseatuidaliihiiundevudiddu phase assshwsuasosduialrfudy
vaea'll  (lamp) ﬁefj%zﬁmuﬂﬁuﬁ’u fio naeanilazain uazdnwasaniliziia

m ddu phase gndes naealilingaziia de Synchroscope wediumiis 0 eamn

&1 lampuaz Synchroscope daudsiu vaoalvaznszny



ms Synchronizing & lamp afideidensen donSoudoudy

Synchroscope e Tiawisn
vonlduasestuiia lihnhuaevuiuiianus wmsedn 11

e Synchroscope

Synchroscope iflunsesiiofilddmsuiannuauazsrdu phase vounsosduia
Tihihdevun Taswznaauiiusyuves Phase displacement seviunau

voltage itimeuniesluvaziiu
&1 voltage wave finnwdseiu ayussvivnau Voltage wave Goni<Error

angle> ildiSuveunios Synchroscope sindeu lnauansnimiima e undos

fuiialihfidunde  Tasvzdrene bUS $undn

Bus Incoming machine
/ / Error angle

=
>

|
|
[
|
|
|
|

Phase Angle
\Waves in synchronism

(a)

Bus

1)) T Y )

E%A0
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31l 9-6 (a) Voltage wave of bus and incoming generator , with

incoming machine at a slightly
higher voltage and a slightly higher frequency ;
(b) Synchroscope ; (c) circuit showing
synchronizing lamp connection
m fuiuveuniss Synchroscope Flusunmisisnys SIOW  uaaiiindesduiia

Iihiiundevundaawd (frequency) smahanudves bus

m dufuveanses Synchroscope Flusumisnsnys Fast  uaash ndestuiia
Tthidiundevinudanud (frequency) ganﬁmmﬁmm bus

B Sufuveunies Synchroscope Limdewlma  uansi1nsestuiialulihiiiunde
viufinnui (frequency) whifunudves bUs

fumisveady Synchroscope Flugumia slow wde fast LUBNAYWAANAIN
(Error anIe) - |
diodlwsuiu insesouddu (Prime moven fidunsessuia liihiiundevunuzdesdsy
AWIS)
Taomail$ufi gOVErNor wiel#tianudnidu bus  ilennudnhfuduues
Synchroscope waiihgi
Sumia 0 o3 wiengamaoy i wsesiiia ihiaeuniosazsonnuiuiiui

fodves Synchroscope iienfsoufisusu Synchronizing lamp #e aunsoven
AYURANAIALAL
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s1# 9-7 Functional diagram for a two-generator system supplying a
common bus load

Auauiifdnyaziii ldves Prime-mover fiueaslugyd o-8 ums plot asl ves
prime-mover
speed (r/min) , frequency (Hz) rush active power (KW) Faziidgnuauzilu

9
AERIL TSR,

No-load speed (frequency)

3672 61.2

(7]
(=1
3
=]
=]

‘-‘-, —
—_—
_—
-
—

|
e~
| oy
-
| -
|
|
|
00

Speed (r/min)
Frequency (Hz)

5
Power (kW)

s1ii 9-8 Typical prime-mover governor characteristics

ms#ano load speed wie no load frequency ves synchronous
generator aunsoasuldlae
remote control snursves generator Tasls remote control switch #e
GOV SW. awiiuaaslugilii
9-7 Taw SWitch vz'li/nszdu Servomotor Favzdhosunismsas no load speed weq
governor Tagns



Winnsoan Feag lifimsnlfeunlas slope vouiu uazdunamanisaa NO load speed i
HANANY
warasdaodutly Tugali o-8

Governor parameter fiuansmssauis active power sewianiasiuiialwihi
ADVUIUAY B

Governor speed regulation uaz Governor droop

e Governor Speed Regulation
Governor Speed Regulation (GSR) #e sasimsulasunlasanusnou

no load ligaawusa

aou rated load seanwiarated load  Seennsodenaumsdasil

GSR = (NI~ Nrard) / Nratrd | =(Far—Fratrd)
[ Fratrd 9.7

e : GSR = Governor Speed Regulation

Nni = no-load speed  (r/min) fq] =
no-load frequency (Hz)
N ratrg = rated speed (r/min) fratrd

= rated frequency (Hz)
e Governor Droop
Governor Droop (GD) fie sasimsulasumnlasanwuinn no-load

frequency v rated frequency

domsulaeunilasves active power (Prated)  deamnsaidouaumsla ail

GD = (fn| - fratrd)/ P'atrd :#“/AP

9.8

Governor Droop szuaaslugilves Hertz / Watt (Hz / W) w3e Hertz
/ Kilowatt (Hz / kW) «5e
Hertz / Megawatt (Hz / MW)



9
%

Droop wes Governor fisnawedugndesazasiidmsus droop figsls suagiflu
aa3z91n NO-

v Y [
load speed #dq13 uaglifinansznudomsiaulumsvuiuniossuia lvih

Example 9-2 Referring to Figure 9-8 The governor characteristic
drawn with a solid line represents

the rated operating conditions for a 500 kW , 460 V , 3-phase , two-
pole synchronous generator. Determine : (a) governor speed
regulation (b) governor droop

Solution (a) governor speed regulation
nnaums  GSR = (fp] - fratrd)/fratrd

= (61.2-60)/60 =002
Ans
(b) governor droop
v GD = (fui- frawd) / Prard = Af
| AP
= (61.2-60)/500 =
0.0024 Hz/kW Ans

9-6. msmismrdanlilihsyrnamsaevmnuaiasiuiialih

msutanise 0ad fwen bus szuiaunsesiuiialiihfidevuiuiu wldnnmsiden
Tu-aq (droop) wes slope wes governor fifeatios maden bus load seviundes
suiia i wite 147 18ns

nszneidenu IihfidesnsTasmsn/asu no-load speed setting ves governor



manldeu l0ad 1edaunn generator dawilslilis generator sndawils dosns
I¥wdsnlumaideussnin prime-mover  Tas generator fifidauuisnnn load
bus fimnn feamamideny

Tihiimnnd Feamnsesi1dTasnsdsuiu no-load speed s governor Y04InT0q

i
v A A

luihuewdendu generator diids load lhuedimezdedidenuihiidesnd &
awnsoi laTasms
5van No-load speed T¥d1aa91n governor YOUATA

e n3essninafii Governor Characteristics miousu (Machines with
Identical Governor Characteristics)

/\
®
» ﬁ_’zo load
B

77

2

Frequency (Hz)

1 1 1
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Power/Alternator (kW)

Eﬂﬁ 77 VI.MIJIII\JMI IHITUOLL ULIVIIT VI TUUU LTUulivivl JuLvveuulli |ﬂaChines With

1 | 1

Identical governor characteristics

nngli 9-9 iflumsuaasnsimsaielow l0ad ves generator 2 imndeq fitiunge
VUi oy
1 droop characteristics wiiounu
m Machine B wzuunmsz load @ 150 KW i 60 HZ (figuimis By) v
Machine A fisiundevuudalid load (figwmis A;)  msaw load vadaunn
Machine B ‘lug: Machine A Tas
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linlasunnudvesszuy FeduiluiazdestSun JOVErNOr veunseeiiaea



m auydd 13 ves load a1 Machine B gadiwlilés Machine A 1iufe Machine
B sznunaisz

load @ 100 KW 1iaz Machine A azuunase load i so KW &uiu governor
control switch ves Machine A sz prime-mover wyuasmSuitudusunszits
172 veq load fazgnihe e i 25 KW

(Admmia Ap) mssurdinilazalsuidin no-load speed uazaziiin characteristic
vea Machine A it mlifnudgqaniszuu de #t T vazi@ersu primer-mover
vos Machine B fzidinanusy
vouTuaunilosnnmsan load vesiumae 125 KW ilel¥anuaniiu Machine A
(Adumia By)  sufunseiniiaiinfiaessadanuduindu  niesduiia lihiiva
vinuiug lamsamhaudinnudadeiuld fuasemilaiuninduds Snnoavilsdouiiy
anus e laldae

= msaw l0ad fieuysel governor control switch ves Machine B azqgnéelid
lower Sou3osudy

anudvesszuLiezndudhganinvessiu fie 1l 60 HZ sufu Machine A szun
msz load @ s0 KW (figuimiis Az) uaz Machine B azuunmse load 7100 KW (4
dunide B3) azifiuhinasanan

vosrrmanasunlas slope ' o i curve wlaeunlag

Tumsihaueis msui active POWer szuhaniesiuiialnihi 2 mieq i'ldTagnns

Wasuanudifieudniies @1emstiunimiai gOVErnor wnszitsmsaeleu load RELLH
ANURIENAY

Wgaudvesszuudy fie T1 fnnwd 60 HZ

e n3esdnanaiii Governor Characteristics himilouiiu (Machines with
Dissimilar Governor Characteristics)

Synchronous generator #iii Governor characteristics uanssiu a2
Tintamsiiivnseanlu bus load ey Taensesitsi Governor droop fesfiga 1
8suduuislu bus load minfiga  wazndesiii Governor droop wnnfiga 1185y
dauuialu bus load esiiqa

9031l 9-10 weras §ENErator $wau 3 imies hndovnudy  Tasusazdaii
governor droop
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ey MideaTihiezwic bus load i q fu e dutlznuadendasuduaiwa T,
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Machine A
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droop mniiga 1185 udmutavesnse load Tidfesiiqa 1iude d11i1 generator #fia
POWer rating sfunaevinuiu governor droop wgnisuuas aunseiiamsnszae

voe load sening generator wiiludadufimnzauiu power rating VOUATO
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1 9-10 Effect of oncoming load on frequency and load division , for

paralleled machine
that have different governor droop

9-7. Motoring of Alternator



Motoring of Alternator #e misfinsessuiialulihihundovinuianuiiu

motor nane
diosidsa iNPUt power @ prime-mover vouniosswiallihiithidovuu liidies
wof vz Uil
synchronous speed ifhidisasazide load veuf iy usiuszgnivduaies
il ududiaeswedlu bus @ synchronous speed vesssuy Seiliinsesiuia
Ithiigedh 1 ln 185y
sasau I ehaowilu motor svsendh “Motoring”

& 3 nsilesiumsiia Motoring fie vzdesdinds Reverse Power Relay w3ewnaii
Fon1 <Power
Directional Relay~ sied:1% Trip Circuit Breaker: wounFosfiozsiamuilu
motor ﬁﬁﬂﬂWﬂéﬂQﬂﬂJﬂﬁ

] @ YA [~] o [ l o Y <
N1TNUNLIAN G]')%ﬁﬁ]gllﬁﬂﬁiﬁllﬁuﬂwﬁﬂ%ﬂulﬂu mOtOr DYNTALIU ﬁf’) miﬁﬂaummmu

Wattmeter
= m3udlvnmsiia Motoring fe isn@esasunu GOVErNOr veuases Prime-mover i

VAT 1TiA

Tihfiszinnaevuiiinauds synchronous speed siiuszuy

0-5. msl¥padnuazves Triangle udiymsznhamsvinunesdudialih
msudilymifertu load distribution sswhaasesiuiialuihiidevinu enwitld

luanvag

asalilasan Taemsuaasvesuauiia Triangle veaudazinios nazl¥qmauiaves

Triangle 1u

Y
Maunilaym

Af rated

fmed o




Uit o-11 Characteristic triangle formed by the governor characteristic
and the rated frequency line

gl o-11 aznansquantiaves Triangle gnaielas governor
characteristic uaz rated frequency line feduiidasuii rated frequency
uaz rated active power auautidves Triangle gasi
T¥asiidmsu governor droop fidmuali uazes lindeuudaslaw load  uagesli
waen 1y
manlasuves No-load speed setting ves governor

maiinves load szihlfanudanag uamﬂﬁmmgﬁummﬁﬁlwﬂ (new
frequency line)
governor characteristic #ia%ha new triangle sfignumeadiodu characteristic

H > a an !
triangle  duiunnguanianies Inada vagaumsi 9.8 foe

GD = (fn- fratrd) / Pratrg  =affab—

9.9
NANMT 9.7 GSR = (fh1 - fratrd) / fratrd
e fol- fratrd = GSR X fratrd
diownu ol - fratrd = GSR X fratrg asluaumsii 0.9 a213
GD = (GSR X fratrd)/ Pratrd = Af /AP
9.10
de:  GD = governor droop
GSR = governor speed regulation
Af = change in frequency due to change in load

AP = change in load (power rating)



Example 9-3 A 500 kW , 60 Hz , 2300 V , six-pole alternator A is
paralleled with a 300 kW , 60 Hz
2300 V , four-pole machine B. Both machine have a speed
regulation of 2.43 percent. The machine are
carrying equal shares of a 400 kW bus load at a frequency of 60.5 Hz.
If the bus load increases to a total
of 500 kW. Determine :

(a) operating frequency (b) load carried by
each machine

i i — To load
iia —

61.458 61.458

600500kw 007 s00 kw

60.5

e

Frequency (Hz)

Power/Alternator (kW)

nnaums  GD = (GSR X fTratrd) / Pratrd = Af
| AP
Machine A
Machine B
(2.43/100) (60) / (500) = Af [ AP, (2.43/100)

(60) / (300) = Af / APy



0.002916 = Af /AP,
0.00486 = Af [ APy

APy = Af [ 0.002916 = 342.936 Af APy = Af [
0.00486 = 205.761 Af
sy AP4+ APp = 342.936 Af + 205.761 Af = 548.697

Af
uaTandsmua Machine udasduunaszm 9 fu uagli bus load wivvun 400 KW

nANuD
60.5 HZ 1ilu 500 KW 1iude

APbus = APa+ APb
s00-400 = 342.936 Af + 205.761 Af = 548.697
Af
Af = (500-400) / 548.697 = 0.182 Hz
sy fous = fraea- Af = 60.5-0.182 =60.318 Hz
ANS
(b) load carried by each machine (P4 uaz Pp)
APy = 342936 Af = 342.936 (0.182) = 62.414
KW
APp = 205.761 Af = 205.761(0.182) = 37.586
KW

Tondtmuadiumisii bus load wiiu fio 400 KW siufie Prated =
400/2 = 200 kW
faru Pa = Prated + APq = 200+62414 = 262.41 KW
Ans

Pp = Prated + APp = 200+37.586 = 23750 K\W_
Ans



Example 9-4 A 1000 kW, 60 Hz synchronous alternator A is in
parallel with a 600 kW , 60 Hz

alternator B. Both machines have identical governor droops of
0.0008 Hz /kW. Machine A take

two - thirds of a 900 kW bus load at 60.2 Hz. If an additional 720

kW load is connected to the bus
Determine : (a) bus frequency (b) load on
each machine

Solution  (a) bus frequency
Tandimuald Machine A uaz B 5 governor droops

miteunu uaz load faerdn

subus do 720 KW gauduntiaves load sy sufte
APy = APp = 720/2 = 360 kW
vnaums GD = (fy - fratrd)/ Pratrd = Af /

APy
Af = GDx AP, = (0.0008 x 360) =
0.288 Hz
sy fpus = fratrd - Af = 60.2-.0288 =
59.91 Hz Ans

(b) load on each machine
Tandsmualt Machine A take two-thirds of a 900 kW

bus load at 60.2 Hz fu#e
Pya =(2/3 x900) + 360 = 960 kW

Ans
Pp

(1/3 x 900) + 360 = 660 kW

Note : Machine B is operating at a 10 percent overload.



Example 9-5 Three diesel-driven 60 Hz alternator A, C and B are
in parallel and taking equal shares of a 210 kW , 60 Hz bus load.
The rating of the alternators are 500 kW , 200 kW and 300 kW

respectively
The circuit is show in Figure 9-13 (a) , and the governor

characteristics are show in Figure 9-13 (b) If a 3-phase, 440 kW
resistance load and a 3-phase , 60 Hz induction motor that draws

200 kVA at 0.80 power factor are added to the bus. Determine :
(@) the system kilowatts (b) the system

frequency
(c) the kilowatt loads carried by each machine.

500 kW 200 kW 300 kW
DG-A DG-C DG-B

ééé

)

?OkW 1[?0kW 1J?URW Bus
rrei

? | I
210 kW 440 kW 200 kVA
0.8 PF

r—\o—q}

(a)

Frequency Hz




71/ 9-13 Governor characteristics for Example 9-5

Solution (a) the system kilowatts
Tandsmualy load sindudi bus de resistance load vina 440 KW 1az

induction motor
vuna 200 KVA i power factor 0.8 siude

APpys = 440+ (200 x 0.8) = 600
kW y
daiu active power system wesszuu fio

Psys = 210 + 600 = 8IO KW

(b) the system frequency
wigovernor droops 1énnaums GD = (f ] - frated)/

Prated = Af /AP
dufe  GDy = Afy /APy = (Fa- frated) / Prated = (60.2 - 60)
[ 70 = 0.002857 Hz/kwW
GDp = Afp /APy = (- frated) / Prated = (60.4
_60)/ 70 = 0.005714 Hz/kwW
GD: = Af. [ AP
~60)/ 70 = 0.008571 Hz / kW
ife load wiuiuezinld bus frequency anas fie fo awduaaslugl

(fc- frated) / Prated = (60.6

(b) duuezld
Af [ AP,, = 0.002857 = AP, = af /0.002857 = 350
Af



Af [ APy, = 0.005714 = APp, = af /0.005714 =
175 Af
Af [ AP;, = 0.008571 = AP., = af /0.008571 =
116.6667 Af
910 APy, + APp, + APc, = APpys

350 Af + 175 Af + 116.6667 Af = 600
641.6667 Af = 600

Af = 600/641.6667 = 0.9351
Hz
Futuamuivesszu fo = 60- Af = 60-0.9351 =59.06 Hz
Ans

(c) the kilowatt loads carried by each machine.
Pa, = 70+ AP, = 70+350Af = 70+ (350 x0.9351) =

397.3 kW ANs
Pp, = 70+ APp, = 70+175AF = 70+ (175 x 0:9351)
= 233.6 kW Ans

Pe, = 70+ AP;, = 70+ 116.6667 Af = 70 + (116.6667 X
0.9351) = 179.1 kW Ans

Example 9-6 Three diesel-driven 60 Hz synchronous generator
are in parallel.

Generator A is rated at 500 kW has a speed regulator of 2.0 percent
and supply load 200 kW.

Generator B is rated at 700 kW has a speed regulator of 2.5 percent
and supply load 300 kW.

Generator C is rated at 1000 kW has a speed regulator of 2.7 percent
and supply load 400 kW.

If a 3-phase , 450 kW resistance load and a 3-phase , 60 Hz
induction motor that draws 250 k\VA at 0.80 power factor are added
to the bus. Determine :

(a) the new system active power (b) the new
system frequency

(c) the new active power carried by each machine.



500 kW 700 kwW 1000 kW
/ B C

///
777

kW 300 kKW 400 kW 450 kW

g 1N
()
(@]

250 kVA

D
op

200 300 Pa 400
Pg Pc

Power (kW)
71/ 9-14 Governor characteristics for Example 9-6

Solution (a) the new system active power
Tandsmualy load mivdud bus de resistance load wina 450 KW uaz

induction motor
vina 250 KVA i power factor 0.8 iiudie

APpus = 450 + (250 x 0.8) = 650
KW

Y
Y

Aariu active power system wesszuu fie



Psys = 200 + 300 + 400 + APbUS
= 200 + 300 + 400 + 650
= 810 kW Ans
(b) the new system frequency

nnaums GD = (GSR X frated)/ Prated = Af [ AP
GenA: (GSR X frated) / Prated = Af /AP = (2.0/100)
(60) /500 = af [ APA
APr = Af [0.0024 = 416.67 Af
GenB: (GSR X frated) / Prated = Af /AP = (2.5/100)
(60)/ 700 = af [ AP
APg = Af [0.00214 = 467.29 Af
GenC: (GSR X frated) / Prated = Af /AP = (2.7/100)
(60)/ 1000 = Af [ AP,
APc = Af [0.00162 = 617.28 Af
it load i ; APp + APg + APc = APpys
(416.67 Af) + (467.29 Af) + (617.28 Af) =

650
1501.24 Af = 650

Af = 650/1501.24 = 0.43
Hz

sufunnuivesszuy fsystem = 60- Af = 60-0.43 =-5957 Hz
ANs

(c) the new active power carried by each machine.
Pn = 200+ AP, = 200 +416.67 Af = 200 + (416.67 X

0.43) = 379.17 KW Ans
Ps = 300+ APg = 300 +467.29 Af = 300 + (467.29 x
0.43) = 500.93 kW Ans

Pc = 400+ APc = 400+ 617.28 Af = 400 + (617.28 x
0.43) = 665.43 KW Ans



9-9. Voltage Regulation
Voltage Regulation #e wesimusvessasimsideuntasussduliihid
1o lwnnaeu'lisi load (no-load) ligaewii load (rated load) Tassreiu rated

1 Y
load &aunso@ewsuaumsdasd

VR = [(Vn - Vr%ted?_/_vr_ate_cﬂ_x

100 9.11
il : VR = voltage regulation (%)
Vnhl = no-load voltage (open circuit voltage)
(V)

Viated = Voltage indicated on nameplate of machine

V)

Voltage Regulation ilugueasmswlasunaslu field current adeamsih

Téen voltage vos
szunaeit damiesduiialvihviuanaey no-load Yiq rated load msulaeunlag
fandnazi
agfiuh power factor ves load usiazadia i

m Load 7ilu Resistor ezsilva power factor wiviu 1 (unity power
factor)

m Load #idu Inductor ezsinléar power factor &was (Lagging) wazassildan
us s Iulihiid
anasiindmssdu llfhwae no-load

m Load #ilu Capacitor vl power factor siwih (Leading) uazasih

v Y 4
Tiawms sdu ilihndafisgarumnninus s iy no-load



9-10. Mdsnugadanazlszanimmwes Synchronous Generator

Pfieia

Pin (shaf) ' Pelec Pou
PE-"P
Pf. W Puray PCUR Prcl P

scl

51 9-15 Power-flow diagram for a synchronous generator

1ingl) Power-flow diagram wes synchronous generator - total
loss 1u synchronous generator

A
19

‘ Ploss = Pstray * Pfw *Peere Prcl

9.12

+ Pggl

uazamlszansam (Efficiency) wmuaves Synchronous generator #e

‘ n = Pout / (Pin * Pfield) | =Reut{Pout +

9.13

Ploss)




SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

Vi = Ef + 13)Xs (motor) Vi = Ef -

I3 Xs (generator)

Pin,1.¢ = - [(VT.Ef)/XS] sin & (motor action)

Pout, 1-0 = + [(VT.Ef)/ Xg] sin (generator action)

Pin. ;o = 3 [(-Vr.Ep)/ Xg] sins (motor action)

Pout, -0 = 3 [(+V-|-.Ef)/x5] sin § (generator action)
Governor Characteristics

Governor Speed Regulation GSR = (Nni- Nratrd) / N ratrd

= (fnl - fratrd) / fratrd

Governor Droop GD = (fnl- fratrd) / Pratrd

= Af [ AP

GD = (GSR X fratrd)/
Pratrd = Af /AP
Voltage Regulation

VR = [(Vnl - Vrated) / Vrated] x 100
Losses and Efficiency
Ploss = Pstray * Pfw * Pcore + Pfcl + Pscl

n = Pout / (Pin * Pfield) = Pout/ (Pout + Ploss)
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(Direct-Current Machines)
10-1 wnih

DC motor fluginsaliildiueduntaunsiigaluasesinsnalilih  anmusaves
fusnsnlfuudeldeduaziden Tamnuiiazdoran locked-rotor liauds rated speed
wazanusiomizganniullouia over load  hiliaTests $1linuauiuedugndes
DC motor aunsaashe rated
torque 1&innausinn locked-rotor lsuds rated speed  wazusdafiuaiaiy
aeu locked-rotor
wiimmnnimaeivewsedafiadenn AC motor afimdwas speed rating wiiu

DC motor wiffueduntandulsanuiideamsmstumnden gy dusus |
w3eaiiona , Tsenunszay, Tsaemillannd dudu  wieldsuedruminarluszuusalnih
wsem ¥ lusese I lumsduntuane , ahweniSesud nazginsaiang 9

DC generator iflugnsafildnaandsan il FedlulsenuIuihwualngg
wazidn ualuilagtiuidsgnunuiilasglnsel solid-state fnfdeuninszuvivih AC iy

DC el Fnuszuudunaounazinios]d ihnszuaass (DC) a4

10-2 Tassadraveunsesiuiialiihnszuanss (DC Generator)
Tassadwweunsossuia ihnssuaaszlsenoudrodiuidnin 2 dw Ao
® dwhegnun Fenn ~Stator

B dunmaeun Sean “Rotor:

AILUINEN

1ATauén

YARIATAR

__nfunsef




= Stator
Stator fdnlszneviididy 3 daw fie
1. Tasumdn (Magnetic Frame w3e YOke) ozvimihii 2 odu fo
1.1 adlsznonveaiauiman uaziurhasouilesiudiuiszneumana
1.2 Jumadu (path) vealandunimdn (magnetic flux) 1¥asuaesnn

1 I 1 v
VAILULUNLUATSUD

—— dunafina

JIUHIVEN

(8

3 S g S g
2. UNUIHANUDIVILnaNUaZUIMLNIKNAN (Pole Cores and Pole shoes)
[l < : H 9 3 ] <
wimanvesvaaaauw  (field  coil)  sgilszneudrodmimanuazunuves
o g o I A g oA ! A
Pwiian  Taesvwimanezlinihn 2 ed1n fie
1 g g < 1 ' ' H H Y
2.1 uwsnsznovdnduimanluyesinszuinea  field  coil  duveada
H 9 y { 9 o < 1 J 9 ] <
armature (air gap) fiiiuindhdaunfazaieaan reluctance nudiman (anw
[l <
aumumaiian 1) 18

2.2 srwlumsdaua field (Exciting coil w3e field coil)

AR (LHuARDUaUIUTauTuTy 1)

ARY
PR AN
RIS
\\ ‘\‘\.’\_\\‘ A

N
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3. waaeauuuumannse field coil



Field coil azilsznoudrvvaaranssnasiiuuazgnldasluluunumiman iedl
1 o Y a ] I 1 Qall 1 < A Ao o
nszud naruvaata sz ldmauiman i lusdazddman  tazindeundanuvaainves
armature linaussaulvih emf

m Rotor
Rotor figyuilszrey 4 du Ao

1. unumanvesersimees (Armature Core)
Armature Judmfindoufivazmuld Fuhdreuiumdnume 9 ndszauiu
Wududamu udaazseadiu Slot wielfiuvaain Tasfidaeduniavewnuman armature
wilsgneudieya commutator

WNUANHLURA

AaNIAMADT

& |

2. waaeesumwes (Armature Winding)
Armature winding #o  vaaianesuasiignituaslu slot wusu armature

wazdagvosuaalnazasiniy commutator



Fnouiamnef

ature

3. aouiiuames  (Commutator)
Commutator fdnvusfudnewasddaedmeduniavewnu armature las

winthiifwduulses enldounssdulihnszuaady (AC) Wiilulvihnszuanss (DC)

IneuniNauIu

wANTRdIUNNE

4, mlsemmmazuvse  (Brushes and Bearings)
mlssandisgnpazfumamsvoudignldaslugeanlsesw (Brush box) wagang
unzeduuid commutator &reusenavesadSe wazsimihidumeinlnszue 1 nawn

wageanain armature nmasvyueg

AUNBIUAILLLTAVEGU

' -«
wlsanuaniueu

alse

jatluida



511 10-8  gilsnvewnlseam

e Interpole
FA H Y 1
Interpole duiwimanian 9 figniadulasuvanuazgnldegludunimanvdnde:

o 1 @ :1' 1 <] 1 Y
gniuAlevaalanenaiiss 2-3 sou uazgnaseynsunuuaala armature dausimanmaiil
9
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10-3 fugweunsossuiialulih
wieasuiialiih e wsesdnsnafishuihin/deundsunaiiundaan i vfietsss
Fenn1 <Generators wie <Dynamo~
mafasugindsnuesldmanmsvesnsrdausedulilih emf awildGounwds i
delolanaudninadeufidatuauiman sxdaussiuliih emf  wasusedu'lih emf

Y

sz liinanszua T lvarudni

=2

[

wanmsde  q  veunseanuda i Udnwazdssn 10-9  Feezilsereudieva

U

o 4 H 1 <3 { 1 1 (% - -
adanewasian 1 sou masuiluauumimdn  Tasfinssdaudlaeazgndesy  Slip-ring

Wan a uaz D




nnngieunveuaviiag Idanyazmafaussduliih  emf  vazvaaramasuily

awiman  swivaaslugli 10-10

n. usaAulnin emf gegn . uzaiulr emf - o A. uraidiW emf geqalutamsaiudnu

; /\ ’ /‘shvr'q
a Q\\:;//h a A\\j///h a un

4. useiulndh emf - o 8nAfa 3. uraAulni emf 10999 a Wisuiuge b mFunswyu 2 seu

usapulnin vy

1ngi 10-10 sgdin’ddn sgl@ussaulih emf duliihnszuaady uaddoanis

118 IWhnszuansedoslFulsedmiuaeuiinames  (Commutator)  #fidnvagamgli

10-11

i emf J
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ThaulaamAeT

wlgea0nu

¢ wsesulnvn emf (v)

T yuRINTINU (8)

10-4  Flux Distribution and Generated Voltage In an
Elementary DC Machine

] Y
(msnszmeveaduusaazmssuidausaiu i lunsesinina Wihnszuaasuiosdu)
[ I ] I { [ : 4 [
dunswimanuioauuudmaninizneeglu allr gap vewniesdnsnaldiinszuaass

9 v 1
wiia 2 91 awduaaseglugiln 10-12

Neutral plane

Pole iron




;Ui 10-12 Flux distribution in the air gap of an elementary DC
machine

gt 10-12  ssuemadunsasiminnsznesegly air gap veuasesinsnaluih
nszuAnIIBia 2 ﬂfmmuﬁugm sninluaves Interpolar Taefiusnanihiuimin N
waz S msnszneveaduusamimine: iflusaidion (UNifrom) Fazaszaeliialugosi
air gap fedszunamihianimdn N waz S fu armature  faufie hifinsfrveadu
wsanimdnuinas interpolar uad hifidunsamimdndmseoonnn armature iosiu

oglu magnetic_neutural plane (plane #ifduusaimdniiugud)

A
End
connection

(a)

)il and (b)



the window of an armature coil vs. angular
position of coil

vngit 10-3 (a) azuaasdunniaves armature vazwyunnwduuiin (Counter
Clock Wise : CCW)  moluauuiman  (magnetic field) wazangd 10-13
(b) uaasmsnldsumlasvesimaniviu Window wes armature coil Tas plot e
e I

{ { 7 ] H [ 3

Wduvia 0 oeen §uusasimaniidiu air gap wazrunzg armature coil g
S wiimgege e armature Sunyunindwnis 0 esen Tudidwmis 90 seen agihld
9 1 I~ 1 a’/ d' o ] 9 1 3 = B~ o
idunsaimanaes q aaasvunsznandwrvayy 90 eem duusaumimanvzlianiugud  uay
1 v F4 [
diorudunids 90 een 1y iduusanimanizass 9 mnluaudisgegaveaiuidumis 180

a 9 4 Y ' ] Aa 1 g I o !
pem Tudiameasadny nazazisuanasoudunswimanifiandugudndumis 270 oeen uag
Y 1 [

waseiuyui liFes 9 aunasy $wau 1 seu Aeidumus 360 eam

awungues Faraday 's law auaves voltage luwveadin armature sz
o A o Y o a Y ' < 1 dy
fnuseuiiuluvaain gualedanmsasunlasvesdunsuimandenar  uenvniiaw

[ 4 Y [

ngues Lenz 's Law ussinlrihiimadusziinannasedhudomsvyy duiudosiungues

Faraday 's law uaz Lenz ' Law hdaeriu ansaaz@oudiuaums g

e = - Ny (do / db)

10.1

wFesnmeay (=) vessrwmsd 10.1  iHumsldngues Lenz © s Law  Iuauns
Faraday equation

L J— ¢

@,

i 10-14  Rectangular voltage wave generated in an armature coil of
a DC machine



by a triangular-shaped flux wave through its
window

vingd 10-14  awmerwdwiusvesny Faraday 's Law waz Lenz ' s Law
aorduusaimdnluglammassdunailfina  velocity wave lugddmasudmsy

DC. Machine Tasanusaudaw (angular velocity = ®) wveswaaiadiviyudae

3 ~ v
ANUSIAINL 1A

o =dv/dt = dt=dv/w

10.2

dounum dt = dy/ © wnawnsit 10.2 adduaunsi 10.1 9218
e = -Ng [do/ (dv/ ®)]

e = ~ Ny o—Jdo/ dv ]

wngilit 10-14 iifedinsan slope wes Voltage wave lunss cycle usnves

aaudunsaniman (Flux wave) aziimnasivazisznaldlag

10.3

dofdv = - aolav = - d)p/(TE/ 2)
do /dY = — 2 @p / T
10.4
dounus dofdy = -2 d)p/Tc vingumsi 10.4 asluaumsi 10.3 0214
e = —Nyow[-2op/n]
= [2 o Ngaop ] |
10.5
sufusundeves voltage (Egy) vessudmdenvesnsa cycle usnez'd
Ew = [ oNeap] /o
10.6

Rectified Voltage (V)

/A -

Angular Position of Armature Coil (rad)



s 10-15 Rectified voltage wave

3 1 - 3 a (Y
m anwswesnst (@ngular velocity) de anwSadaywuesdasimsnyuseudenay

Fuusasmyuiithliaeamasuadludenariingy (o =v/ ) == v=o
t) ' o

wievivms Rectified voltage wave silamaouiiudh Tas solid-state w3e
mechanical methods ¢ 1830aaumuiineadluglii 10-15  wazanaumsi 10.6 e

7 4 > 1 H 1
applles ﬂﬁumvimuaﬂﬂugﬂmmﬂ’amﬁaiamamﬁ (r/mln) Tagmsunua

o = 2rf ay f =pPn/120

Wuaeaumsn 10.6 o214

Eav = 2 (2nPn/120) (N;op / 7)

E = (P.0.N ®p /30) 10.7
e : E. = average voltage induced in armature (V)
f = frequency (Hz)
N = rotational speed (r/min)
P = number of field poles
op = pole flux (Wb)
Ny = number of turns of conductor in armature

Tuusiazsenvesuaaaalu armature coil i 2 @i (coil sides) Tasi
end-connection whifimamilenihldiia  voltage wufie 1w terms wes
armature conductor sz18

10.8



Twnsessninaia q 11 sxflvaaaves COIl Srumniunszaelilsey q armature
ludnvazeunsy — v edud1 2 path vy sufumsuanaam average wes
induced emf Tuzivesianirlu armature wmua  wldlaoumuaumsi 10.8 adly

aumsn 10.7 ¥2'l4

Eav = P.N (Za/ 2 a) (CDp /30)
= (RN Zsop / (60 a)
10.9
o a = number of parallel paths
Zy =  total number of armature conductor

[ 1 4
vnaunsi 10.9 dwnaiezilsznendis Zg P uaz 60@  duiuezld

ke = ZzPle0a

10.10

deunumaadt Kg anawms 10.10 adduaumsii 10.9 +'14
(J B =| N opke
10.11

Example 10-1 A six-pole, 50 kw, DC machine operating at 1180
r/min has a generated emf of 136.8 V. If the speed is reduced to
75 percent of its original value and the pole flux is doubled.
Determine :

(a) induced emf

(b) frequency of the rectangular voltage wave in the armature
winding

Solution (a) induced emf

MNAUNI Eswv = N opkg Taiuag1a

E1/E2 = [n op kG]1 /[n op kG]2



E, E1 [N opks]2/ [N opke]s
= 136.8 [(0.75 x 1180) (2 op1) ks] /

[(1180) (@p1) ke]

ANS

= 2052 V

(b) frequency of the rectangular voltage wave in the
armature winding

NANNT f = pn/ 120
f, = (6) (0.75 x 1180) / 120
= 4425 Hz

10-5 Basic DC Generator
DC Generator uwuuitugi vuiiGendi  <Shunt generator  ifiesninesd

vaaan field winding sevuuiu armature  Tasvaana field winding azaedm
undasuidallfhanmeuen de Battery wieuwassuiialuihou 4 (Sendr <exciter)
iiel$lumsnszdudrenszua il

ngilit 10-16  azuaas diagram wesaseswldh shunt generator #1% field
winding evinufud armature uassedhdu battery iedwe field current Toe

wildmnudwmuves armature ds Ry wazanwdumuves  field winding #e

Rt



Shunt field winding

Armature

A\

|
—
Load

—0

" +— :::I Rheostat
51it 10-16 | L] rexcited shunt
generator

v Y
o

dedasnnaimanande (residual magnetism) eon'ld dunsanimaniag

(pole flux) awrsamidainaums

op = Nflf/R

10.12

Lﬁﬂ: ®p = pole flux (Wb)
Nf = number of turns of wire in a field coil (turns)
lf = field current (A)
R = reluctance of magnetic circuit (A-t/Whb)

dounum @®p = Nf It [ R wnawmsit 10.12 asluaums 10.11 14
Eav = N (Ng lg / R) Ko

10.13
awnszualu field winding (1¢) wlénnagues Ohm ' Law e

lf = Epat/ (Re+ Ryneo)

10.14
e ¢ = field current (A)
Epatt = battery voltage (V)
R = resistance of field winding including all poles ()
Rrheo = resistance of rheostat , at setting ()

vnaumsit 10.14  dulsusanudumui rheostat (Rneo) 1fanas aeili

nszua field current (If) dindu Fwziumaiti pole flux (p) lwaumsd 10.12



dutudie  uazili armature voltage (Egy) Twaunsd 10.13  siudunwluée
awiuaaslunswlzla 10-17

Induced Armature Voltage E, (V)

el
=
=D

0
Shunt-Field Current I¢(A)

'
Nluvl IVULILALIVIT VML Vo T1dJUV Vrl\lll I WVUIL VI ITWI AVLUTL IJLIvw 11U 11d 1y 'Ibbblﬂq

anudwiussznane shunt field current (I¢) v induced armature voltage (Ej)
vzl Load (no load) wagfinnmndisonasd

Example 10-2  Assume that the resistance of a armature wining
and the resistance of the field winding of the generator show in
Figure 10-16 are 0.014 ¢ and 10.4 o , respectively and that the



magnetization curve is the one shown in Figure 10-17 Determine
the rheostat setting required to obtain an induced emf of 290 V.
Solution wnnswl magnetization curve lugi 10.17 4 induced emf
=290 V. wldanszua field current (Iy) =~ 8.9 A. uasileApplying
Ohm's Law to the shunt field circuit snawmsi 10.14 #2148

ls = Ebatt/Rf + Rrheo

Rrheo = (Ebatt/ lf) - R¢
= (290/8.9) - 10.4
= 222 o

10-6 Voltage Regulation

. A c2 o A o A i
Voltage Regulation Y84 DC Generator 79 11/a5isuamsi)asuutlaansadu 1w terminal vea

1 {1 o 1 1 3 Ao 1 o
100N 190D load  vmz11idl load (no load) liguaizdi load 1ANNNA (rated load) Aousaau 1

~ 3 Av £ =\ I Y o dy
YULY load EINNNA cmmmsmsuslul,ﬂuaumi”lﬂmu

VR= (Vp - Vrated)/ Viated| X 100

10.15
o VR = Voltage regulation (%)

V1 = no-load (open circuit) voltage (V)

Vated = voltage indicated on nameplate of machine
(V)

Example 10-3 A 100 kW, 1800 r/min generator operating at rated
load has a terminal voltage of 240 V If the voltage regulation is 2.3
percent. Determine the no-load voltage.

Solution NAAUAT VR = (Vp - Vrated)/ Vated
Vn| = Vrated X (1 + VR / 100)



240 x (1+2.3/100)
245.52_V.

10-7 Basic DC Motor
lapzunsuasasauya llihdmsu DC Motor Funir «shunt motor: awdiueag

lu1ii 10-18

- Iy Iy
Ry 3 R,
+
Armature
ToDC ™ _V
T +|
source — n
Shunt ::: E Load
field $—_o a 9
@,

;Ui 10-18 Equivalent-circult alagram tor a pasic DC motor

nngilit 10-18  waaaa shunt field wzgnaenseusuusuundssuia DC.
Source sz ldiduusaunimin ®p nszhiswdunszuaves armature  sihildiausada
(Torque) Fuilunaveajnsewmemes (Motor action)

vama shunt field aclivildifann usvsdudfissdinarsivzndndnlidnh
armature a$ussbaiamsnyundenii Faelidnuazadrofuiuauuiiududevessaoud
ounliilfiAaan uad lifiouw sosudtes liidamanaoud

n§aanuaiiselivaala shunt field wodluglvosmsgadendsnuanuiou
I’R Feernnsouanaliifinu1ldTasmsde wattmeter sieSafasaiigndalas shunt
field wdunqiifuinduves wattmeter g liuaasmsn/asuulasves power input
ao field vazfineagnld load us wattmeter fideluases armature vwuaasdadau
M3tfinvos power input domstiivves load fman

auyAiusaiafiadsiuiifiemeisilfidansmgy  uselilih emf dwundy
(counter emf : cemf) fisuialu armature sziludadufuanusves armature

(armature speed : N) nazdunsaiménlu air-gap (air- gap flux : op) siude



Ea = N q)ka

10.16

o op = duusanimdnlu air- gap fafulas shunt field poles fwiae
iy Wh

wnaunmsd 10.16 idevimsudaumsitenisn armature speed (N) o2'd
h - Ea 1 Y |<G op = 0
10.17

vnaumsdi 10.17  anwdaves DC. Motor wifludadiundufiu @p  uazih
op = 0 usedaveswemosazifugud (Zero) @ armature oz hinyu
nngin 10-18  ileldngues Kirchhoff 's voltage law luasas

armature uazudaumaomainszua lz 9l

10.18

10.19

Example 10-4 A 240V, 20 hp, 850 r/min shunt motor draws 72
A when operating at rated conditions. The respective resistance of the
armature and shunt field are 0.242 o and 95.2 o

Determine the percent reduction in field flux required to obtain a speed of 1650 r/min , while drawing an

armature current of 50.4 A



Solution wanszua e waz Iqg

VINAUNT lfr = V7 /Rf = 240/ 95.2
= 252 A

|a1 = IT - |f]_ 72 - 2.52

= 69.48 A
wisnussau i Egq nes Ego

MINANNS Es1 = V-1 Ry = 240 -(69.48
x0.242) = 223.19V

Ea2 = VT - |a2 Ra = 240 -
(50.4 x 0.242) = 227.80 V

me1 @pp uaz dp2
NNAUMS Ny = Ealld)pl ke = ®p1
= Eg/ Ny ke
®py = 223.19/850ks = 0.2626 kg
op2 = Eapl Nyke = 227.80 / 1650 kg

0.1381 kg
#wiu percent reduction in field flux = (Pp1 - @p2) /
®p1 X 100 %

= (0.2626 - 0.1381)/0.2626 x 100 %
= 4741 %

10-8 Generator- to-Motor Transition and Vice Versa



§ < v W { I
M31)asuan generator 11 motor M50 lun1andVNY Aot/asnain motor i)y generator
4 ¥ 4 A o & D da _
auiuaaalugiin 10-19 1Wwa3999n3na DC machine NUFIUUVLNY <] NUVAAIA  armature coil
1 I 1 1 <3 :’1 Y]

(MeuAIRed Az auINLNLKAN magnetic field 32n918 TABUNIMAND1IT U3 N 1Az S 1AZAI armature
1 Y o 1 o [y o 9 o @ w . d! d‘ v W
ADINAY battery 1AAIUNIG DCbus  d1MTUAIAUMEITY prime mover 90199213 HIATBIA U

09; 4 o 1 o ]
lorvhnsenTeeudAayadzae coupled N19NANY armature JASAIUNIG clutch

Generator Action Motor Action

DC bus Eva :——___ DC bus
) '

Clutch I
- closed | Magnetic open ! Magnetic
Prime mover | neutral plane Prime mover neutral plane

(a) (c)

AAA : ANy

Armature Armature

Q_[I]Eé)]/ Magnet __::Em q{l I]\:é )l d:_::fm

Clutch Clutch .
closed Eq> Epy open E; < Epy

(b) (d)

3 1/71 10-19 Generator-to-motor transition : (a) and (b) generator action ; (¢) and (d) motor action

i@ Generator Action



A A a @ . 1 A < 1 £ o 9
ﬁnﬂg’ﬂ‘ﬂ 10-19 (a) 1U® clutch Qﬂﬂﬂ UATAI prime mover VU armature NAIULITINTHUN il

a 4 { 4 ™ 4 @ 1<
wausundeu il emf () nliawnniwsunden Infioin batery ufe E>E,  1a5099n3NaN

vzihanilu generator founszua’lildudhg DCbus waglimsud battery
frmaveanszualud i amature AusuTntmanfsmuald HAZNANINNITHYUVD
armature m‘lﬁ’mﬂﬂmm Lenz’s Law UagNU®Y flux bunching rule
91031/ 10-19 (b) 2995 eUYAdINSTU generator action TABAINIIWATUNIL R UNUAINNUA UMY

YDIVARIA armature NADOYNTUIANY battery

i@ Motor Action
A o . S o Y <3
wenimidaa prime mover Taemsta clutch 92 1HAMN5IV09 armature aAQY naeg

A A 9 A < o 1
!L‘i\‘llﬂﬁﬂuulV‘IﬁW emf NI1YDONNUIVIN armature ILAAAIAIY LUDAITNLIIAAAIIUNTENIAN

usundonlnih emf (B ) Tafosndusundonsin batery Hufo E<E, 082  battery 91191
I 1 o A 1 v A @ A @ Y 3 A
Wuunasdutiase lndunamenseualu armature tazezduniowsnsnaliiiy motor muuaag
Tugai 10-19 (¢)
A @ 3 1A A I A A

910310 10-19 (¢) ILTUNAMAUNNANNNIHYUYDY  armature 119111 motor ILUTNANI
FUREINUANONURNTLTAY prime mover  NANNMINYUOIAAITAYNYVOL Lenz s Law LAY
flux bunching rule

910319 10-19 (b) wag (d) NANNYOY induced emf (E) dzmlounuliiuniesininae
o I A 1 3 ~ :‘/ ] <3 A A @
11911131 motor 1139 generator INIILINT 2 NTA VINHANUASNANNMIRYUIZHTOUAY

4 @ a a 4 o <
MINYUUDUATOIINTNA (generator LAY motor ) WNAA voltage tazd1usIbaioR 1wy
d' di (% o a 1 9 a
generator ﬁmmmﬂﬂu;ﬂ (a) ua2 (b) MIDIINTNAVITNUUA voltageuazmaﬂizuﬁMﬂ1 ATNUTIUA
Y @ a v 9 @ @ a Y o I ~
AunaulunanensanuIAUMITULsIda  1azd 11l motor munaalugil 10-19 (c) uaz
(d) tnTesinTnaszad s sdavuuaz A uNa 1y U190 A3 9$A10 voltage ATUNAY 138n71 “counter —
v 4 1

emf” 130 cemf TUNANNATINUI WA voltage ATV UoNINTIATOIINTNAVZ YU TUARNIUALINY

[ IS A ~ 1 v W A o A @
"lnm%n]u motor 130 generator !WENLW]ﬂ$llﬁﬂﬁﬂaﬂﬂuiuﬂ15lﬂﬁﬂullﬂaﬂﬁﬂ’lugﬂ'ﬁﬂ'l\ﬂu 19 NAaY

Y
NANIATSUE Y armature (Ia) WU

10-9 msndufiamemsnyuves DC Motor



MINAUNANIMINYUYDI DC. Motor  eunsanszitld 2 35 Ao nduiamsvesnszualu
' 1 Y ' v
armature ANALEAITUFUN 1020 (2) 1Az (b) ¥30 MINAUVVIV0A field arwnuaaalugii 10-20 (o)

1uag (d)

(a) (b)

(d)

3 1/ 10-20 Reversing a direct-current motor by : (a) and (b) reversing the armature current ;

(c) and (d) reversing the polarity of the field.

s1it 10-20 (@) uaz (b) uaasismsndunszualu armature 31 (a) armature i
fememavguaudunin (CW)  wazgdl (D) dendunszuadiswld armature Tasms
aduives battery szl armature syuluiismanauduuin (CCW)

3107 1020 (¢) waz (d) uaRIIsmanduiives field 51 (0) armature g nayn luiamaiuuin
(ew) wazgi (d) ilerimyaduiaves field 910 N il s uazain s iy N 291 armature nyulu
AANINIUTVUIR (cow)

AAMaMavyuveAaznsd 118910 flux bunching rule ¥4 lauaaal3Tuudaz gl



10-10 Developed Torque

anuduiussznin developed torque , nszualudni wazanuwuiuves

] < =2 A ) [ J a dy o I Yo J
FUINLUYIAD %’lﬂﬂ’liﬁﬂ‘]&l’ﬂﬂﬂﬂﬂ 1 THIVUBADTIFUANUIIU mmmmmﬁlﬂﬂﬂummaﬁqﬂ

a o A
FHA UUAD

TD = Bp |a kM

10.20

Lﬁ"e) : T, = developed torque (Ib-ft)
Bp = flux density in air-gap produced by shunt field pole (Teslas : T 130 wb/mz)
I, = armature current (A)
K,, = constant

[ 4
maen Ky zduediumsoenuuuues MOLOI wazazsiudmauson , aAnuenves
k4 ]
armature conductor , $1uuaa |, siadeas Iiihaely vazvilenly

10-11 Speed Regulation
Speed regulation wes DC Motor #e nlesiSudmsnlasunasuesnindy
wnaeu NO load g rated load deawiss rated load iieshnuii rated load iaz

rated temperature  dwsuundsduiia voltage finsi Foannsadeuihuaums1dad

SR = (Nni - Nrated) Mrated X

100 % 10.21

e : SR = speed regulation

n, = no-load speed (r/min)

n. .= rated speed %39 rated load (r/min)



10-12 Armature Reaction

o generator wie motor i load seed esihilifnszualu armature coil
ahasundeniman (Magneto motive force : mmf) ludaiues Fuinlgnsendu
usandouimdnvesduimdn field pole slisumudunsasimanlu air-gap  dnvay
wuildenh <armature reaction

waves armature reaction aedunsanimdnfignsuniu wihldiAanadodeidiuns
wiman fo

1. waswveuduusaniminaedunimdnanas  Fuzidunaimlius i iihiignat
Funfimanas

2. ildduusaniminndn (field pole) iequsrmedaidio Faazih

Uszansmmaesms  commutation veuasessuiialdihasas WldAadszmeliuunsa

91U
Generator Action Motor Action
Vius DC bus Vius DC bus
I et l +
Trailing T I Trailing \ In
edge — | Leading edge
—
Magnetic neutral plane
Prime mover
Fr = field mmf
¥, = armature mmf
¥, = resultant mmf
(a) Fa % (b)

egiun



i@ Armature Reaction in DC Generator

A A Vg . = o q ¥
mﬂg‘ﬂw 10-21 (a) ua@UIIUAdUUNINAN mmf VDI armature reaction Tu generator ez v

. C% a [ 4 A
neutral plane Lﬂﬁ@u@@ﬂﬁ]TﬂLLﬂ‘L!GIJi’Nll1!1111/]?’[1/]1\15116\1ﬂ13ﬁl!u NAANDIIN ﬁ@ ﬂTiLWNﬂ]@QLgf}uLLiQ

] 3 { a 3 1 09/1 o ] 3 { a

LLNLWﬁﬂﬁDiL’JmﬁHHUu%’SQﬂJ’JN LLﬁgﬁ)"IuﬁN"U@QEU’J S uazﬁ]mamé’fmzmmmaﬂﬁ)zaﬂaﬁmnm
¥ H v 9 & < o q Y ¥ . o @ 0o q ¥
ATUANNUDIVI N UasaATHUUUDIUY S “]N‘l]SL”]J‘LJNEI‘VIﬂ‘mﬁulliQLLNLﬁaﬂﬁnﬂsll’WN‘VnJﬂaﬂﬁﬁ ‘Vlﬂﬁ

[ { 4 1 1 I T M
useau Irlihingnadraduaniisaaasaléqe pazdunsawimanudivez a1 luwe

. A 3 . A g a qu} ] <]
interpole (H0391NM 311U nonlinear MIUFITUIIAVOIUWHIAAN

i Armature Reaction in DC Motor

gt 10-21 (b) uwsawsuadewmimdn mmf  wves armature reaction 1u
motor el neutral plane deulunnunuvesiufianeassiudin (nuduunio)
AURANIMTHYY  WAdNEsIW Ao mstiveuduus umanisnadaestumimin N
nazdmiuuvesimimin S nandunsaniminizanasfivinaduuvestunimin N uaz
Susavestaunimin S naziiduusandniiiua interpolar Fawansznuia 2 edig
yoamsihamves DC motor  #e

1. duusanimdniisrluwa interpolar siiaasemelwfiuses

v g 0o 9 ¥ < P 1
2. NITAANUDUTULLTILUNLIVI AN ‘Vl'lch/iﬂ')'liJ!i'J"UE]\ﬁJ@m@ﬂWNGUH

i@ Armature Reaction and Interpole
a . = 1 o A [ [ I =)
NITLNA armature  reaction ISUFNANDNITNINIUVDUATOIINTNA DC lliJ’Jﬁ]ZL‘]J‘L! motor Ni®
4 [ A o 4 1 <
generator ﬁuagﬂmmmmﬂizuaiu armature LAZN5EANVDY load ¥ 1K U5 UuAROULNMAN mmf
' Y
VDN armature LWM%H
v . o q Y & S ) 2 o Y, A
o1 lnterpole ﬂWiWLL"lNLLﬁQ‘WfJ IﬂEJﬂTﬁLWNﬂ?ﬂ?ﬂi@ﬂﬂl@iﬂlﬂﬁ?ﬂﬁlﬁNWﬂﬂJu UUITAITNULTIUADNDU
1 I~ A dgl A g Y A 1 I A 1 .
U N mmf INUUYHINDONUUASAVANHANTSNUUDIULTIAQADULULYI QN armature ﬂagium lnterpolar
B 3 9 ~ o w Y I . Y1 o
F UM TUMTATU emf YBIMSIHHNIA NI luvAaIan181an1510)1 commutation B3N UDE
[] a 1 . n v [ d‘ 9 1 3 = 1 ' 9
"]5’)81’(,1@ﬂ1’§l,ﬂ@ﬂ5$ﬂ18ul1/\| LRI lnterpole vlilllﬂ‘]gjﬂ\iﬂuﬂTi!,ﬁ’E')u"llf]\‘l!ﬁul,l,’i\il,m!Wﬁﬂ“ﬂﬂi@llf]g‘ﬁu1
o T < o . o A @ Y 9 Yo .
Vadvian Tagn15N19IUUeY  armature  reaction uuLwENﬂmﬂumuusq"luclma"lﬂaluwﬂ interpolar

1 Qa/’
MUY

i@ Net Flux in Air-Gap of DC Machine



wasamvesdunsaiminly air-gap vewasesinsnaliih DC idwziiu - motor

wie generator auaaslugdves field mmf  uay equivalent demagnetizing

mmf fiiaen armature reaction Feaunsauaasluglaums fe
Fnet = Ff_Fd - =
q)gap = Fnet/ R
10.23
Lﬁ"e): F net = bt mmf  (A-t/pole)
Fe = field mmf (A-t/pole)
F4 = equivalent demagnetizing mmf (A-t/pole)
R = reluctance (nonlinear)

10-13 Interpole

9
Y

o w A a Y ~ o w o < Aa
fnﬁﬂ'mﬂlligﬂ']flhh/\lﬂLﬂﬂﬂ’]ﬂlli\iﬂuhh"lﬁ'] emf INNTHUULIUINUDI VLAY €] AN €] NAAAT

14 DC machine (58071 “interpole” N30 “commutating poles”

LUHIMANWAN

Generator Action l Motor Action

Vius DC bus Vius DC bus

I ] 4ia

Coil undergoing
commutation




;Ui 10-22 Location of interpoles , their connections and their

polarity for generator and motor
Interpoles Fuduimdndn 9 mﬂaﬂﬂﬂﬂﬂmaﬂ oy aﬂiﬁaﬂiumaggugwaﬂwaﬂ i

wgniudisuaalanoaauiios 2 -3 se1 uazgnaseynsuiUuaada armature & funiminves
H Ad A v v & ' <3 Y 1 o 9 o ' <3 Y a
interpoles azildndersusudumimannan (pole) wazszegiimihimimanuanluiani

VNNITUNULTND

o wihilves Interpole & 2 oeha fio
1. festumsifmlszmeluy commutator wazmlsssn  iiesninduiminves
interpole smiloufuiuniminndnve pole uazvzegihmduauelufanamswyu Tuay
wmitenihldmausaullih  emf luveana  itevzgrelumsndufinmevesnszua i
ussduliih emf azqamiienidae interpole ezsind¥ida neutral wveaussduludh
reluctance rieflosiumsiinlsznmellun commutator
2. lina neutral veswamsmaaunimanynenn armature reaction

wliulseo lignul@eudusisldvngaisudu



10-14 Compensating winding (mswuvaaavase)

mafuvaaasazldiuaiessninaliihn DC. machine wvwnalwa — @fims
wasunlasves load wn wiemsnduiamamsvyuedsiada  wu motor ilfluuinsa
Tugaeunssuman w3e TUrbo generator iiudu

wihfivesvaatavawe fe szadraduusunimianludwuiifsmenie lUwndesudunse
wimdniiann armature reaction 1duua'ly uazil¥iduusasimanly armature iia
MIauaa

msuvaaarasIziudaaslu Slot ﬂlﬂﬂ%ﬁlﬂaﬂ wagsivaynsuNUvAalIa armature

monazi linanszua Wi lvandumaludnir armature

Interpole

Compensating
winding




vngdit 1023 exdanaiugt DC. machine fifvaainwaae  Adsdeansms
fada interpole lumsdmussdnli emf vesdaiues (Self-induction) luvaaia
ameldmsnszsiwes coOmmutation

v 1A o q ¥ ¥ " 3 a A ] Y A A Y] o
ﬂ1h1113J‘llﬂﬁ’Jﬂ‘lfﬂﬁffJ %z‘nﬂﬁrcmLmuumaﬂmﬂmiLaau"hJGuNwmmmaau"lﬂmmamﬂ Q|

9 v v ] 9 v
adeiitimanlaounilasves load maaeuludnyugizmionhldinaussiuli emf
4 v
anadlu yaada armature vwiavesnssiuliliheziuegiuanusvesmsilasunias

load  wezvwnavesmsnldsunlas load agfimgann  wazdengfudauRessvieg
commutator wl#iRadszmell (Flash over) seu 4 & commutator idams
donasnazua liihitlwaru armature

Generator Action Motor Action

} - } -

Vbus DC bus Vblls DC bus

I

|

Clutch |

closed |
Prime mover Magnetic

neutral plane

Magnetic
neutral plane

P
$ Fow % = field mmf t

¥, = armature mmf

Fow = CW mmf

(a) v (b) I Fow



3 1 10-24 Elementary diagram showing parallel arrangement of conductor and relative

directions of current in armature and compensating winding for : (a) generators ; (b) motor

10-15 »sesayaves Separately Excited Shunt Generator
2903 llfheuyaiianysaives  Separately excited shunt generator oz

Uszneudae interpoles uazvamasawe (Compensating winding)  wsuaaslugyd
10-25

: 1
Prime "

mover

IP + CW

=p — —
Tz Shum vy Load
- ——¢ field !

Ry

-

To DC

st 10-25 S < ~tely excited shunt

generator that includes
interpoles and compensating winding

angilit 10-25  iieldngues  Kirchhoff *s  voltage Law fuasesves
armature circuit o4

==

Ea = laRacir + V71

10.24

Tasmrualdaanudiumueedises armature circuit ae

Racir 3 Ra + Rir=#+Rew

10.25




A . . .
e : R . = resistance of armature circuit  (QQ)

R = resistance of armature winding ~ (€2)

R, = resistance of interpole winding Q)
R, = resistance of compensating winding ~ (€2)
E = voltage of armature V)

L = current in armature circuit (A)

V, = voltage of terminal (V)

Example 10-5 A separately excited , compensated shunt generator, rated at 25 kw , 250 V , 1450 1/min

has the following parameters :

R. = 0.1053 Q R,, = 0.0306 Q R = 0.0141Q2 R, = 963 Q
a 1P W f

Determine the induced emf.

Solution w»n equivalent circuit fiuansluzil 10-25 2218

, = P/vT= 25kw/250 =
(25x10°wW) /250 = 100 A
uay Racir = Ra*t Rip + Rew

= 0.1053 + 0.0306 + 0.0141 = 0.15

Y
[

wiuan Induced emf wildnnanns

E = V_.+ I R_.
a T a ~acir

= 250 + (100 x 0.15)
= 265 \V

10-16 »sesauyaves Shunt Motor

1a93 Wfhauyaianuaves  shunt motor #lszneudas  interpoles uas
compensating winding szuaaslugia 10-26



—t
-— . Armature
To DC vy /
source _ n
Shunt 1 Load
field
IP + CW

s1ii 10-26  Complete equivalent circuit of a shunt motor that includes

interpoles
and compensating winding
wngil 10-26  ieldngues Kirchhoff 's voltage Law  fuasesves

armature circuit =14
V1t = Ea-~+ 13Racir

Ea f V—tzRagir——
10.26

Example 10-6 A 30 hp, 500 V, 850 r/min shunt motor draws a line current of 51.0 A when operating

at rated condition. The motor parameter are

R = 0.602 Q R+ R = 0201Q R. = 4085 Q
a (2%

Determine the cemf

Solution an equivalent circuit fiuaaslugl 10-26 o4
¥ = Vilr = 500/ 4085
= 1224 A

v
K% ' Y
ANUUATNTS LS Ia 1’i1ulﬂi]'lﬂ’ﬁ3Jﬂ'l§

IT = |f+ |a — |a =

I, = 510 - 1.224



HazmANNAIUMuYeINes  armature circuit wildnnaunms
Racir = Ra * Rip + Rew
= 0.602 + 0.201 = 0.803Q

wazan  Cemf  wldainanms

E = V.- 1R

a T a’ acir

= 500 - (49.78 x 0.803)
= 460 V

Ans

10-17 General Speed Equation for a DC Motor
The general speed equation ves DC. motor aunsamlalasmisunuan

aums Kirchhoff 's voltage wvesiews armature circuit adluaumsiiosduves
anusa DC. motor

nnmsanulusiade 10-7 Basic DC. motor sawnsamanusives DC.
motor ‘dsnauns

n ‘= Eal op ks  op-0

iinldngues Kirchhoff 's voltage Law wesses armature circuit 1u
aumsi 10.26

E =V

;- LR unumad ez la
a a acir

n = (Vr - ‘ la Racir) / @p ks —op0




A .. .
e : R ;. = armature-circuit resistance (Q)

—
Il

armature current  (A)

n = speed of DC. motor (r/min)
®p = flux produced by shunt field winding  (Wb)
kG = constant

vnaumsit 10.27  szudasamuiaves Motor Tawia o il idedr parameter
e o ldewhl nsediaezgnatinlfifivsweriiensissanudves MOtor whasuilu nazernld
Tumsdwnann Steady state speed 1adae

o Base Speed
Base speed ves DC. motor de dnrmisvewemesneguu Name plate 7

wildan rated voltage, rated shaft load uaz rated operating temperature
wazlifimsiiuves resistance fideeunsufy  armature waz/viedeeunsuiy shunt

field.
iieiniesinsnagnisaliiianuiagendn base speed s developed torque

wdesdiawnnni load torque uwwanwandua windage waz friction torque
wuRstuiidesmsananuis A develop torque ezdesiianiesnii load torque
vy windage wag friction torque

anaumsit 10.27  manldeu developed torque wfeanlfounmmuinivves

Fuusamiman waz/wie armature current (1)

Example 10-7 A 25 hp, 240 V shunt motor operating at 850 r/min draws a line current of 91 A when
operating at rated condition. A 2.14 QQ resistor inserted in series with the armature causes the speed to
drop to 634 r/min. The respective armature-circuit resistance and field circuit resistance are 0.221 Q and

120 Q Determine the new armature current.

Solution

I/ Iu

Ui
R 21200 R, =2.14Q

Row=0221Q

——
—_— _3_ Load
—_—

IP + CW

gl

-—
To DC T=240V
source — é

N




qﬁjﬂﬁ 10-26 Circuit diagram for Example 10-7

vingd circuit diagram o214

I+ = Vi/Rs = 240/ 120
= 2A
wagznszua i lnalu armature (1) #o
|a = I+ - |f = 91 - 2
= 89A

§ o 1 ' Y o <
wethamanudunu Ry deeynsudu armature sgilinnusianaunie 634

r/min. Tasiinszua shunt field current (I¢) linGeunlas sazmnszuellihilnaly

armature i vwl&vmawns N = (V1 - lgRacir) / op ke it
ni/ny, = [Vr- laRairl1/ [Vr - 1
Racir] 2
N1 [Vr - laRacid2 = N2[Vr - laRacir] 1
[VT - laRacirl 2 = ny/ni[vr - 1,
Racir] 1
[- la Racir] 2 = _Vr+ Np/ng[vy
- la Racir] 1
lelauguAaen ; [la Racir] 2 = Vr - mp/ni[vr - 1,
Racir] 1
la2 = Vr - nm/ng[vy

- I3 Racir] 1 I Racir 2

k4
%

ud  Racir2 = Racir1 + Rx  duiu
la = Vr - Np/ni[vr - 1
Racir] 1 / (Racir1 + Rx)



= 240 - (634 /850) [ 240 - (89 x

0.221)] / (0.221 + 2.14)
= 32.05 A

Ans

Example 10-8 A shunt motor rated at 10 hp , 240 V , 2500 r/min draws a line current 37.5 A when
operating at rated conditions. The motor parameters are R, = 0.213 Q2. R__= 0.065 Q. R, = 0.092Q

and R, = 160 € Determine :

(a) The steady-state armature current if a rheostat in the shunt field circuit reduces the flux in the air gap
to 75.0 percent of its rated value., a 1.0 Q resistor is placed in series with the armature and the load
torque on the shaft is reduced to 50 percent rated

(b) the steady-state speed for the condition in (a)

Solution  (a) The steady-state armature current if a rheostat in the shunt field circuit reduces the flux
in the air gap to 75.0 percent of its rated value., a 1.0 Q resistor is placed in series with the armature and

the load torque on the shaft is reduced to 50 percent rated

Ir Iy

Rheostat 1.0Q
g "

Racir

y~

+
R

To DC*— v ToDC*— —
source ‘_’_\__ e + source ’_’-\__‘ 4
=2 (D]
q){, n
P+ CW P+ CW
(a) (b)

3 191 10-27 Circuit diagram for Example 10-8 : (a) rated condition ;

(b) external resistor in series with the armature

wingtl circuit diagram fueaslugdii 10-27 (@)  rated condition o8

I+ = Vi /Ry = 240/160
= 1.50 A



naz la = I+ - If = 375-15
= 36 A
deduusaimdnly air-gap anas 75 % wazianudumu Ry = 1.0 Q deeunsy
#u armature wez load torque on the shaft asas 50 % o rated w24
circuit diagram awduaaslugii 10-27 (b)

wazasavar armature current (Iz2) I8onaums Tp = oplg Ky vufie
Ti/To = [opld 1/ [opldd 2 =l = a

[(T2/ T1) x (op1 | op2)]

36 [(0.50T1/ Tq) x(op1 / 0.75

|a2

opl)]
= 24 A

Ans

(b) the steady-state speed for the condition in (a)
doduusaimnlu air gap asas 75 % wazdaanudwmu (RX) dooynsudu
armature uay load torque ansas 50 % v1n rated o214

0.213 + 0.065

Racir1 = Ra + Rew+ Ryp
+ 0.092 = 0.370 o

Racir2 = Rat+ Rewt+ Rpp + Ry
+ 0.092+10 =1370 o

wazonaums N = (V1 - I3 Racir)/cbp Ke  tufie
N/ ny [Vr - laRacil1 / [Vr - la

0.213 + 0.065

Racir] 2
Ny = Ny [(Vr - laRacir)2/ op2ks] x [op1
ka! (V1 - la Racin)i]
= 2500 [(240 - (24 x 1.37) [ 0.750p1] x [op1 /

(240 - (36 x 0.37) ]
= 3046 r/min

Ans




10-18 Mechanical Power and Developed Torque ( Pmech
waz 1p)

Mechanical power #iatalas DC motor iy power input wanwa
vos armature circuit audses copper losses 1w armature circuit siufie

2
Pmech % Vr—tg— la Racir

10.28
Racir = Ra + Rip + Rew
iilo Pmech = mechanical power developed (W)
V. = applied voltage at terminal of motor (V)
I = armature current  (A)

= resistance of armature circuit (Q2)

R = resistance of armature winding (£2)
R, = resistance of interpole winding (£2)
R, = resistance of compensating winding ()]
'!T .{a
Iy
Rf RIC
— +
To DC A

source — Vr
T s oAl
-
o _.3- Load
-

IP + CW




3 1/ 10-28 Circuit for derivation of mechanical power equation

aingilit 10-28  ezuaae circuit diagram wes shunt motor iieldng
Kirchhoff 's voltage Law f#u armature circuit uazsa brush drop daly s

8
VT = ‘EF'FLH_RHC]T
10.29
vnaumsi 10.29  lenudienszua armature (lg s 2 éw a2l4
2
IV, = LE+ I R _ 10.30
a a a a acir
iWedaaums Iniaz 1a

la Ea =  leVr—H Rair
10.31

4 = A @ A < ' J 1w @ 3
Lﬁﬂlﬂ‘iﬂﬂl‘ﬁﬂﬂﬁﬂﬂﬁﬂ 10.31 AUFUNITN 10.28 %zmmmumimqﬁ’mmwﬁmmmu ANUU

v ) Y "oy v A
FUNITNWNATUBIYITADUNINUAIY UHUAD

Pmech = laEa ——— (W)
10.32

v Ed [
vinaumsih 10.32  uaeei1 awnenaszineduilesis Voltage @l szdlving
nszualu armature luismuasetuiy cemf  dsfidnvazadrofumsnaouivesinglu
< a A = aa Y w g 19 o q Y A4 Ay o
AN nA Musudeamuaziinanassuiueseanldadnly) o ldiageasund s

IR

o Motor Nameplate and NEMA

urutheuaasdeyaveswemesnnlsenuguan tazawmasgiy NEMA  (Notional
Electrical Manufacturers Association) ssuaaslugdvesusa (hp) , anuisy
sou/uidi (r/min) uaz Torque il Ib-ft

mﬂﬁaJﬂﬁfTugmﬂlm mechanical powerlugiveoausai (hp) Ao anwduius
sewie developed torque was rotor speed wse shaft speed iiude

Pmech = TD n* 5252 4(h‘p)_
10.33



e Tp = developed torque (Ib- ft)
N = rotor speed wie shaft speed (r/min)

vnaumsi 10.32 dlevimsutasdr Pmech = laEa (W) Weglugilves

9 9
usarn 224

Pmech = IlaEq /746 thp——
10.34
Lﬁmmummﬂﬁumi 10.34 aﬂuﬁumiﬁ 10.33 L‘ﬁlﬂ‘HWm developed torque wld
I3Eq /746 = Tpn [ 5252
To = 5252 1,E5 /746N
To = |7.04 1.5/ N (Ib_ft)

—
_C:)
w
o1

vinaumsn 10.35 azldiuaiesdnsnavaiz rUNNING  duasesdnsnanga W3o

locked rotor aywish N= 0 wazcemf = 0 fude

To = 7.04 00/ =0
uatdesmsnr Torque waz blocked rotor deswinineaums
To a B, I3

Example 10-9 A 40 hp, 240 V, 2500 r/min shunt motor operating at rated condition has a line current
of 140 A. The armature—circuit resistance and field circuit resistance are 0.0873 €2 and 95.3 Q

respectively. Determine.

(a) the mechanical power developed (b) torque
developed
(c) Shaft torque

Solution (a) the mechanical power developed (Pmech)
vinaums If = VT/ Ry = 240/ 953

2.52 A



- l, = Ir-lf = 140 - 2.52 =

137.48 A
wnng Kirchhoff 's voltage Law @swl¥ armature circuit
wld
Ea = V; - IaRacir = 240 — (137.48x0.0873) =228V
MINAUNS Pmech = Eala = (228) (137.48)
= 31,345 W Wi Pmech = Eatq / 746
= (228) (137.48)/ 746 = 42 hp Ans

(b) torque developed (Tp)

wnawms  Tp = 7.04 1;E4/ N = (7.04)(137.48)(228) [ 2500 =

88.3 Ib-ft Ans
(c) Shaft torque

NAFAUMT Pmech = TDn/ 5252 = Tp = Pmech
5252/ n

Tehaft = To = (42)(5252) /2500 =
84 Ib-ft R —

Ir I

—
ToDC*— Vo Shunt N Load
source — T field

P
P field
Pin elec m Prech Phar
> Arm - +-

1] >~ 11

Pm:Lr Pb P,r,u-‘ Ps[fa:..- Pmre

"

@ Motor Rotational losses
a

Iy

+ —,
E, Vr P | Load |




Pl 19 10-29 Power-flow diagram : (a) shunt motor ; (b) separately excited shunt generator

ﬁ]”lﬂgﬂﬁ 10-29 (a) ey (b) LaAN Power-flow diagram M3 1Mavea Power 11 DC motor (:JJ‘IJ a)
T 4 [ I
118z DC generator (31 b) 103 uATee9nINa9ztdu DC motor 150 DC generator  WATINVOY Power

Y
losses NAHNA Ao

loss Pacir + Pb + Pcore + Pfcl + Pf,w + Pstrav 10.36




1o : P = total power loss (W)

cir| = armature — circuit loss (W)

P = brush — contact loss (W)

P, = friction and windage loss W)

= stray load loss (W)

stray

= core loss (W)

core

P, = field — circuit loss (W)

. 1 <3
@ Core loss (Pcore) AD WATINVOY hysteresis 40& eddy current loss 14 armature LaZUNUKAN

9

i Stray-load Loss Ao loss ¥09UAAIAN181A commutation 11ag loss NAAVUIIN eddy current loss

Tuvaaraneauns dalildswoglumsmai I, R vee armature

e Stray- load loss weiimlszna 1% o3 output power

® Electrical Losses

msgadetidenuues i Ao msgapdelugdvesanuiouluveaia( P = I'R) 9

A o W Y

. . 2
Usznoudls msgadoluvaaia field-circuit loss (P, =1, R), magadomaennuiouluiens

9

. . 2 = ' o &
armature circuit loss [P, =1 (R + R +R_)] wagmigaudslumlseam (p,=v, 1) auniu

acir

mygapdelugivesias i fo

Total electrical losses = P.+ P . + P w) — 1037

f b

acir

)

® Rotational Losses (P_ .
rotational

{ a [~ A
Mg FeNNAINN1TNYUYOY motor H3D generator IUMIFATen1anansznoualons

qIAEINUTIAIANIY (friction loss) MNAINUIATIANTUYDY bearing , MIYYLTIIINTLUIYDINA
{ a @ 2 < { a
NNAINNAANIZUIB0IMAUUINE (Windage loss) , MIgaasluunuman (core loss) MAADIN



3| a g & 1
hysteresis loss 61 eddy current loss u,azm‘iqtuugﬁa stray (stray- load loss) Lﬂumiqmummaﬂ | a9 lad

Metpaiunsnasuuilaues load

Rotational losses = Pf + + P
W stray core

rotational mech ~  shaft

® Brush-Contact Drop

P (W) — 1038

Voltage fianasenutlsssm Sonir « brush-contact drop» wse <brush

drop® #sfivinafidnmn Tasauydduiuesiimasidmsy load Wanua
m  voltage  fAanasounlsad %zﬁuaéﬁniﬁ@ﬁi%iuﬂwiﬁwuﬂiqdﬁJ
Anlszanaiail
m 0.5V for metal-graphite brushes
m 2.0V for electrographitic and graphite brushes

o Efficiency

UsANTMNNINUAYDY DC machine ¥ ldanauns

n =®,/p)x10 = p /(@

out

) x 100 —

_l’_
out Plosses

Taed

10.39

Example 10-10 A 150 hp, 240V , 650 r/min shunt motor draws 420 A when operating at a reduced

load of 124 hp. The brushes are graphite and the motor parameters are : R, = 0.00872 Q Rp+R =

0.0038 Q2 , R, = 32.0 Q) Determine:



(a) electrical losses (b) rotational losses (c) efficiency

Solution

R, % 320Q
-

—_— F

L -— —
To DX Vp=240V
source —_—
* 3——4-

Load

s#i 1U-3U  CIrcuIt Tor exampie 1u-10

(a) electrical losses (Pelec)
1ngthsesves shunt motor a4

I, = V. /R, = 240/32 =75 A
L= L1 = 420-75 = 4125 A
a f
Aatiy P,= IR, = (715732 =180 W
P .= (R +R,+R ) = (4125)(0.00872+0.0038) = 213036 W
W

J o J I . [ Qsj J o A
Tandmviuauilsesonuduusy graphite @911 Voltage drop Tuuilseou =2.0 vV 1iufo

Pb = Vb Ia1 = (2.0) (412.5) = 825 W
AU Total electrical losses = Pf +P . +P
acir b
®P.) = 1800+ 2130.36 + 825

elec

= 47554 W Ans

(b) rotational losses (Protational)

Protational - Pmech N Pshaft
11 P NNFUNT V. =E +1R _.+V = E =V.-1R .-V
mech T a a  acir b a T a  acir b

E, = 240 - 412.5 (0.00872 + 0.0038) - 2
= 232.835 V



A9 P = E I = (232.835) (412.5) = 96,044 W

mech a

m Pshaft Tendsmuavinaveswemes 150 hp uaiewd reduced load =
124 hp ufie

Pshaft = (124 hp) x 746 W = 02,504 W
Foidu Protational = Pmech - Pshaf = 96,044 -
92,504
Protational = 3,540 W
Ans
(c) efficiency
NNAUMS n = Pout/ Pin X 100 =

Penaft / VTlT x 100

= 92,504 [ (240) (420)x 166—= 91.8
% Ans

W309INTAUNS n = Pout /(Pout + Ploss) X 100
= Pshaft | Pshaft + (Pelec +

Protatinal) X 100
= 92,504 [ (92,504 + 4,755.4 + 3,540) x 100
= 91.8%

10-20 msaemsn DC Motor
et Voltage 1y motor wzidanasuusuiiesves Motor uas shaft load

[ 9 4
ietloariu luildmamyuiuil  wansenuiivzmiloududy rotor gn blocked A



P4

mnszuauaz developed torque  #ifedumolddeulvil wwidenien  <blocked -
rotor- wie <locked - rotor~

1*:__

+ e -

_—
ToDC > — R,

Vo
1
source —_

N

Armature blocked
E,=0

IP + CW

71l 10-

angilit 10-31  nszua Iy fignfslas armature  fe

la = (Vr - E/Rgir

10.40

vaziiaams locked - rotor wili rotor iviu  §ufunwdives rotor i

4

qui iile rotor liviyu vz hidausesuliihdwiu cemf  §ufu cemf (Eg = 0) uaz
nszuad locked - rotor  fis

(L la ir = (V1 - 0)/Ragir ‘: V. Racir
10.41

e la Ir = armature current at locked rotor (A)

msaamsqaide copper losses Windetosiiqn uazmaiudszdniam wdeaiu
armature @earadnhiindidavinalng  sazmstesiunszua’valy armature win
duld  wwmesu starting DC motor  ssdeahimanudmumunisueninaeeynsuiy
armature

Snszualwalu armature madull  azfumailfifadszmellanns arcing

a a 1 @ a @ % 1 t4
vsnaAmthewlseauny  commutator wazinansnszunn luiunnuladegilnsal



Junaou Tasnaain high starting torque  Fwwazshanudenmoniinadegunsal
W d‘
Tunaon
» Manual Starter

DC motor @fivinadusavdiuussd wu vina %2 hp  liduiludesldman
aumuneuenuzielums starting uadufunemesvinaluajrzdesldnnudiuniu

meuenudesynsudiy armature saelums starting  iieflezaanszualu armature

circuit s starting resistance swamaunssiassdnldihdwndy cemf (Ep)
pnadnifisanediszannszualy armature 1ded1alasass Awes Starting resistance
Ui s fanssuaaziaszna 150 - 250 % wea rated value  uaziuegdu
starting torque @igeams

Tasn@ shunt field wzdensensu full-line voltage iedeams starting

o . o
onUnszua armature wissanios ladraussandosms

Holding
coil

Armature
To

DC source

xd DC motor

el
=
=)

dLual Ll

it 10-32  wemswiiaves rheostat ves manual starter defu shunt
motor Tasya L svgndeduuvasinel  9a F avgadeduva shunt field  uazqa A
sggnaeny armature

iewemesegluaniuzegiia  contact szedlusumis OFF iieases closed fu
faduazgmidenlulii contact 1 ludumiad rheostat waooynsuny armature uas
varfisauniosduiafuazmonllededh q wdsdumis RuUn Tuwaizdi contact

v v 4
nlaeuliaz Step nszue armature szanas nazanmisasouaziiargeiiu



The holding coil ss@adadu rheostat ludwmis run  wasn rheostat
fl¥lums starting gndasenainies  wimaniivimihiiadusedagaly holding coil
wgnisenh “ditleatuvas Wiiusedu Wil fedlelifiuseduiihii coil v:'hifiusega

uazazsh i SPring asuiisdulfmegludumus  OFF milowdy

Example 10-11 A 15 hp, 230 V, 1750 r/min shunt motor with a compensating winding draws 56.2 A

when operating at rated condition. The motor parameter are : R_ . = 0.280 Q, Ry =137 QQ  Determine :

(a) rated torque (b) armature current at locked rotor if no starting resistance is used.
(c) the external resistance required in the armature circuit that would limit the current and develop 200
percent rated torque when starting

(d) Assuming the system voltage drops to 215 V. determine the locked — rotor torque using the external

resistor in (c)

Solution

Ir

—"] —
To DC Vr To DC Vr
source —— source o~ .
}__,,
—_——

(a) (b)

3 171 10-33 Circuit for Example 10-11 (a) without starting resistance; (b) with starting resistance

(a) rated torque (Trate d) (1919 rated condition

NNANMS P=Tn/525% = T P x 5252 /n

rated

T = (15)(5252)/ 1750 = 45.02 Ib-ft Ans

rated



(b) armature current at locked rotor if no starting resistance is used. (Ia lr)

Yy 1 . .
m"l,mJ stating resistance :

NAUNS I = (230-0)/0.280

a,lr

= (V;-E)/R

acir

>
2

= 82143 A

(c) the external resistance required in the armature circuit that would limit the current and develop 200
percent rated torque when starting (R )

nngihees motor 31 10 - 33 (@)  ife'lifi starting resistance deluaees

a2'ld

I = V. /R, = 230/137 = 1.68 A
uag la1 = I+ - I = 56.2 -1.68 =
54.52 A
ninaes motor 31 10 - 33 (b) siled starting resistance soluses auydld
anwnuuiveaduusunivdnaedt ez developed torque = 200 % rated
torque Fufunnauns
Tp = B, LKy = T, = L (LﬁaBpuazKMmﬁ)
Az Tp, = 200 % T, =271,
dui Tpr/ Toz = lar/ la =l = (Toz/ Tp)
X Ial
oo = (@Tp1 / Tp1) x (5452) = 109.04 A

nnng  Kirchhoff's voltage Law wes armature circuit Iugd 10 - 33
(b) iledi external resistance deeynsuiy armature o148

\Y%

T Ea + Ia (Racir + Rx) — Rx - [(VT B Ea)/laz] - Racir

R [(230-0)/109.04] — 0.28 = 1.83 Q Ans

X

(d) Assuming the system voltage drops to 215 V. determine the locked — rotor torque using the external

resistor in (c)



el external resistance delussesuaz voltage szuvanaunie

Al
Ly = Vo/R  =215/137 =157A
oy Ly = V- EJ/Ry+R)
= 215 -0 /(028 +1.83) = 1019 A

Lﬁﬁ]ﬂizuﬁ shunt field current L1 armature current U locked - rotor wasuualag

developed torque VB4e locked - rotor etlasunasauanssue Ao

Tp a lfl;

215 V

dute Tpr/Tpz = (f )1/ (5 la)2 = To2= [(f la)2 /

(If la)1] xTp1
lf2 = If Ir la2 = la, Ir
= Trated

T, = [(1.57x 101.9)/(1.68 x 54.52)] x 45.02

D2

= 78.63 bt

Tp1



SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

E = PaN®p /300 (V) E = n®pk, (V)
®p = NI /R (Wb) E,, = n (NL/Rk, (V)
I, = B /R + R, ) (A) VR = (V, -V, )/ V., x100 (%)
n = E/®pk; |o,-,  (r/min) T, = B Lk, (Ib-ft)
SR = (0 = ) /Mg X100 (%) By = LRt Vr V)
acir ~ Ry T Rp TR (€2) E, = Vi LR V)
n o= (Vp— LR )/ ®pk; |02, (r /min) P o =LE (W)
T, = 7.04 LE /n (Ib-ft) P o =Tpn/ 5252  (hp)
Ploss™ Pacic ¥ Py ¥ Pegre T P + Py + Py (W) Py = Vi1, W)
Total electrical losses = P.+P . +P (W) rotational — Pmech — Pshaft (W)
Rotational losses = Pf,w + Pstray core (W)
n =®,/pP)x100 =P /(@ +P_ )x100 (%)



Ia = (VT - Ea)/R (A) Ia,lr - (VT o 0)/Racir - VT /Racir

(A)

acir
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11-1 uni
Y 1 o oA A < o
DC motor U DC generator #TNNUN input power TaguD9 motor 3 input power A UNAIY

33| [ ) [ . 33| [
i uae output power (Jundsaiuna  @115U generator input power IJUNIIUAA 1AL Output
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11-2 Compound Motor

' 9
DC motor U1 compound motor 9¢TYADIAUNUIUBATINIU 1 YA A0 YAAIA “Series field”

niudreadranowmsvinalyg azseguuunadn Shunt field muinaaslugii 11-1

- -

Pole iron

Shunt

Series coil coil

3 17 11-1 Pole iron with shunt and series coils

YAAIN series field 9zADOYNINY armature MUALETAIIY circuit diagram JUN 112 Tag

4 [l <} IS o 1 [ 1 a Y
Llﬁﬂlﬂaﬂullﬂlﬁaﬂ mmf W UTAFIUNY armature current (Ia) LLaZﬂﬁﬂuﬂﬁﬂ’Nlaﬂﬂﬂ‘U mmf U

shunt field
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3 Ui 112 Circuit diagram for a compound motor

YU motor FUA compound motor fJfﬂHﬁﬂTWUliJ'ﬁ load (no load) ﬂiguﬁhl‘Nﬁ1 series field 3%

Ve 1 { J a 1 I { . . (% :JI
iad uanszud W shunt field 9zfiAmn  JuAMsNIzAUEIUANT (full excitation) AT

=

Y
[l o Y 1 1o <
Yz 1% load # compound motor 9211191UAA1GAY shunt motor uAvz L IiaNwSIs0 UGV

o @ o ] 3 ] '
Lﬂu’aumw L‘Wiwﬁmmi}ﬁmmmmaﬂGU’EN shunt field 53%@@&38

® Stabilized-Shunt Motor
Aa . Y v A ] A
Compound motor NUVYANIN series field %zgﬂa’ammﬂwaimu,ﬂmaammmaﬂ mmf WY
= v ¥ A g A a . ) A
NONITUNANTUANDULNLYAN mmf TNAVIN armature reaction UAZITTIN speed droop (WO
{ < 1% 03.1’ ) ! N
m‘uauﬂmﬂﬁﬂuuﬂaqmmm 411 compound motor VWNILTENI1 “stabilized shunt motor”
] i 4
VYANIA series field GUfNLﬂ?ﬁNi]ﬂiﬂﬁiﬂﬁl‘ﬂ’)hl‘ﬂ%%ﬁ%1u’3u3@‘uﬂi%iﬂﬂ! Yo - 1% 50UADUY LAY

[
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11-3 MINAVNANIIMIHYHYDI Compound Motor
miﬂé’uﬁﬁmqmiﬁyumm compound motor #30 stabilized-shunt motor #1114 Tagmsnduian1g

VoINTZIE 11 armature , interpoles (¥ compensating winding mu‘ﬁuﬁﬂﬂugﬂﬁ 11-3

Shunt } 1 Shunt } 1

1 Series

(a) (b)

gﬂﬁ 11-3 Reversing the direction of rotation of a compound motor

by reversing the current in the armature , interpoles and compensating winding

103U 113 dnduiamevesnszualy armature osediuder Taglinduiamevesnszua

Tu interpole Li1¥ compensating winding wihldinadseme i arcing AUTNUAINTENIVDY commutator
Y

nazntlseau visendunanaveanseualy series field 1A shunt field W42 vandoudy  91nau

a I~ o a . . .
nemaveanszualy series-field 39 shunt field teauAIRe 3zl unai 1A differential connection

11-4 Series Motor
Series motor 321UAAIA series field YUIAIWQADOYNTUAD armature 1161 11TYAA2A shunt field

Ao q¥a 9 = 9 g o q ¥ . ' = 3 Ay Yo ~ Y
V]V]Wslﬁlﬂﬂlﬁulliﬂllulﬁaﬂ ﬂ?ﬁllﬁﬁ]uﬂ%‘ﬂ’lﬁl'ﬁ series motor lﬁ\‘]hllli]ufl\'lﬂ'J’lﬁJLi'JﬂvlﬂﬁJﬂ'J'mlﬁﬂWWﬂllﬂ

=B

1 load wargnianoen  msilan load ©0NIN series motor 311 IH developed torque (T,) e

' 34 o q U < 4 4 = A &
41NN load torque (Tload) =Tp > Tloa HANAOIN 11ANS IV motor LNV UMLN cemf IWNAU

d

o Y 4 i ' o '
%wﬂwmzuaiu armature (Ia) afay Lﬁﬂﬂ%iﬂﬂl@aﬁﬂ series field AODYUNIVNY armature Lﬁﬁ]ﬂizuﬁ

o q ¥ { . v < ] . Y
Ia [31213N %Z%ﬂﬂﬂizuﬁﬁ series field aNNINY waﬂﬁaammmmaﬂmm series field aNQNNY

Series motor 3¢A0 1AEATIAY load laeld solid coupling 130 gear 1aZIZABNY load NUAIA

A o o 3 v Y v =X 1 a Yo
LW@ﬂ']ﬂﬂﬂ'J'uJﬁle motor ﬁﬂ\iullﬂ@ﬂ']\jﬂaﬂﬂﬂﬂ ﬁ]ﬁlluu&ilbl%ﬂﬂ load ﬂiglﬂ‘ﬂﬁ']ﬂw']u



miﬂﬁuﬁﬁmamiwuumm series motor 11114 Tagmsnaunszualu armature , interpoles LA
compensating winding IFUIABINUIUY compound motor muLaAIlUgUN 11-4 (b) WITONAUNANI

VDINTEUE IUVADIA series field

t (s

1P +
I Bew
1 Series

(a) (b)

3 U 114 Reversing the direction of rotation of a series motor

by reversing the current in the armature , interpoles and compensating winding

11-5 HANITNUABNITONAIVOIAHIIBIHANLH DC Motor
HANTENUABMIDUAIVOIAUINUNINAN (magnetic saturation) (FULTIHHANNTY (pole flux) V2
lifludadiulaonseiy applied mmf  MIsfIuIAANNYNADIVBILTITAIAZAINT WOIMDT AW

o Ay ] ] . ~ A
MIMNUMUNABINT 92A011% Magnetization curve  aunuaaalugzli 11-5

Flux Density (B, T)

Magnetomotive Force ¥ (A-t/pole)

3 Ui 11-5 Typical magnetization curve for a DC motor
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HATINVDIUTUAAOULLMAN mmf 111AA pole flux #921)32N0UAIUAAIA shunt field,

series field 1AZN5INA armature reaction VML ﬁuﬁa

F et =FE+FS—Fd 11.1
&
e F e = et mmf ( A-t/pole)
F g = Nelp = shunt field mmf (A-t/pole)
Fg = NgL = series field mmf  ( A-t/pole)
Fy = equivalent demagnetizing mmf due to armature reaction  (A-t/pole)

anl ol [ Y ' . . .
®r o ﬁuymuﬂu ATIUNUNTEUE armature current (Ia) uaon 1¥vaada compensating winding

9 1
a1 r a= 0

{ 1 <
1AM3An IUUNT 10 A1 developed torque HAZANMISIVEY DC motor 11 1@9IAANA3

D a M

ay n = (V; - LR_) / D kg
1oy R, = R + R, + Ry, + Rg
!,1;@ : R = resistance of armature circuit  (QQ)

R, = resistance of armature winding  (€2)

R, = resistance of interpole winding  (€2)

Ry = resistance of compensating winding ~ (€2)

Rg = resistance of series field winding ~ (€2)

B, = air-gap flux density (Tesla: T)

o = pole flux (Wb)

E4
[

MAIN k, Loz kg YUOYNUNMTOBNUULYOUATOIINTNA , ¥HUAVOI armature winding 1Az

1\ Aq Y
N 1%



MSLAAY pole flux ((Dp) 1ag flux density (BP) 11 terms VY99 reluctance (r) (LaZA1 net mmf

] k4
(r net) Anszi ldauunuueein

® = ¢ __/r 11.2
p net
Iag
B, = ®/A =1 /A 1.3
P net
139 : R = reluctance of magnetic circuit (A —t/ Wb)

Example 11-1 A 240V, 40 hp, 1150 r/min stabilized-shunt motor operating at rated condition , has

a efficiency at rated load of 90.2 percent. The motor parameters are :

Armature Interpole Series Shunt
Resistance (€2) 0.0680 0.0198 0.00911 99.5
Turns/pole - - ) 1231

The circuit diagram and magnetization curve for the motor are show in Figure 11-6 Determine :
a) the armature current when operating at rated condition;
b) the resistance and power rating of an external resistance required in series with the shunt field

circuit in order to operate at 125 percent rated speed. Assume the shaft load is adjusted to a value the

limits the armature current to 115 percent of rated current

Solution a) the armature current when operating at rated condition (I, )

(1BM19UN rated load

nnaums m = e /P — po=r /M

P. = (40 hp x 746W)/ (90.2 /100) = 33082 W
nnaums P = VoI, = I = P_/V, = 33082/240 = 13784 A
1az I = V. /R, = 240/99.5 = 2412 A

UU L= 1 -1 = 13784 — 2412 = 13543 A —— Ans



b) M1 resistance and power rating U9 external resistance ( R, 18 R, ) Lﬁ@ﬁmwiaauﬂﬁ u
7112993 shunt field 4AZNINIU 125% 10 speed

usundounivian mmf luva series field U9 stabilized-shunt motor vz@eAUUL IR

MszanamAULazATITINAY equivalent demagnetizing mmf Y04 armature reaction Fafurasu

93 flux 11 stabilized-shunt motor ﬁﬂ A1 mmf V04 shunt field ﬁuﬁa

Foet — Fp = Nf If = (1231)(2.412) = 2969.2 A-t/ pole
1.05
7 I
i ]
0.90 - !
1 u
- i
0.75
H
+ , 1
£ 060 : T1
o ! i i .
S 056 srs= == .
2 1 T I I, i
5 Rx Rlcir o
é 0.45 R " H
p— 1]
1 / =
T ToDC v,  Shunt 9- Load | =
- I source — .
T ’I -+ v - _—1 __
0.30 - T P |
ll' | | 1 1 Rf -
- -1
iR i 3
H 1 S A T =
0.15 I O R 1 1 RS ! ! 7
1 INEES T N W I 1 ]
3 1 1 1 T i 1
SRR i : T
T T jus e
111 ! } i ] 1 i E 1 T
0 1 2 3 4 5 6 7

Magnetomotive Force (A-t/pole x 1000)

ﬁ]’lﬂ’g‘lﬂ magnetization curve Lﬁﬁ)ﬂm"l F oo = 2969 A-T/pole Tieuluns ezl flux density
(B)=070 T

v
&

A
HUMD

jov}
Il

B, =070 T



o 4 ) . 1 @ o {
vinlandimualidilon resistance R, 1900YNTUAVNIT shunt field waziaIUN 125%

VD9 rated speed Wufe

n, = 125% n, = 1.25 (1150) = 1437.5 r/min

2

uazﬁwmﬁ' shaft load 1/5UA1UDINTZLE armature current (Ia) = 115% 04 rated current HUAD

1 =

2 5% L, = 1.15 (135.43) = 15574 A

& < 1 d'
nnauMs n = (Vp — L R _)/B, 1AM rated speed tazanszud I ulaounilag

w19 A1 Flux density (Bp) nlasu)aslidqe e

I = 13543 A Bpl = 070 T

n, = 1150 r/min
al

1

= 125% (1150 ) = 1437.5 r/min L, = 115% (135.43) = 155.74 A sz = ?

faif n/n, = [(Vi-LR J/BJ, / [(V. - R /B,

acir

By, = B, m/n)[(V,—1 R O,/ [(Vp—1 R I

A . . 1 = v o
UDINITUDN armature circuit "l,aJaJﬂmﬂaﬂuuﬂaq AMNUUM R . = R .. =R .
acir acirl acir2

=R = R, + R +R = 0.0680+0.0198 +0.00911 = 0.0969 Q

R .. = .
acirl acir2 a

0.70 (1150 / 1437.5) [ 240 — (155.74 x 0.0969)] /[ 240 — (135.43 x 0.0969)]

= 0.56T
= 056 T ldeulunslivoria

mﬂgﬂ magnetization curve oA Flux density B,

Magnetomotive fore. (v ;) awld 2.3x100 = 2300 A —t/pole

mﬂ'1Extemalresistance(RX) NITUMT F o = Ny L — ¢

I = 2300/ 1231 = 1.87 A

Vi =L® +R) = R_= (V. /1)-R;

NNHVDI ohm’law T

(240/1.87) — 99.5 = 288 Q

R

X
11A1 Power rating YD external resistance (PRX)

2 2
Peo = LR = (1.87) (28.8) = 100.7 W

Rx f




Example 11-2 A 100 hp , 650 r/min , 240 V series motor has an efficiency of 89.6 percent when
operated at rated conditions. The series field has 14 turns/pole and the equivalent demagnetizing mmf due
to armature reaction is approximately 8.0 percent of the series field mmf. The motor parameters are :
Armature Interpole series.
Resistance (Q) 0.0202 0.00588 0.00272
The circuit diagram and magnetization curve for the motor are shown in Figure 11-7. Determine

the speed if the load is reduced to a value that causes the armature current to be 30 percent rated current.

0.90 INEE

0.75 7

i
R

0.60 1 H 11

..l.l N 4

0.45

Flux Density (B, T)

0.30

CEINLEE

0.15 im

1
1
i

-

0 1 2 3
Magnetomotive Force (A-t/pole X 1000)

gﬂﬁ 11-7 Magnetization curve and circuit diagram for Example 11-2



Solution nawms M =P /P = P = P /1
out

out m mn
Pin = (100 hpx746W)/(89.6/100) = 8325893 W

NNAUNT P. = V.I = 1. = P./V. = 8325893/240 = 34691 A

n T°T T n T
woines Ui series motor AU T = 1 = 34691 A
M R . =R + R, + R, +R = 00202+ 0.00588 + 0 + 0.00272 = 0.0288 Q

acir a S
uay Foetl — Fs—Fgq = NS Ia(l —0.080)
= 14 x 346.91 (1-0.080) = 44682 A-t/pole

iﬂﬂgﬂ Magnetization curve et Magnetomotive force (¢ ) = 4468.2 A-t /pole Tty

net 1

Tuns ez ldmn Flux density (B) = 0.87 T

Wupe B. = B — 087 T
p pl

) 1 s A 1
Tandimualina speed voauonos onszua armature 31817 load 8A89 30% 910 rated

2 3 o q ¥ . Y o A
current ¥ UNaNi i magnetomotive force (¢ netz) ANANIAIY  UUAD

I, =30%I

2 0.30 ( 346.91) = 104.07 A

uag Foetn — 30%F = 0.30(4468.2) = 1340.5 A-t/pole

net net 1

et magnetomotive force (¢ net 2) = 1340.5 A-t/pole lieulunsmlaz laa flux density

(B) = 034T UMD B = B, = 034T
p p2
NNANMNS n/n, = [(Vi-LR J/BJ / [(V. -1 R /B,
1’12 = 1’11 [BPI/ (VT - Ial Racirl)] X [(VT - I212 RacirZ) /BPZ]

= 650 [0.87 / [240 — (346.91 x 0.0288)]] x [240 — (104.70 x 0.0288) / 0.34]

= 1713.64 ~ 1714 r/min Ans




11-6 Linear Approximation
v M Yo L. B A q v ' A
M lldsmuans vl magnetization curve 3114 e lslumsmimmsuasunlasues

] 3 1 o ' o 1
FUINLUYIAN ﬂ151’ﬂﬂ1ﬁ11ﬂﬁﬂﬂi%‘ﬂf’l@gﬁﬂﬂﬂ1§ﬂ5$ﬂ1ﬂl@ﬂﬁ°ﬁ81ﬂ 9 ﬁﬁﬂﬂWﬁﬁﬂﬂWWﬂﬂﬁZﬂU%Wﬂﬂﬁ

'
a

@ 1 g 2 [l < . ]
fJiJ@l’J"ll@\‘iﬁUHJlliJmaﬂﬂQllﬂ fJElNUliﬂGﬂiJ"Uﬂ series field Y939 compound motor flslllﬂﬂslﬁfg a5
@ 1 <] Y Y A o [l < 9 1 A A
GU‘UﬁlﬂllllllL”I/mﬂﬁl‘ﬁ!fllYLIﬂ1iEJ§JG]’J"1]’ENﬁH13JLL3J!WﬁﬂhlﬂIﬂﬂmw1$ﬂfﬂ\‘iEJ\‘lﬂﬁlbluNfJuhl"U locked-rotor

9
(ae overload AIUUMIAUIUNIAT Torque 1A speed N5% locked-rotor 11a2 overload 2
a 1 o A o 1 3 a
AANAIANIN fshVLNHWWQﬂ'§$‘1/l‘lJ%1ﬂﬂ1i@u@]3ﬂlﬂﬂﬁu1mmmﬁmﬂﬂﬂ

] <3 ]
AUNITUDN Linear approximation UBY Torque AT speed TR uuIvan LagANNHUIUHY

4

] =} Yo
ﬁmmmmaﬂiugﬂmm net mmf (r net) ﬁ?iﬂﬁﬂﬂﬂﬂﬂﬂu

NNUNN 10 A Developed torque M Iannaums

T, = B, L K, 114
unum B, = r o AR Nnaumsn 11.3 adluaumsin 114 2218
T, = (r /AR I K, 11.5
HazAUNT 10 A1 speed () W1 IA0INANMNS
n = (Vp - LR )/ ® K, 11.6
HAZINFUATA 112 M D = /& diounuaadluaunsn 11.6 a2l
n o= (V, - LR /¢ _ /0K, 11.7

8 o A o 1 < Qy o 1
Lﬁ@ﬁﬂﬂWWﬁﬂ‘i%‘ﬂ‘UmﬂﬂWiﬁ)iJﬁ’J"ll’é)ﬁﬁ’uHJ!mmﬁﬂ‘lfl\illﬂ i]%ﬂﬂ"rgi‘}ﬂW reluctance (r) VD

] < A A o 3 A Y =
AUINLUHANUAIANN AUUTUNITN 11.5 %gllﬂ?ﬂ developed torque 719

T, OC r x 1 lb-ft — 118

waznaumMsn 11.7 3¢ 14A1 speed Ao

n o (Vv - LR /v #pio — 119




® Series Motor

9 o . ' { ] A o ] <3
DINTTNNIUUDY  series motor agiumautﬂlﬁﬁvluﬁNaﬂizvmmﬂmiaWI’JGU’ENmmJLmeaﬂ uae

Y 1
WANTLNUIN armature reaction AU developed torque nnaumsi 11.8 wld

D,series - F net X Ia
=F _ x1
S a
= (NS Ia) X Ia
2
Ty ne € 1 — 1110
,series a

{ [~} ' i< [ [ o 1
NANMIN 11.10  LHUN developed torque U9 series motor willudadrunuminseuelu

armature ( Ia) MGG ON

11-7 Comparison of Steady-state Operating Characteristics of DC Motor
a 1 1 OJ = 1 d’ U (?J} v o d'
@nmJﬂmmmmmwmu"lWﬁwm Dc motor 3&UAIAIN AIUUAUTUUANITNINIUN steady-
a o 4 J
state UBJ shunt motor , compound motor L% series motor %5&59]}6&’31,?151314%1ﬂﬂi$LLﬁ@1§L3JLi]@i (Ia) ,
] 4 = o ¥ P A
ANLTITOU () LA Torque (TD) “INﬁ'l'iJ"IiﬂVlﬁ]gllfJﬂﬂﬂlaﬂ‘Hmﬁﬂ']'icl‘;])'ﬁu‘u@ﬂ Dc motor llﬂ 30UU AD

o v o ¢ ' < Y % %
1. AUANHUSUNANUAUNUITCHINANULIGITOU (n) NUNISUADITINDT (Ia)

[ o o 4 1 [ 4 4
2. AUANHUSVOIANVANNUTIEHIN Torque (T) NUNTSUADITINIIOT (Ia)

@ v o ' o ]
3. AUANHUSVYIANNTUNUDTIZNIN Torque (TD) NUANMNLTITOU ()



100% speed e ——— = e = ——— —f — — — — —

Rated load

100% torque

1
150

Armature Current in Percent

)
3
=~
A
o

3 1 11-8 Steady-state speed and torque characteristics of typical shunt , series and compound motor

i@ Shunt Motor
wa o A = < ~ 1
AUTUUANITNINIUYDY  shunt motor AD UAMUTIANINDINABDU no load Vlﬂﬁl rated load Iﬂﬁl
speed regulation wimlszanm 5%
4
(Y] ] 1 I
Developed torque ﬂ%ﬁu@Qﬂ‘Uﬂ’NN‘HNHLH‘H"U@Qﬁ‘L!HJLLiJL‘HﬁﬂLLﬁ%ﬂ‘i%L!ﬁ armature 5’115{'141,!,3%
' < A o Y = A . o [V 09/’
Wanaen el developed torque 1asuuaunovvy Linear NUNTUE armature  A91Y shunt
Y o Ay <3 A 19 A A 9 =®R A 9 o
motor %gﬁlsﬁQWUﬂ‘U load WNADINITAIINLIIAIN uaz"lmmmsmmmimuqq fNLlEJiJGlG]Sﬂ‘]J
<
centrifugal pump fan , winding reels , conveyors (i machine tools Wudu
i@ Compound Motor
11590AY09 compound motor F3MNINNATLLA armature  9IAINTLUE IY armature HAWN
o Y a dgl 9 [ ea/l =R A a Q' 9 .
DERTRNNG Torque UMUINVUAIY  AIUU compound motor %QMLLN‘U@‘IL?N@]UQQT@& speed regulation
Y94 compound motor velmiszna 15-25%

Y ! A A { o < 1Y [}
Compound motor 9% 151U load NABINMIUTITATUAUGI 150 load NMNTUTINIE 15U

[ ) (24 <
Lﬂ?’f)ﬂ‘lmllﬂﬁ1 (electric shovels) , 509ty Tany (metal-stamping machines) (L8$ compressors i5udu



i@ Series Motor
o <4 1 = v o a) A 9 =
DATIANULIIVOY load VUMY no load hl‘]Jf,j: rated load %Zilﬂﬁ;fﬂﬂ’)“ﬂﬂuﬂﬂlliﬂﬂﬂﬁh@uqq N
M series motor YSUA1 IdAdemsTundouvDINED (hoists) , 50 1l (electric locomotives)
Y A . A vy ng o Y v a
VOLHEUDY series motor A0 91UaA load 8ONNIMNA 9231 11U “ run away” JUINA over speed

Y

Y o o . =K o 9 1w [l A .
18 @917 series motor 93 uTuvzd09A0N load TaBrIU gears 30 coupling

11-8 Adjustable-voltage Drive Systems
o A Yo Y ¢ & a < <
msUsy voltage mz"lﬂ“lwmwuﬁlwgi@ﬂ’nmmmu UIDAAAITNLIIAT LAasAIVANAITNLIIVD

shunt motor L4ag stabilized shunt motor ¥111@ IasnsUsy voltage N armature VUZNIID1Y voltage 1%

shunt field AINHIOUIAY

=o N HOE:

-——— |
—l Rheostat l g
| 1
I J
+

240 V Excitation bus

3 Ui 11-9 Elementary circuit diagram of a simple adjustable-voltage drive system

H A
1ngU7N 11-9  naaesiuguueImstsunas voltage tuudiw 9 lumsldduszuy Fon
“ Ward-Leonard system ”
. Aq Yo < A s A . A A sA A
Prime mover 1%y generator 192 UATOIIUAALTA 150 turbine HIOIATOIYUADU q Ny
<3 { 1 o A < {1 Y . . 1 o
ANwsIAen  uaziiuvaariialviudn q 19181970 excitation bus Haz181¥AD Rheostat  1ag
o < g A v = <
Rheostat 321 uAIAI1UANAIMEG 19N ATuAUTYU 1/auDIAI5 7 base YD motor  1AZNS
F4 [
NAUNANIINIHYUYY motor A1KNT0NAY 1A Taemsnaudrvesunasiuianiie1¥iy excitation bus
] H d v ] o - v o
i@du'lidar  Rheostat 1iumsuang sliding contact Maeu’ld 2 su lufianeanasadhuiu
[ 4
dmsunauiameamsvyuiasad iy 81 sliding contact 0gTuA1MUIATINGINT 2 FU  1EAIT

I J
Aszua 1y armature %zaﬂmmuﬁuﬂ (zero)



Example 11-3 The adjustable-voltage Dc drive system , shown in Figure 11-9 , has an armature rated at
750 V, 1600 hp , 955 r/min. The armature current and field current at rated load are 1675 A and 5.20A

respectively. The motor has a compensating winding and the separately exited shunt field is fed through a
rheostat from the 240 V excitation bus. The motor parameters are :
Armature IP+CW Shunt
Resistance (€2) 0.00540 0.00420 14.70
The power required by the propeller load varies as the cube of the speed. = Determine:
a) torque developed when operating at rated speed.
b) developed torque required at half rated-speed

¢) armature voltage required for half rated-speed , assuming rated field current.

Solution a) torque developed when operating at rated speed (Tp))

R, = R, + Rp,y = 0.00540 + 0.00420 = 0.00960

NAAUMSI vV, =E+IR. = E = V.- ILR_
E, = 750 — (1675x0.00960) = 733.92 V
neaums P =E I = (733.92)(1675) W = 1229316/746 = 1647.88 hp
neaums P =Tyn/552 = T, = (P__ x5252)/n
T, = (1647.88)(5252)/955 = 9062.5 Ib-ft ~————— Ans

b) developed torque required at half rated — speed

n, = 50%n, = 050n,

d o 1 . o w o 3
TandfIMuUAAT Power 3¢ varies A1 speed ¥NNI1AY 3 Hufo P an

, 3 3 v 2
0e P=Tn J.Txn O n = T O n/n AWy
2
T O n
A / /n)° /n)°
UUAD T,/T, = (n,/n) = T, = T,(n,/n)

2
T, = 9062.5 [(0.5x 955) / 955] = 2265.6 1b-ft Ans



¢) armature voltage required for half rated-speed (VTZ)

4 aq Y { o 09/‘ [] I { A
Tondauydli rated field current AN AIUUTUIVININANTUAAINNTEA field current DLAIN

d1e fufe ® = D gz B = B
pl p2 pl p2

wnawms  T,/T, = [B)1],/ BLl, = I,= (T,/T)B,L)/B,

Ia2 = (2265.6/9062.5) (1675) = 418.75 A
Tandimuald speed anad 50% Wufo n, = 50% n, =0.50 n
vnaums n, /n, =[(V,-LR )/ D] x [ /(V,-1 R )],

VT2 - (nz /nl) ((DZ/ (I)l) (VTI - Ial Racirl) + IaZ Racirz

(0.51,/n,) [750 - (1675 x 0.0096)] + (418.75 x 0.0096)

3711 V Ans

11-9 Dynamic Braking , Plugging and Jogging

4 9 9 ¢ o o Y 79 ¥ £ Y

oApanaz lvuemoivigariyu TaenuUNAY 13192ADUVINVBINDT 1HYiga  FINTITNIL 1Y
FBmswsnalelvlih Ae

2
1. Tamiinsnna (Dynamic Braking)
v
2. 5UUOISNWIUINNN ( Regenerative Braking )
4] v
3. 1ann3 ( Plugging )

s 2 .
4. 99nN3 (Jogging )

i@ Dynamic Braking

{ o w 3 ' o s
YU NUBIADT MY UAIIAIMSITOUDGHY  BU519N Switch ON VBIADSTILHYANHY
A A 2 1 dy 9y Y 79 Y & v A
iesmnanudavesgnily uamsngativzldnannu dusennusnuemes IFiunganyui Ui 151
@ [l = { 1 3 o dy =] =\ @
1240909 1WooN91N2995 armature 081wAeY  Tashaumutmandadl 1w lUidesognaziing sau i

a 3 @ 4 v v ' < o
mwﬁuuu armature W3I1Z armature ﬂﬁﬁﬂguﬁﬁﬂﬂ’ﬂﬂlﬁﬂElulﬂﬁﬂﬂﬂﬁuHJmJLWﬁﬂ 51!511“@]'3?]'3111

Y . . . R 0 q ¥ s g £
AUNIU (Resistance Dynamic braking : RDB) UINDAITDN armature fuwﬂwuamaqumiﬁu NI

anumegrsendsnuratgniteennllugindsen Tihseldludranudumuingen



4 o ¢ 2 - s Y
armature iuzﬂﬂj'lil%lﬂu Lﬁ@cﬁuﬂwa\‘]\‘]']u%au N@Lﬁ@’iﬁwﬁm Li']ljflﬂﬂ'lﬁllliﬂm@lﬁ@ﬁ!l'ﬂ'ﬂﬁg']

“Dynamic braking” %30 “Rheostatic braking”

+ J, -
—
Mi M2
=t Ipp
Nl
Wy |
Ros M3

(b)

3 19 11-10 Compound motor with a dynamic-braking loop :

(a) normal motor operation; (b) dynamic-braking loop:

‘]J‘ﬁ 11-10 (a) uﬁmmﬁwmmamamaimuﬂﬂ@] Tag contactM e M an closed Lo
contact M, 3¢ open

‘]J‘ﬁ 11-10 (b) mﬂlﬂﬂ Dynamic braking 7 contact M, 1ag M, 9¢ open  L1Ag contact M, 9

closed.
o < ' ] I '
WHAAUNALKVUIVA series field %z"lm’mag“lu dynamic—braking loop f1UA series field 3349

Tu dynamic—braking loop i 1¥nszualy series field 8319 mmf MUAYU mmf Vo4 shunt field ﬁju

o Y A = o Y 9
Waﬂ’]ﬁlﬁllﬁﬂmﬁﬂu Ea afoN uamzma%ﬂwmi brake ¥194

i Regenerative Braking

J o { 4 o A o
Regenerative braking fio M3 T#uamosimihiithunsesduiia i udartloulvdoundudg
o I~ 4 o A Aa a 4 o <
uvasnell  wmzidwaiosduiia liihazimanssda lddumsnyuueaowmes  ildmyudaaiu
I % o ARl
Regenerative braking (Jumsiwsndnuuuniia  msvzilvuemeseleonin  51desadield
19 [ { Jd a 4 v 1 T 5 o A
usaau lihdundu (cemf) Muomeswantuiniimgeniumvasnielvl deawnsonszild 233 Ao
A 9 ] < 9 4?
1. iunszuadsaNiman iy

A <4 4 42’ 1 a 9 I 42’
2. L‘Wllﬂ’)'lﬂJ!i'Ji'E]‘]ﬂJE]\ﬁJE)W]E)i3J1ﬂleUﬂ'J11Jﬂ@] 312N load ﬁﬂi’ﬁ’ﬂi}!uﬁﬂﬂlu

a J 1
Regenerative braking awwl¥ndavnelu soluih ,aua uag regenerative braking Niennsoly
o . Y A < A 4 o q Y ¥ 1 @ Aa
Y series motor vlﬂ NTIZIUUBANMSITOLNNIY NTZUAIZAAAY M IMITULSABIHANNINAN
£ o Y v QSJI Y 9y v = = 1
VAAIAGIADOUNIUND armature  ANAINIY muuu‘zmu‘lﬂ%muﬂau cemf ﬂ\ivlllll‘ﬂNiﬂﬂﬂ'ﬂ

unasne n'lg



i@ Plugging

. A to o Y o a A ° ) s Y an A o @
Plugging Ao M3 lamaudldlunemes lunansgsi lduomesvuyunaunis A5msfenaudn

A @ ~ 19 o . lel Y 1
euam,mawwmmu"lﬂﬂmlmm armature ADUMMTIUINUVY plugging UU Lliﬂﬂu]lW1?11ﬂ§E]3J
1 g 1 ] [ { [
armature 32UAUTY 2 1917 Tz Tussdu I @ undy cemf Whldsaudie vaznszuanlvasziio

v Y
WIN INTIZAINNUAIUMUYDY armature IXUAIRY ST UIIA0IUAINNUATUMUNMBUD AT INAD
. A o o 1 Y 1 A = < P

PUNTUABU Plugging oS INAMINTZLE armature IRNAMAMANzan  Jevzmiuldmawsauuy

Plugging 92 liisoviion]d msznszualwihgunulliues

l : Series

f ——»

=
— i unt
Plugging
_— - resistor
——PL l
]
.
- TM
- e

3 U 11-11 Simplified circuit for plugging operations

A < o . y J o a
%’]ﬂzﬂ‘ﬂ 11-11 WumsuaaImsnIIues Plugging Lﬁ’auam@iﬁuumﬁmmuﬂﬂﬁ contact M
v
9278 182 contact PL azilla aeumduniwvenszudaziaadlegnasduiiy
9

(#1911 NUULY Plugging M1 contact M 921i)a 11 contact PL 921la  dariunszuaas lvamu

Plugging resistor AUNLLEAAIAIIgNATIAULE

i@ Jogging
. A Yo w Jd 3 A Y a ~ 9 [
Jogging A® M3 1FHAINUVDINBINDTOINTY W IHINANIIHYUVOI rotor Naztios lasld
fhmm&?fmmumgﬂiuﬁ’u armature Lﬁ@ﬁWﬁﬂﬂﬁzLLﬁLﬁ@Lﬁﬂ Jogging N1ILUINLUY Jogging VY

v o ] a ' o 1 { 1 o
Gl%ﬂﬂﬂ?!!,ﬁu\i‘ll@ﬂﬁ%lﬂ HazmMsUsUUAUNAIVOINUNLANAINAY



Example 11-4 A 240 V , compensated shunt-motor driving a 910 Ib-ft torque load is running at 1150
r/min. The efficiency of the motor at this load is 94.0 percent. The combined armature , compensating
winding and interpole resistance is 0.00707 €2 and resistance of the shunt field is 52.6 2 Determine: the
resistance of a dynamic-braking resistor that will be capable of developing 500 1b-ft of braking torque at a

speed of 1000 r/min. Assume windage and friction at 1000 r/min are essentially the same as at 1150 r/min.

Solution iﬂﬂgﬂ dynamic braking circuit Glug‘ﬂﬁ 11-10 (b) 199191UN rated load

nnaums P, . = Tn/5252 = (910)(1150)/ 5252 = 199.257 hp

nnaums P =P /M = P, /M = (199257 hpx 746 W) / (94/100)

P = 158134 W
fafunsziduesnang (Ip) I =P /V, = 158134/240 = 65889 A
nIZUAYDY shuntfield (1) I, = V. /R, =240/526 =456 A
uaznszuai lvaly armature (1) I =1 -1 =65889 - 456 =65433A
NNAUMS V=B, +I,R. = E = Vi- L R

E_ = 240 — (65433 x 0.00707) = 23537 V

7o ) 4 . . = .
Tandmviualim Ry W@ developing of braking torque = 500 Ib—ft 1 speed 1000 r/min

AU T,/T, = B.1],/ [B.1]

1 2 p al p a2 = Ia2 = (TZ/TI) (Bpl Ial) /Bp2

iWo: T, =910 Ibft , T, = 500 Ib-ft I, = 65433 A HASANUHUUUYD UFULT W AN

Y =W A _
ANBDYNUATANN (Bp1 = sz)

9
v o

iy L, = (T,/T)a,) = (500910)/(65433) = 359.52 A

LALINAUNS E /E, = mDky, /@ Dk,

E, = (n,/n)E, = (1000/1150)x23537 = 20467 V

a

91NNVT dynamic—braking loop Gll.!g‘ﬂ 11- 10 (b) 221

E, =1, R

a2 + RDB) = RDB = (Eaz_ Ia2 Racir) /IaZ

acir

Ry = [204.67 - (359.52x0.00707)] /359.52 = 0.562 Q Ans




11-10 Standard Terminal Markings and Connection of DC Motor

4 { 03.1} o [~ v W
3J'lﬁ5ﬁ1ulﬂéﬂﬂﬁﬂ18ﬁﬂﬁ1ﬁl‘ﬂﬂﬂl@q DC motor ﬁ’f] YAaIA shunt field WMUUAYUAIONYS F

I v v o [ . 4
Tasduvaadailudidnys F, uaziasvaadnlddidnys F,  dmiuuaain series field fisiooynsy

@ Yo o 9 Yo Yo A
N armature ﬂgsl“]f@li]@ﬂ‘hl‘iA Iﬂﬁl@]uﬂl’)ﬂﬁﬂﬂi‘]ﬂ@ﬂ‘ﬂi A1 LLﬁZﬂﬁWﬂﬂlﬂﬁ’Jﬂi‘]ﬂfJﬂ‘H‘i A2 AUNLLTAN

Tugi 11-12

rm~m ~
(Counterclockwise) (Clockwise)
Fy Ay Ay 0 Fa FtJ?’ Ay Az ;L Fy
[o] ) (o) o 0 o
Fy A 52F; Fy Ay S2F>
Motor starter Motor starter
(a)
M~ Naaaa®
(Counterclockwise) (Clockwise)
Fi9 94, Ay 51 S:00F,
13 )
FiA, F3S,

Motor starter Motor starter

(b)

3 19 11-12 NEMA standard terminal marking for DC motor and proper connection for

different direction of rotation: (a) shunt motor ; (b) compound motor

= 4 = & A Y o w
fﬂ?ﬂ?jﬂ‘ﬂ 11-12 (a) HEAUATOINNINUa18UIU04 shunt motor HAZNITADVINYNADITINIUNIT
a I~} a 1 1 :/' 1 o o o
vyuluianeamaudnuninnm uad1AedIve4 armature ligndes Tasmsaauaisazinliuomesvyu
a < a
Gluﬂf”f“l/lNGl'm!ﬂJﬁJuTWﬂT
< & o A g 9 ¢
%']ﬂgﬂ“l/l 11-12 (b) EaunIoInglaretIve compound motor oABUIRNABINBIADITITHYU

a [ a 4 @ o 4 a < a
TUNAN NI NUIRN mesﬁ@ﬁaumm%ﬁ armature ﬁlzm"lﬁ’mmaswuuslumﬁmqmmmnmwm



SUMMARY OF EQUATIONS FOR PROBLEM SOLVING

ft Ry T, = B L K,

no= (Vp = LR/ @K acir = Ra ¥ Rp ¥ Rey + R
(I)p = F Ly /r B, = q)p/A = F /Ar
Fret = Np lp Tp C o x1

net (Dp #0 TD,series oC a
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v

aadnyazmInziazmInMauveansestutialihnszuanss

12-1 wnih

DC generator uwuy shunt generator wsiia self-excited azgnnszduane
sz llfhondaes Faldnndunaimdnande  wazile armature wiyu snwnoiman
anAvzi liinaus s ldihazay
(buildup) Fozfunamliuseuiiih emf iy

DC generator wuu compound generator ssiszneudlsvaaia SEries
field vazvaana shunt field Tasvaaaa shunt field szdouuu short shunt wse
long shunt Fuegfumsidan

msdeviuasesiiiallihves DC generator szdesinisasmvaeuinligndes
fewimsdevin  marzdireinaduiu s liAa short circuit generator s

Aumarinldudssou waz commutator lasuanderine

12-2 Self - Excited Shunt Generator

nsosduiialdfhuun  Shunt generator — afianszdudaes azganszdudae
nszuallihondaiues deldnnsnnasiminande (Residual Magnetism) uazazih
WRandnduimdn  dleunu  armature wymziausssu lihmileniwudndes azes
mienhlddenszua liihdudndeedae nszualiihiivedines vadua field  liida
aumimaniuty e uiuamiminfiandaduindn mldfassaiuliih emf windy

vngilit 12-1 () uanssesauyaves Shunt generator uuy self-excited

Taglumeunsnusedullih - emf (Eg)  wwiannsnnumimdnandraluduimin 1l
ansves field switch Faiees s ldidadunsasimananuaala shunt field Niiasy
fusnnaimdnandaluiuiman mldussuliih emf iy

vngilit 12-1 (b) wams Magnetization curve uas field-resistance
line 4wy self-excited generator &u field-resistance line w&snnguoes
Ohm's Law Tas plot »1n voltage uaznszusluvaana shunt field qasudy

ves field-resistance line weiSunngudwnidaa rated voltage ( Vi) wassnssuaii

Jaldnnvaaaa shunt field (1)



nsml Magnetization curve 18nnmsdauniesii rated speed  vaizdl
i load +eedii out put ms plot # induced emf #u shunt field current
vz field current sznldousnnguilifszna 125 % ves rated voltage &
win'liaa hyteresis loop a1 field current az'lianamn q gasznieims test

Generated EMF E, (V)

(b)

Field
switch
Ry
—
Shunt Output
field terminals
e
(a)
Vil —a
Operating point
Magnetization -
curve |
| . .
| Field resistance
| line
|
|
|
|
I
|
I
>
19 - nerator:
13 - |
£ anerator
SN
06 1.1 1.6

Field Current .-'),r(A)

vngdl 12-1 (@) awyenr  field switch  egludumiuilanes oy

armature wyuii rated speed Sunwsimanandreeziifidaus i lihazaudszina
7V awiweaddunsl  magnetization curve ju 12-1 (b) leshimsTanees
field switch veiildussdullfhazan 7V anaseuiivaasn field winding vil#ifa
nszua field current = 0.6 A awinaawudu  field-resistance line e



awnduvesnszua field current = 0.6 A 'lddasu magnetization curve
W voltage avawdinduiy 13V uazdleandu voltage azawiidiniu 13 V 1y
dafudu field-resistance line wlidanszua field current = 1.1 A iiesin
ao'l1iSo0 7 s I haz auaziuiuson q wnsestamatinvens gy ifhazauas
il dRadusaimidndududnde’ld  Faideyadaves magnetization curve

field-resistance field s3enqaiin  “operating point-

e Adjusting the No- load voltage
midfush  voltage vae No-load wwiiiGendn  <Open circuit voltage~

fomanlaeu slop wes field resistance line

m3that rheostat resistance 'lisesunsuiuvaaia Shunt field a7 slop
ves field-resistance line w@sunlas ﬁufuﬁﬂﬁ'ﬁ;ﬂﬁmgax operating point Favui
low voltage awinaadlugyl 12-2 msaswes rheostat resistance szvinlifa
anuuanagvesar resistance lu shunt field e

R = Rf + Rrheo
Critical resistance line
R4 \ R3 Rz R\
e
Sy
[ b | Riheo
& Ra
3 I
§ + ! R
S ‘ @ E, Ry Output
Rs>Ry>Ry> Ry

iding

Field Current /;(A)

~ 1

wngll 12-2  operating point # graphical solution wesaeseumsii
Aasulunardiordu #e Ry waz R, Faru magnetization curve azuaadae

auns



ud @p = (Nf |f)/ R 9101

12.1

waz field-resistance line azuaasdroanns

Ea = If(Rf + Rrheo)——

12.2

m & rheostat resistance gnisuluaaiivial field-resistance line egms

Mudneves Magnetization curve de Ry awssn Tihazauszgeniiaildon
SuNuBimananAg

m & field-resistance line oglununduassiuiuy magnetization curve e

R3 s voltage ¢ unstable uazsanudumuvesns field circuit 4
gniuiseni  « critical resistance -

e Basic Design
Self-excited generator Tasindszeenuuu Voltage 1uszum 125% wveq

rated voltage Tasms$usr rheostat snsarwdwmugud  uaslid load dodi

out put
Field rheostat azgneenuuuliiisn rheostat resistance gega uazazdiia

voltage aou no-load Jszina 50% ves rated voltage



12-3 Effect of Speed on Voltage Buildup of a Self-excited
Generator

a1 critical resistance wes self-excited generator ssiialndiAesriy
rated speed woundeq Fuasoadudrennudseviids s Tiihazan
miloutuniesiimudisanudeniiqe  waeiin  field-circuit resistance wihiu

4 J [ 3 e = ' o H < ! [
iWesnnmail dwiu critical resistance fwmndrsduianuiisevveunies muiuans

lupild 12-3

Magnetization curve
High speed

Field resistance line

Magnetization curve
Low speed

Generated EMF E, (V)

i 12-3 e in a self-excited
generator
nngli 12-3 dwsu  field-resistance line  fuansadavos

magnetization curve dwsuaiesiiinnuiisougaaziiliiaa voltage i uae
Jadaves magnetization curve dwsuasesiiianudisoudr  awes voltage eege

1o o 1 3 9 = 3 9
NIAIUBDIBDTHIVLIHANANATUNWSIUANUDY

12-4 Other Factors Effecting VVoltage Buildup

Factor &u o uenmilennmanudwmuves field-circuit qufuld  wse

3
amwdseumiainansenudenazay  vVoltage 1w self-excited generator e



msaenduiianiaves shunt field sz ldndudenemsvyn  vazmsnduiianiavesdiu

wiidnandn  awdvaaslugdi 12-4
DR = flux ilesnndunamimanandg

o = flux fesvnnszue field current

A2 +
Normal
Voltage build-up
Correct polarity
Al |-
(a)
A2 +
ield .
reversed
Voltage build-down
Al | -

(b)

A2 L~
Rotation reversed
Voltage build-down
Al +
()
A2 L .
excited
Residual flux reversed
Voltage build-up
Reversed polarity
AT ature  u
@ ]
AANaa: win  field

coil aziinamalimafendiu



i 12-4 (b)  dlevnsndufimmensdevesin field circuit szl
awmwimannn field coil (of) Aufusununimanandn (OR)  mszhiiiamaass
$wiu dnfuezinlia voltage buildup asas

i 12-4 (c) dlevmsndufiamemsviyguves armaturel¥uyunnadunim
(CCW) aeiinl armature voltage ndudiene  shldauunnimannn field coil

(0F) ffenuassthududunumimanandie (dR)  hildar voltage buildup asas

i 12-4 (d) MINAURANINVOIBWIHANANAL Tagmsnauiaves
armature uaziiamumanyuves armature wyuaudinuning wild armature
voltage néufimme  uaznszua field current szndufimmedns fufusnnamimdn
ANAIY (CI)R) nazawmimanain field coil (CI>|:) ﬁ]%gﬂﬂﬁﬂ‘ﬁﬁﬂNﬁﬂﬁ]‘ HAdNEAND

voltage buildup Qﬂﬁ%}NGﬁJ}uiuﬁﬁﬂNﬁQﬂﬂﬁUﬂN Faru generator i rated
voltage #uiniiaduiy

12-5 Effect of a Short Circuit on the Polarity of a Self-

excited Shunt Generator
iie self-excited shunt generator ia short circuit wslinszualy

armature gunn wavesnszualu armature figs wihldifanmsudeunladuvaain

Taswzatn demagnetizing mmf (F ¢) wniu  awinaadugyl 12 -5 (@) uas

v H v - -
Aamavesnszuain/dsunladluvaala mldaniamemanyunazaaves main field pole

13l 12-5 (b) uaansesmaia short circuiting ves generator — ms
iia  short circuit # shunt field winding & wiflumarildnseualy  shunt

field ( 1) fiddwn uazar shunt field mmf fezeouas wasauves shunt field
mmf  fdeudias uazileiendusr mmf  fiwasn commutated coil fiqe uasdife
MRS dznausunwimanand e luuananyes main-pole fFufundann
circuit breaker trip s generator a1 voltage build up luiamanduriu



Main field —
pole

5}
r
Interpole

7 F; = shunt-field mmf
(a) Fq = demagnetizing mmf

<P

Prime

Eﬂﬁ 12_.\ mover

-excited

compone ® also short
circuit the shunt field circuit

12-6 Load-voltage Characteristics of Self-excited Shunt

Generator
auanvazves Self-exited shunt generator meldar load e q vzdudon

nn  separately excited machines  wswznszua field current wves self-
excited machines w=3uediu output voltage ves generator msitwves load



Tu self-excited generator ssiinlina voltage drop (V = IR) lu armature
circuit waz demagnetization mmf iflesninmsiia armature reaction s
feeseduilaziild output voltage fisdias  Tee output voltage #isasezan
shunt field current asstae

e Voltage Breakdown
Output voltage fasasainmsanves  field current weilina overload

pernn  uwazd1 Voltage anatlinnndrfivzilifidams breakdown  ediisaaits
wnseiafouguivolt awfuaadlugdt 12-6  duilugmiy circuit breaker
e generator szdes (trip wiefiezathe voltage $umlwmi

e o — o — — ———

Terminal Voltage Vr (V)

[
1
!
|
[
[
I
|
|
i

|
l
|
|
|
!

Rated Breakdown
Armmature Current /, (A)

s1ii 12-6 Load-voltage characteristic of a shunt generator that is
loaded past the breakdown point

12-7 Graphical Approximation of the No-load Voltage
Voltage regulation wes DC generator fe wesidudmsnldeuves

usssn ihitsadedy load sinmeu no-load ‘g rated load +e rated load

v A
HUAD

% VR = (VnIVrated)/Vr#ted x_100
12.3

il VR = voltage regulation (V)

Vnl = no-load (open- circuit) voltage (V)



Vrated = voltage indicated on nameplate of machine

V) o |

No-load voltage ewldnnmsiuveunsesiiieguu  nameplate iieilan
load eenuazasnaeudr voltage ile no-load  Fudiiwziussigndes usisdies i
fonldiunTesifivinalng

m3dnazrima voltage aeu no-load dia wil&nnar parameters vounios
waznn Magnetization curve #ifedes  Tas magnetization curve ozl§d
famsdudivesaunuiman waznansznuvess wimanan armature reaction was
wanszmuvoansaadeuiman MMF luweana  series field  (nsdifiu compound
generator)

e Separately Excited Shunt generator with a compensating
windings.

Ry
o ]
-~ N, Vr A Load
o ——
®, Load

switch

, . + ¢ {_ . .
s 12-7 Separately excitedshuat generator equipped with
interpoles and a compensating winding

wngln 12-7  uansgd shunt generator uuunssduanmenen (Separately
excited) Tasluaees armature circuit aziszneudisuaadn interpole uwasvaaia
compensating winding  waznseszeiw rated load # rated conditions i
smuasguy Nameplate vos generator

iinl¥ngues Kirchhoff's voltage Law fuass armature circuit o4

Ea V1 + | la Racir

12.4




Tasmanuaumuluiges armature circuit ae

Racir = Ra * |Rip +Rew
i’ Ea = voltage induced in the armature (V)
V; = voltage at output terminal , load switch closed (V)
Ra = resistance of armature winding ()
Rip = resistance of interpole winding ()
Rew =  resistance of compensating winding (@)

iWesin  shunt generator  uwwy  separately excited  fwaain
compensating winding  §ufunsifa

v
=

Ufn3en armature reaction szgniiiaeenly  iudem Eg ewilud voltage
Usngasonii output terminal e load switch #lsngeglugl open. faru
shunt generator uuy separately excited #iflvaaan  compensating
winding s no-load voltage #dedr voltage induced in the armature

fi’uﬁa Vn| = Ea
e Separately Excited Shunt generator Without a compensating

windings

Shunt generator L separately excited i hifivaana
compensating windings ieldngues Kirchhoff: s voltage Law fuass
armature circuit 24

Ea = V1 + laRqcir
usmanudmuluases armature circuit e lifivaasn compensating

windings e

Racir = Ra + Rjp

Ea = V1 [+ la{Ra* Rp)
12.5



vnaumsii 12,5 idelifiveann compensating winding  azifamanszny
MNMIDNFIVE IS fufumansznuves  armature reaction datuuu
induced emf. lduaasuu magnetization curve. luglii 12-8

Generated EMF (V)

q1it 12-8 he effect of armature

. - Fnet fj
reaction on the indugggd.enf.c Force (A-Upole)

nngiheesves  separately excited shunt generator e load switch
Wanaes shldnszua armature current widugud (Zero) way No-load voltage

b4
U

winediunusuadewimidn mmf v shunt field (F £)



waziilfe load switch Taaws  wansznuan  demagnetizing  wvesmsifia
armature reaction de demagnetizing mmf (F ) #uaaslunswigld 12-8

o q ¥ Y] = o A
‘nﬂfnWai’mmmmuuﬁmwmaﬂ (F npf) afaN HHAB

Fnet =Ff - Fd
12.6

9 1 a3 0 Y A 1 <3 =2 o Y1
fl]"lﬂNamﬂﬁlﬁuuiﬂllﬂlﬁaﬂﬁﬂﬁﬂ‘ﬂ'lﬁl'ﬂLlﬁﬁlﬂa@ullﬂlﬁaﬂﬁjw (F net) afoN ﬂ\TVI"IGlfHﬂ'I

induced emf voltage ( E3) asasnn no-load voltage

Example 12-1 A 300 kW, 240 V, 900 r/min , separately excited ,
noncompensated shunt generator has the following parameters : Ry =

0.00234 o, Rjp = 0.0008 o and Rf = 18.1 o. The shunt field has
1020 turns/pole and is separately excited from a 120 V source
through a rheostat. The circuit diagram and magnetizing curve for the
generator are shown in Figure 12-9. The equivalent demagnetizing
ampere-tuns caused by armature reaction , when supplying rated load
at rated voltage and rated temperature is assumed equal to 12.1
percent of the shunt field mmf. Determine:

a) no load voltage. b) voltage regulation.

c) resistance setting of rheostat necessary to obtain rated voltage at
rated conditions.

Generated EMF (V)




1 12-9  Magnetization curve and circuit diagram for Example 12-1

a) no-load voltage_(Vp))
, = P/vy =

Solution
P=Vil, =

NNTUNIT

(300 10%) /240 = 1250 A

Ea = V1 + I3 (Ra+Rp) = 240+ 1250 (

LagaunNs

0.00234 + 0.0008)
Ea = 2439 V.
diotha Eq = 2439 V I

110 magnetization curve luzia 12-9

win magneto motive force (net mmf ) +ldsr F et = 5100 A-t/pole
vou armature

uaznnlandsmuald  demagnetizing ampere-turn

reaction (rq ) fawiiu 12.1% wes shunt field mmf (r f)
= 121%Frf = 0121F ¢

Fd =
Ff - Fd = frf - 0121

o A
HUAD

9
AITUNTUNT Fnet =

F
Ff = Fnet /(1-0.121) = 5100/ (1-

0.121) = 5802 A-t/pole

11n magnetization curve uglii 12-9 = 5802 A-t

A o
Wwelm  F f

/pole llwer no-load voltage

Y
Taga1nidudaiiy magnetization curve 921AM V| = 255 vV daiu

Vp| _~ 255 V

Ans
b) voltage regulation (VR)



MINANNS %VR = [(Vnl- Vrated) / Vrated] X 100

= [(255 - 240)/240] x
100 = 6.25% Ans

c) resistance setting of rheostat (Rrheo)

vnaums Ff = Nl = lf = Ff/Nf
/1020 =569 A.

5802

iielding ohm's Law fuasesves shunt field circuit 213

Vi = If (Rf + Rrheo) = Rrheo = (Vi
[1) - Rg

Riheo = (120/5.69) - 181 = 3o——
Ans

12-8 Compound Generator

Tassadrves  Compound generator azmiieusu  Compound motor
do  Usznevdevaana  Series field uwazvaana shunt field Tagvaada  Shunt
field vea compound generator szseuny short shunt awdnanslugd 12-10
(@) wievzdeuvy long shunt  awdiueaslugy 12-10 (b)

Y p ) W

o—1Ll
Q—) Shunt
Prime o—L2
mover
1P

(a)

Series

T

| o—-1L1
49 Shunt
Prime —12
mover P

(b)




;Ui 12-10 Compound generator connections: (a) short shunt; (b)
long shunt.

wngd 12-10 (&) compound generator digeuny short shunt ey
mswandsimsifia voltage drop fianasewvaain series field  Fansaenuuilifui
newldmunnly compound generator

vingl 12-10 (b) compound generator sewuu long shunt  ez¥ild
e Voltage drop anasenva Series field nen  3ai1¥ voltage luva shunt
field anas

waann  Series field w«es compound generator  ewvzdeuuy
cumulatively w$e differentially Tuegiummitiidom  gufunnaumsd 12.1

m Ea= N[(Nf I¢) / R] Kg  iilesawAwsundeunivinluvaain  Series

field (Fs ) waz demagnetizing mmf wvea armature reaction (r o) s

4

Ea = N[(Ff+rsi FgiHrlks

12.7
ilo Ff = shuntfieldmmf (Ns If) (A-t
/pole)
Fg = seriesfieldmmf (Nsljy) (A-t
/pole)
Fd = equivalent demagnetizing mmf due to
armature reaction ( A-t/pole)

Sudien £ g vzhimiven Taeir F ¢ exduegiu armature current (1)
uatluages armature circuit Sweasa compensating winding aelusses vz

Y
v o

THinamsndesnunimaninmaina armature reaction wium F g = 0

9
Y

whisnaumsi 12.7  #l¥nszualy armature sivdulu induced emf (Ep)
Tavuaana Series field %zﬁua&jﬁ’mmmm Compounding MIMIUTEVVOIUARIA

series field vn azade emf anndre udezd load current mhdu



v
=1

B Hiiwausouvesva Series field fvndhly fiswoudisaneiiosznauny voltage n
anas  (voltage drop) swilesnann  armature-circuit resistance uas
armature reaction sushl¥ terminal voltage #ian voltage aeu no-load
miloususou full load  wJesszqnisendr « flat compound-

m s wuseuvesva Series field T$wausevmnnimidigaidesmsvenniowuy flat
compounded wiinl¥ terminal voltage fisgeiudremsituves load current
injesazgnisend1 «Over compound-

B Siwousenvesva series field Hiwousendosnn  nJesszgnisend «under
compound-~

® fweada Series field qeuvn differentially s mmf sefiduiluoy  wazns

munszualy armature g liidunsaumanlu shunt field asas  wanieanfiaea

emf wos generator azanas

Overcompound
Flat compound
B
;; Undercompound
-é Shunt
2 Differential
& compound
l
0 100
gﬂﬁ j Percent of Rated Load Current 5t| CS for

diffEI wiiu \Jluvl www w1 UUIIII\IUMIIMIII&-
vngi 12-11  flunswiuaasar voltage #infdoundasanaeu no-load g

full load weunies compound wiiad 4

0 nsessuiialiihaiia Over compound azlfiie DC power gadslilluszes
malna q  magmsiivwes terminal voltage uasmsiia voltage drop lumwds
(transmission line) s ldiRamsaugadn load

0 miesduiialiihaiia flat compound w:file DC power fiszezmadaiidy o
waz hifimsn/aeunlasves voltage

0 dmSuaTessuiiavfuuy shunt uas under compound %ﬁmuﬁuﬂmﬁaﬁw
nFeanaeviuiumnniwuy flat compound waz over compound



0 wsessuialiihuuy differential compound ezlsiilensileams overload &
fanudeamamnniimanld voltage fismnsdi dedumsldnuves  differential
compound generator #esvelvliiu electric winches uaz dredges ti
iin overload wie short-circuit azil#ifa voltage drop idisswediezéida

nszua 1 1dedalaoase

Example 12-2 A 250 V, 320 kW , 1150 r/min , self-excited ,
cumulative-compound , long shunt generator is operating at rated
conditions with the shunt field rheostat set for 7.70 o  the shunt field
has 502 turns /pole , the series field has 1 turn /pole , and the
generator parameters , expressed in ohms , are:

Armature IP+CW series shunt

0.00817 0.00238 0.00109 20.2
The circuit diagram and magnetization curve are shown in Figure 12-
12 Determine:

a) induced emf at rated load b) no-load
voltage
c) voltage regulation d) what is the type

of compounding ?
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3 1 12-12 Magnetization curve and circuit diagram for Example 12-2

Solution (a) induced emf at rated load (Ej)

NTUNT Pload = VT lioad = load
= Pload/ V1
load = (320 x 10°) / 250 .
1280 A
o It = V7 /(Rf + Rrheo) = 250/ (20.2
+770) = 896 A
la = lljpad* It = 280+ 8.96 =
1288.96 A
Racir = Ra + Ripscw + Rg = 0.00817 +
0.00238 + 0.00109 = 0.01164 o
fafu Ea = V7 + laRacir = 250 +—
(1288.96 x 0.00164) =265 V Ans

b) no-load voltage (Vn))

o no-load a1 mmf wveswnadn series field =0 uaz induced
emf mldnndudaves field-resistance ling #su magnetization curve awii
ueraalunslgl 12-12

a1 voltage rated = 250 V. agsiunldlumswudu  field-resistance
line

wazamawms  F f = Nf If = (502) (8.96) = 4498
A-t/pole



wnnsl magnetization curve dieanidu field-resistance line vinunu
0 'lués rated Ao 250 V uwaz 4498 A-t /pole wldgadaszniadu field-
resistance line &  magnetization curve diomnidunngadalyés
generated emf 213 no-load voltage dszina 225V iufie

Vil ~ 225 V.

Ans
c) voltage regulation (VR)
naums % VR = [(Vnl- Vrated) ! Vrated] x 100.

= [(225 - 250) /250] x 100.
= _10%

Ans
d) what is the type of compounding_?

The machine is over compounded Ans

12-9 msaevinuasesnuiialiihnszuanse

dio load fiiundesuszuusievihidunnndt generator dfiezieliihldeds

Yaeads Seduiluszdonin generator Sndmndevuiuiin  eisessu load 14

Bus

l, e
(=

) ) )
40
L]

Incoming generator Generator on line

+

o

ean
=
=)

on for parallel
operation of DC generator



gl 12-13  wFessuidalilih generator B dedhduszun bus e
generator A shwsevinunu generator B

e Procedure for Paralleling (funeunisvununiessuiialuih)
1. 1la disconnect switch wes generator A fishunsdevinu
2. Start n3es prime mover wazdsuuasnnusa1#ldaw rated speed.
3. Y5uud voltage wes generator A dishundeviu 165 voltage gand
voltage wes bus idnites sz 2-3 V.
4. 1a breaker wes generator A. ilelfidersns
5. dsuude rheostat @ shunt field weunFesdiiundevuuludiamaiu
voltage  uaziniesiiviongii bUs 1aa voltage as aunszismanszaw load 18

awAidesms  Tasmisnszateves load ezidsinguamsuu ammeter

B deufziinsvuuniesdetnsnaeuduieliniloiiigndes  Taethwan (+) ves

nSesfivzinndevinazdesefudinon (+) ves bUs  Fnsaswaeuiinzlfindesiiesa

DC-voltmeter

B nisvuuaiesiuiialihdredaiiaduiu wil¥ife short-circuit w generator

Foudunahlfusesn , commutator 1&suamdeme  uazashld generator
,

tameenain bUS iesnnida fault current ( short-circuit)  dniuneufingimsduy

F4 k4
breaker #ssnsnvasvindeliuilainedngndos

12-10 msuus Bus-load szxinsmsaeviniuasastusialnih



mautie load #iwen bus load szwie DC generator 2 imdes fiviun
sevuuiy wldnn voltage droop (ﬂmfﬂ"awﬁu - aswes Voltage)  awduaaslugl

12-14
<

— Load

Bus

Gen A

Bus Voltage (V)

Gen B

(a)

3
¥
g Vool [
G | |
rn | |
a | | Gen A
| 1
| |
| | Gen B
1 L]
IA] 13‘. f,“ Jr y Wlth
Iy
(b) Current per Generator (A)

operating in parallel: (a) increasing bus load ; (b) decreasing bus load.

=

wngil 12-14 (a) ile generator A waz generator B i voltage
droop fuanssiumvudy wazde total load current wiviu (1ag waz 1gq)

[
=3

[ Y ]
quaviidves Aroop #e msuasdlidudimaaeniu-as veu Voltage e load #

bus WinSunieanas  mwmiudu load # bus il voltage droop mwlumses
fufialihiiiniy  wavaa voltage T bus awinansdiedulz Vo Tas Gen B i
voltage droop wn aeldfudusisnn load fes fe Ig2 dm Gen A i

voltage droop eu a'ldsudauniann load wnde lao
wngl 12-14 (b) e load 7 bus asas il voltage droop melu

9
Y

generator anasdie  suiu bus voltage wwiindu awiuandedulz V3 Tag



Gen A i voltage droop tes a¢1d5udauniisnn load n e 1a3 # 1a3
awefinntoend total load current ln;  iffessnnisiiivues  bus voltage aeils
nszuaaaas (P =1V)

mathasossuialilih 2 1a3es indewinudu wsdesii  voltage regulation
mitlouiu nazdhawaugaiu  Tas Voltage regulation seiiaszum 3-8 % drems
USunas  gOVernor uaz/vwie mseenuuumsluih TumsvinuasosiudiaTiihad
power rating swiu ua Voltage regulation wilouru msmis load ves bus
load eifiudadaulasasadiu POWEr rating vesdazinies

12-11 msldqadnwazves Triangle udilarszniemsdevinunsesiuiia

Yl

maudilywuiesdsu load distribution szwie DC generator 2 in3ea 7
HABVUIUAY 01992
il Taemnnquantiaves triangle vewdazinTos wazld Triangle Amiousuly

msudilaymn

RGN AGREEN,
‘/Bus

. e — Load

z

é _ -(_Niu:vollage line

Q

g I I

2 | |

= le—as—!

@ I I
| |
I I
| |
[ [
I I
| |

0 Trated
, Load-Current (A)
=
s 12-15 Ch fa

generator



nngilit 12-15 uaasqaidnuazues triangle finsiinndr voltage droop ias
Nifmsnlaeunag

Tu field rheostat setting wuaz bus voltage #de terminal voltage wes
generator  FwsuSend =output

voltage~
main load 1u bus load esiil# bus voltage asas  awfuaasdrodu
1z (new voltage line)

ﬁ@ﬁu@@ﬁﬂmmgﬁ’uﬂz new voltage line fuyadaves load voltage (Vrateq) s
1%iAa new triangle 4
nanwagadeiy characteristic triangle éwuu

sufunnglit 12-15  characteristic triangle w14 (Vnl - Vrated)

[ rated
uaz New triangle 2’4 Avbus/ Al

9
[ = o

VNNYHH VDI triangle fidnuazmiloudunSendeiy Ay la
characteristic triangle
#u new triangle siude

AVpuis ! A1 = (Vni|- Vrated) ! Irated
12.8

nnaumsves Voltage regulation
%VR = [(Vnl -Vyated) / V rated] x 100

V., -V = (VR /100) x V 12.9

nl rated rated

dounumaumsn 12.9 adluaumsn 12.8 214




Av, JAT = [(VR /1000 xV_ 1 /1, 12.10

e A Vpus = change in bus voltage due to change in
generator load current (V)
Al=change in generator load current (A)

VR = voltage regulation
Vrated = rated voltage (V)
Vnl = no-load voltage (V)
lrateg= rated load current (A)

Example 12-3 A 300 kW , 250 V' DC generator A with a
voltage regulation of 3.0 percent , and a 400 kW , 250 V DC
generator B with a voltage regulation of 5.0 percent are operating in
parallel and taking equal shares of a 350 kW, 250 V bus load. A
one line diagram of the paralleled machines is shown in Figure 12-16
(@) If the bus load is increased to 2500 A. Determine :

(a) new bus voltage (b) current supplied by each
generator

EHO—H.
<G

(a)

2500.03 Ik ZSOX0,0SM
1200 1600

(b)

250

Vbus _____________

Bus Voltage (V)

B
;/

_*_.1___1__
I



3 171 12-16 Tllustrations for Example 12-3 : (a) one-line diagram ; (b) characteristic triangle ;

(c) load-voltage characteristic.
Solution  (a) new bus voltage (Vpys)

Gen A : A rated = P/V = (300 kw)/ (250V)
- (300x10°%)/250 = 1200 A
Gen B: I rated = P/V = (400 kw)/ (250V)

(400 x 10°) / 250 = 1600 A

wingtl 12-16 (b)  dieshdeyanin  characteristic triangle luunulueums

awld
Gen A : AVpus | Ala = [(VR /100) X Vrateq] /
IA | rated
= [(3/100) x 250] / 1200
= 0.00625
Ala = A Vpys / 0.00625 =
160 A Vpys
Gen B : AVpus | Alg = [(VR /100) X Vrated] /
I8 | rated
=[5/ 100) x 250] / 1600
= 0.0078125
Alg = A Vpys / 00078125
= 128 A Vpys
Satumsasunlasvesnszua DUS e
Ala + Alg = 160 AVpys + 128 A Vpys—=— 288

A Vpus (1)



Tandimuaiieuuaissduiia lihmndeviusunazaiuussves bus load e 350

KW, 250V ifufe

bus current (Irated ) = P /v = (350 x 103) / 250
= 1400 A

waziienszuawes DUS load wvawdlu 2500 A 1uAo

Alp + Alg = 2500 - 1400 =
1100 A (2)
denSeuidievaums (1) dvawms (2) o214
288 AVpys = 1100
AVpys = 1100/288 = 382 V

vingd 12-16 ()  dlenszuaves bus load wiudu wiinl¥ bus voltage

anad UMD

Vbus = Vrated - A Vbus = 250-3.82 = 246.18V

Ans

b) current supplied by each generator (I uez Ig)

vngd 12-16 (C) o='4

ln =700+ Alan = 700 + (160 A Vpyg) =700+
(160 x 3.82)
1311 A

IA

Ans

g =700+ Alg =700 + ( 128 AVpys) = 700
+ (128 x 3.82)
g = 1189 A

Ans

m oamdiudinszua 1o = 1311 A Fudunh rated current wes Gen A (Ia,
rated = 1200 A)



Y 1
aaiu Gen A a2 overload wazienfSeuneuiunlesidud a2

[(1311-1200) / 1200] x 100% = 9.2%

Example 12-4 A 100 kW , 250 V machine A is in parallel with a
300 kW , 250 V machine B. The voltage regulation of both machine is
4.0 percent. Machine A is carrying 200 A and machine B is carrying
500 A. Determine:

(@) the increment increase in load on each machine if an additional
400 A load is connected to the bus

(b) current carried by each machine

Solution (a) the increment increase in load on each machine if an
additional 400 A load is connected to the bus (A la , A IR)

Machine A : A rated = P/V = (100x10°) / 250 =
400 A
MINANNS A Vpus [ A ln = [(VR /100) X Vyated] / IA
rated
= [/ 100) x 250] / 400
= 0.025
Alp = A Vpys [ 0.025 =
40 AVbus
Machine B : I8 rated = P/V = (300x10°) / 250 =
1200 A
VINANMS A Vpus [ A Iz = [(VR /100) X Vyated] / Ig
rated

= [(4/ 100) x 250] / 1200
= 0.00833



Alg = AVpys/ 0.00833 =
120 A Vpys
Tandsmuaidledl load wnderity winlénszuai bus dudwiu 400 A sfude
Alp + Alg = 400 A
S 40 AVpys + 120 AVpys = 400
AVpys = 400/(40+120) = 25V

fufe Ala = 40 AVpys = 40(2.5) = 100 A

Alg = 120AVps = 120(25) —=—300-A—
Ans

(b) current carried by each machine (Ia uaz Ig)
Tandsmuald machine A is carrying 200 A wez machine B is
carrying 500 A siufie

Aly = 200+Als = 200+100 = 300A
Ans

Alg = 500+Alg = 500+ 300—=800-A

12-12 msaevinu Compound Generator



msvunsesiuiaihaiia compound generator CEANGINTEL
Suiludosvinuunada
series field &w Taomsdedhdu equalizer bus — awdiuaaslugl 12-17

+ Bus

° Bus load

«— Equalizer
cable

— Bus

J17 12-17 Eaqulizer bus alizer

CUILITITULLIVILID.

duh compound generator 2 in3es mdeviuiu Tae'lil equalizer uas
msute bus load vewndesins 2 ndes desidennusziiassst  msemsiezse load
nnaseanilellidnnsemislaensdsuin - field rheostat  amiflunarildingesdid
excitation geni1udaer load Tlitanun nazaziudian iy motor

wenaniinsii generator  gadudaauldihemdy  motor Tag il
equalizer szflumailinszualuveadn  Series field ndvdams  dildTunaaa
mifeun differential compound motor & generator fiuaasmsriaiiu
motor ‘hiians tripped off oonvn bus Tassiuii  waznsuadouwsiman mmf u
vaana series field wnniwsundeumimin mmf luva shunt field szvildiaves
Sunimaniinndsedenduiicma waziileinTeagn Starting v ezath build
up voltage lufiemassd  uadunld equalizer dedagidmanse compound
generator vhaunameilu motor sz higunsandufirmavesia g

aanwdumuues  equalizer cable  udazdaziishiniu 20% wvessna
fumuvesaata Series field



12-13 Reverse-current Trip
Reverse-current trip ifuginsailunistlesdudi generator fvgviamnaiiy

motor  giluuuazmsdeves reverse-current trip  awdnaaslugia 12-18

Tension
adjustment . Circuit-breaker
s Spring latch
LYV
- ( ) +

Generator

Armature

— Bus

Shunt coil C

+ Bus

vngit 12-18  azfiveann series coil  siwegsen 4 unamdnSend
<armature” uazsouoynsuiu armature ves generator Taoununanazgnoaaisniya
(pivot) didauars wazndeudaiudaszaiely coil diefinszuelnadua - Series
coil winlduiundniismnmiminlufienadanse  vaan shunt coil  szdenseudy
bus uazatrudunsaniminlifuiensiin N uaz S iilevaaiaiaeadensessmiunszua
vos generator weglufinmsiiceandosiusedauviandnliogludumisild trip

&1 generator voltage fiméini voltage # bus  nszualu generator
sendufien  mliimdnveaniandnnduiirmedie Taendounnds N flu S uazin
S dlu N ”qﬁumiqmﬁﬂﬁagjiwdmﬁaﬂﬂﬁﬂmﬂ?ﬁ'ﬂmﬂu%ﬁ N shnswdneeninis N weq

Y o &

fonth  wazaaiduds S veudenth ihldunandnindeniilududaty  circuit-breaker
latch  duiunsesiies tripped off eenvin line

SUMMARY OF EQUATIONS FOR PROBLEM SOLVING



Ea = N [(Nf15)/R] ko Ea = It
(Rf + Rrheo)
% VR = (Vnl-Vrsated) / Viated X 100 Ea =

V1 + I3 Racir

Racir = Ra + Rip +Rew Ea =
Vi + la (Ra+ Rjp)

Fnet =Ff - Fd Ea = NI
f+rs+ Fqg)l Rl ke

AVpus! A1 = (Vi - Vrated) [ Irated Vnl - Viated =
(VR /100) X Vigteq

AVpus! Al = [(VR /100) x Vrated] / lrated



UnN 13

nsmunuuenes Wi

13-1 wnih
minuguuemes Wi ldsmsaiugulas  Magnetic, Solid-state  uag

Programmable controllers
nmsmuaulas Magnetic uishheigauagidonldiuediniiuuns  dmsumsaiuqudie

Solid-state v=14luduvennses Power circuit uaz Firing circuit ninfu  dow
Programmable controllers i

suuumsaiuquues Digital electronic  #+lu Programmable memory aziiiu
Fufumdaieldimihid vy wu Logic , Sequencing , Timing , Counting uas
Arithmetic ileniunuiasesinina lulith

13-2 dawlszneuwves Controller

Magnetic controllers sg1¥swamimanTviharugumsiuves Relays
waz Contactors wievhims Start uaz Stop wemes Wi uaziuginssinuauiiediia
nszua (LIMIt current) $ifauseda (LiMIt torque) sifaanwss (Limit speed)
malasunnuduazmandufiemamsnyuie luemes
54 1Rednariiauenasaranmmstihan uasii Dynamic braking flesfuanudeviean
maina Overload — msauquuemeserniziilalasdaludidreszuy Programming

Taoldgunsafaanamaiih , Sequence interlocks uaz Pilot switches

e Magnetic Contactors
Magnetic Contactors #e na'lniildussasgavesauuiman T lunsie

Tavazifludnihld Contact Teanselaases lih

Contact wsileg 2 iia fie Contact wilafilastnddasy Sendt “Normally
Open Contact> uaz “Normally Closed Contact~

vngilit 13-1 () uansgidaves DC magnetic contactor ferdenisiiam
Sreanudeu nande esenszua i ldsuvaasn (COil) asfaldf armature shaw il
contact iaas uaz blow-cut coil wsaeeynsuiu Stationary contact afaduuss
wimdn blow Wuduldegise (chute) Tasmsveredieen wazilesududias contact

wilaeen  Taw contact fiegiudi (Stationary contact) uas contact fundeudi



(movable contact) wgnanliidias Fazihid ludlasnsunlud  blow-out coil e

doudam1Asllii arcing horn wazlifidudsmenunves stationary contact sil#nis

Y o
W Insiauas

Arcchute — 40—,

Blow-out coil
——
Stationary contact
Ra -
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;Ui 13-2 Magnetic circuit for an A gntactor , showing the shading
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Contactor  wineds  andniaulaserdesnusimantieliinamIda-ne1993
fids (power circuit) aldnszuaroudiege (Uszna 30 - 300 A)  Contactor i
drutlsznoutaz Insaas 1 auriouny

1 v 9
relay uafivinalngini1 nazeweziigunssisnedu arc # contact wviu

e Relay

Relay de aindihanlasordesnnamimdnislumsda-dersssasugu (control
circuit) wu coil ves contactor — msshawwes relay szerdondnmsiinulugilves
nszua iy (current) |, usedu'ldldh (voltage) ,  avwfeou (heat) wieussdu
(pressure) duegruwiaves relay

Relay vzdoadinnu haemsaiugulumsilesdumaiia overload )
undervoltage , excessive speed uaz excessive torque

e Auxiliary Relay
Auxiliary relay (Gadse) wvwiisondn Smdnauqu (control relay) .
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o Interlock
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13-3 qinsaitlesiumsiia Overload
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Ao o 1 H o @ a -
lock-rotor qeisuilusens starting wewes  uwagdeflosiumsiia  Overheating



ileasnain rotor weansesiuiu (stalled rotor) , low voltage , low frequency ,
unbalanced voltage uaz motor faults  Fwsfhnsfa over-current tfuezil
vnadnifenSeudieusumsiia short circuit usiuszifunailfergvosnuluuemesdy
(5N

Motor-overload relay ifugilnsafiildlumsflossumaiia  over-current
winfu ezliflesfumsifianiséanses short circuit wie ground — msflesfumsifa
short circuit wie ground dluajazldginseitszian  fuse wse circuit breaker

Tumsilosnu

e Thermal Overload Relay
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s 13-3 Thermal-overload relay : (a) cutaway view; (b) circuit
diagram;
(c) current-time  characteristics  for

&

tripping and resetting.
wngiit 13-3 (a) uaas Thermal-overload relay fssneudreTanzariia

2 viia (bimetallic element) , waanalitanwiou (heater element) , contact ia
295 (normally closed contact) , contact iWaas (normally open contact)
uaziju reset (reset button)

Bimetallic element sz1lsznendreTanzeawiia 2 wiia iFoudafy e Tans 1851
A doruny 18af ifleaninmsvensdiveasi Tavziaeras iy

b4
1 o J (Y 1 o W
Heater element azdoounsuiuuemes nazezivegiummasgadslugivesniny

ou (|2R) yovaaalunemos

ieiin Overload °lu3Jama%z‘v‘iﬂﬁ’gﬁﬂmm%’auuazqmwgﬁqqﬁumﬂﬂhﬂﬂﬁ sty
Bimetallic element wzvesduilaases normally closed contact uazilaies
normally open contact dshidsnuldsuaees alarm circuit wedauemeseenain
25 wazile Bimetallic element $ugas wzfeanatlu reset arm &wile iilolst
yomesiLEnAs

gt 13-3 (b)  uaaswaain heater uazanuduwiusves normally closed
contact fideneluasas controller circuit asws controller dwsuwemesvinalug
w19 Current Transformer (CTs) gnszfludadmsumnszuaduaniulfmadusan
adeummuinaasdaaduls  deifa Overload
wihl normally closed contact OL @aass hifinszualuaruvaain M il
normally open contact e 3 ogludumiailanasveswomos

nnglit 13-3 (C) uansqaidnuazvesnswlszninszuadunardmsn Tripping
uaz Resetting
fo edinszuaituiuezldnarlums trip dansestfosas nazazeznarildlums reset azinn
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vnnsllugld 13-3 ()  #uin Overload 4 400 % rated heater
wazszeznallums reset

current a1¥szoznalums trip dszua 20 - 30 Funi
relay vzegszwine 75 - 140 3ui

Overload Relay w3» Protective Motor Relay

[ J
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wngin 13-4 iy Magnetic-overload Relay siianils Tasldvaaaneauas
valuaiiuasun unuuimanves relay  Sendn “Operating coil>  wie «“Copper
jackets uazvaainvzdesynsufunemei varfinszualunomes lnanundes liadradunss
wimanil¥lums trip relay udduia Overload iifela nszuadlnarimvaainasiiaig
ninlnd Seadaduusaniminfienazisga  armature l¥eenan pole face vil¥
normally closed contact a3

13-4 Controller Diagram
Controller diagram wisesnilu 2 wiia fe connection diagram uaz

elementary diagram
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F
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4
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S
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;Ui 13-5 Typical connection diagram for a motor controller

{ g 1 o o 4 {
s 13-5  uwasegiiugwdimlszneuves controller dwsuaiuquuemes #
v Y -
Uszneudiedmmisiduazidunavesmsaeasssveamazuaasa  controller diagram o
o I Aa qg/l A Il o = [ 1 4
gaasdisnaadesglniaimeazadinlumssenit  mandasn  wazmsdSuuasginsal
@ < 1
nnglezdunaminingsg
. H ¢ a ¥ Y < A H '
power CIrcult weswewmoas azwsualsaurinuiouaas Cross-section vualng
dauaews control
CIrcult szioudiodunsssua

v Y 1 v Y
dwmsuuwe Panel heater s2lstuusnaniianusu metlesdumsnduduiluleii

Elementary Diagram

Ly Loy
Incoming power
. © Startin lo
lenc oL M resistof M Line
switch : switch
g
£
o
5
ES
[=]
a
1 f L
Control fuse
(10 amp) —_—t
3 Hoist
1 OL M
3 4 w3 S 6 1A
° o Al 1 § 5
To 230-V source 5 b =
—" —IM |slA 8 &2
—] 2A =&
L] ’ ™ 2 e
H, H, 2A—— ' s
Panel TO[ LS LS o
heater 9 10
Wi ¥ M
ATTHAT "§ 2
10 [
2M
Nomenclature 2
IM. 2M — Line contactors —_—
Drop out at approximately 15% volts
OL — Instantancous overload relay—gravity reset a1
trip at approximately 250% full-load current - normally open

1A, 2A — Accelerating contactors
Set 1A approximately 2 sec and 2A approximately 1 1/2 sec drop out
LS — Limit switch
TO — Time-delay opening contacts * normally closed
TC — Time-delay closing contacts
CF — Control fuse

Note: Connections shown are for CCW rotation %}or Q operating coil

of motor shaft, facing commutator end



71ii 13-6 uans elementary diagram asslumsdieunnudie 9 fuaasdeszoy
mMIThnuveINemes elementary diagram ynseieni <ladder diagram~
iieanimduluuiuenssmiloudy rungs uazidu power line Gluumgqﬁmauﬁmz
mieuny rail

Elementary diagram azilszneudas 2 2995 fie 2995 POWeEr Circuit uag
2993 control circuit

2995 POWer Circuit sgswdlsznouvewawes , Starting resistor uway
power contact Whdeiu nazazdeunaasdodumnivaminaaddugli 13-6

295 control circuit  weiiGendn <Logic circuit”  szilszneudlsgilnsal
push button , operating coil , overload contact , relay contact uag limit

contact rew31e 10giC nazidsdmsumshauvewemes

13-5 Automatic Shutdown on Power Failure

NesmUguNemesizdesihan  shutdown  wewmessalui@deda  power
failure uazesdessn starting Imilawsalui@ e power godsndumnamnlng
(undervoltage release) wsoomwzoglusumiis OFF aunseiasudu starting lwmi
#1635 manual (undervoltage protection)

Ly Ly Ly Ly Ly Ly

Il I 1]

(- A

M
WM
s Star
. Stan Slop
Stop 1
6] o
=+ M olo [ f W

s 13-7  Circuit for automatic shutdown on power failure:

(a) undervoltage release ; (b)
undervoltage protection



e Undervoltage Release
2995 control circuit fvaasluzda 13-7 (a) Wurwesdmsvmsilaauemes la

daTuidesnnin line eifa voltage loss Tas contact M aziflanas wasee starting
lmisaTuiAile voltage gadwndumnganlnd Tas contact M azdenss MIAIVAN

yiiafisufufigadmiundessnsnalszian SUMP pump w3e fire pump

o Undervoltage Protection o |
nngdd 13-7 (b) uaanasmuquiluguiignesnuuwiedlesiu vVoltage loss
m'immmﬁﬂﬁ%ﬂaﬂmma{aaﬂmﬂ line eiin voltage loss  uasezdlestuns
starting wemosImiile voltage ndwdhganlnd Taetlu push button start uaz push
button stop wifluuuy spring-return type fiflessumsselavsaluiia sufudidoanns
starting woweslmidesnatlu push button start wiel# coil M deassdu line uaz
contact M Tasassrenszualliawemes dwsu auxiliary contact M figenseuduifu

push button start Seni1 “sealing contact: siwithiifuases starting las short-
circuit 1Ju push button start

13-6 Reversing Starters for AC Motor

2vsmugumsnduismuemsuyuves . AC - motor  sgeeginssiflosiumsiia
overload (OL) uas voltage loss asenl3iu line aae starting awduanaslugid
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s1it 13-8 Reversing controller for a 3-phase induction motor

Uit 13-8 eztlszneudastln Forward swau 2 lu wazilu Reverse s
2 1y &g interlock manadsiunaziu  dieshimsnatlu Forward sl contact
F deaaes (closed) silduemesvmyn waziivemesmidwmyu contact R azdeuilaiaes
(open) desmsliuemesnyundufiamaiuiilasnaily Reverse Tigunsoild weann
i interlock flesfued  duuidedeinisndufinmemsiyuvewemesazdenaily Stop
o wielfuemesvganyn  udiuihnenallu Reverse el contact R dedees
(closed) weiliuemesnyunduiiama vaizdi contact R dessss contact F azdeaila

1993 Taeda Tutiaane Interlock mana

13-7 Two-speed Starter for AC Motor
2095 Magnetic-starter swsu 3-phase induction motor wiia two

speed , 2-winding ewduaadugld 13-9  Tasudasvasziensaiflestumsia
overload wvesiiiues (OL 1 uaz OL 2)

Incoming
lines
L1 -li.: f‘}

|

HS

High .
OL1OL2 Stop 4 Low ¢ f LS




;Ui 13-9 Controller for a 3 phase , two speed , 2-winding induction
motor

mﬂgﬂﬁ 13-9 uaanwsavguuemes 2 speed fe mmﬁaﬁmazmmﬁaqq Tag
1971 power uaz current fuandedu  uazazii interlock maldfhiimudunde LS
waz HS 5enin “sequence interlock»

dieisnatly push button «Low- ezl contact LS shaudessas (closed)
vemesaznyuiinuddinen  Sdesnsliuemesyuiinniagalinatly  push button
“High» 1% contact HS deases wemesezidsuiiuanusags  udddesmsliuenes
wyufinnudigaldenduanus i wdesnatly StOP feu werzasniundy udienatly
push button <Low~ 1% contact LS deaes

13-8 Reduce-voltage Starter for AC Motor
ms starting dwsv 3-phase AC motor a1e35msan Voltage vazstart o

19 auto-transformer i tap 50 % , 65 % waz 85 % lumsan Voltage awii
weralugit 13-10
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s 13-10 Controller for reduce voltage starting of a 3-phase
induction motor

vingtii 13-10 wwdede Time Relay (TR)  dwunsasnamsiaiuves
contact 18 fie acl#dansedersesmelunawilandnnaainglidiuihng deihmsna
flu «Start> wild time relay fisoogluans Start (S) Faees (closed) uaz time
relay #ideegluaees Run (R) @asees (Open) ile contact S sesses  uasnszualy
Zavsmugues naru auto-transformer s tap 137 50 % wie 60 % w3 85 %
wiean Voltage vae starting wewmes wdsnn time relay wihanawszina 1-10 sec
s dsuudals azdhld time relay luases Run (R)aaes sil¥ contact R de
2995 way time relay luaews Start (S) dans Fuuneimesaziu voltage an line

<3 a
Tagnss tazvyuaoA1s 1N

13-9 Controller for DC Motor

' v Y 1
DC motor fafivinedwa ¥ useh 3u'la) 92gn start 72073 reduced voltage B9911119
3
ooy 2 uuy ﬁ’f) definite-time starter 401> load sensitive starter
. . Y 1 9 . . [ d' Y
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OBJ} 9 A o . 4 1o R R Al o 1 1 ]
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¥ Y
voltage IO AUGANITHUIINA
.. Ja v ' 79 Y o Y A
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13-10 Definite-time Starter for DC Motor

L L

z

Shunt field
M3
AU Starting
OL resistor N\
H x— O
AUl Armature
AU2 -1—(_|-.
TC
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OL  Stop 3 A 4

el S Lo |

6
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51 13-11 C aut AU g unitto start a
DC motor

wnglit 13-11  uaae Definite-time starter #1% accelerating unit
(AU) lums starting ienatlu Start azsildfnszua i lnaluvaasn AU faru
contact AU azilaasesves motor circuit uaz normally closed contact dide
aseufumAud MuIznad 4 fu 5 willaaas sildaanszualifhluvaain AU e
contact AU luases motor circuit Tanss wemesae starting dremanudmmuil
$ienszualu armature circuit ﬂﬁﬂﬂWﬂﬂ1i§1&?jﬂﬂﬁﬂﬁ’NHﬁ1 (time relay) aanu

Mumuszgndnesniinies armature circuit vazsulvan line Taoasq

e Flux-decay, Time-delay Contactor



aesmunuuuy Flux-decay , Time-delay Contactor «+1% time relay
ﬁﬁwmmﬂmmmgﬂmqﬂﬁzuaﬂ (copper cylinder) fusouunuman fisend “Copper
jacket Tamlnd time relay contactor weilaasases iiefinszue il namuanain
time relay contactor sziilaisessiuii

s lifinszua’lwi lvaruvaana time relay contactor dufu copper
jacket szvinnauiteaadunsusiman $ldmuousiman laraangaud  usszmilonhld
auseiulidh emf lu copper jacket  dwmnngues Lenz's law usundeumiioni
Tulih emf nazmaswveanszualy copper jacket ezilfismasatudwiumsanvoudums

1 < o a [ 1 { |
wiman M ldiRansniiaaineun contact ailaisas
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l OL . l_ resistor : IP field L

1A S5 A5

7 TC K TC

L Oysop 3 0 M s
o— 1A 6
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M 4 — o 2A
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TO
s 13-12 Definite-ti ay , time-relay

contactor to accelerate a DC motor

vngt 13-12  dienatly Start  ezfnszualiihlvaluveain 1A e
auxiliary contact 1A (TO) Taws uaez auxiliary contact 1A (TC) iise
daneesfiu resistor Wasees  le auxiliary contact 1A (TO) Tasesildiinszue
Twarmvaana 2A 1% auxiliary contact 2A (TO) Tanasildesnszuaivaain M
¥ contact M asTlasesderdhduuemes Fawemesaz Starting demanudumudide
aynsufuaes armature circuit ioaanssua’liih vazfivemes start 2 auxiliary
contact 2A (TC) ailaans

denemedisuviyu 1ddaszesnamile auxiliary contact M fisessuinga 3 uas

8 w:ilaases uaz auxiliary contact M fdessviga 4 uaz 5 wiillanses ilihid



nszualwaiuvaadn 1A wdwiniu time relay o=#1% auxiliary contact 1 A
(TC) finodaiesdy resistor Jases Lﬁummﬁﬂumﬁmgwuamemﬁ oy auxiliary
contact 1 A (TO) seidlarees shldhifinszua’luaruvaain 2A  wasmnmiswnaszes

wils auxiliary contact 2A (TC) wilas ilduemessulian ling Tasass

13-11 Counter-emf Starter for DC Motor
2asdmsums 1dusedu Tlihdwndy (counter-emf : cemf) lums starting

womos awinaaslugiin 13-13
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gt 13-13  wama 1A uaz 2A azdensoudy armature wel#siun
wimanifudadiusunssdulihdungy (cemf) deantly Start asshwiinszualnilua
sivaaan COil M shi¥ power contact M Taases Suduvemesuaz auxiliary
contact M fideeunsusivvaain 1A waz 2A 1larsdie vazuemesvyu armature
szsaum s ihdndy (cemf) windy  idlell voltage anaseunnwe szl
contact 1A Ta1as saeensin Starting resistor uaziie armature ssvuliides « i
azilfusasuliih cemf diudunuluée diousssulith cemf qunnnefiasild
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13-12 Reversing Starter with Dynamic Braking and Shunt
field Control for DC Motor

Elementary Diagram

ILH . . L. |
Incoming power lines
1F 1F
I A 2R
N r ;l\ —t—1
Line switch e Line switch
Armature Ry E
1R g :
IF < |2
Back P Back | g
coil coil Rs 2 |
; oL FA 11: " 1R 2l|= LE
Control fuse | ' A I FF SERIES FIELD
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( 25 FR
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LLETS)
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1A 2
13 1A, 15 15 ]

1
I!
TO Nomenclature §
13 LE IF, 2F — Forward contactors 1A, 2A — Accelerating contactors

1L
— 1R, 2R — Reverse contactors set at 2, 1 sec

LE — Line contactor TO — Time-delay opening
Drop out at approx. contacts
15% rated volts TC — Time-delay closing
OL — Instantaneous overload contacts
relay auto reset trips FR — Field-removal relay
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13-13 Solid-state Controllers
Solid-state controllers «1%¥ Diodes , Transistor , Thyristor
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13-14 Thyristor Control of Motor
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317 13-16 Thyristor (SCR)

Thyristor fuaasluga 13-16 Fuwuy Silicon Controlled Rectifier
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13-15  Solid-state Adjustable-speed Drives
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;Ui 13-18 Thyristor power circuits : (a) adjustable-speed reversible

drive system for a permanent-magnet
DC motor ; (b) soft-start motor controller with back-to-
back SCRs for a 3-phase induction
motor ; (c) soft-start motor controller with triacs of a 3-
phase induction motor ;
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13-16 Cycloconverter Drives
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13-17 Programmable Controllers
Programmable Controllers w3euiiGenin Programmable Logic
Controllers wis PC wie PLC aunasgiu NEMA 181 iiow 131 «giunums
shamves digital electronic wlduisennuswes programmable dwsuiusids
meluiidy 1wu Logic , sequencing , timing , counting , arithmeticiile
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st 13-21 Basic component of a programmable controllers
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	             เอกสารวิชาการ 
	      ช่างไฟฟ้ากำลัง 
	      เล่ม ๒ 
	                (เครื่องกลไฟฟ้าและหม้อแปลงไฟฟ้า) 

	       กรมอู่ทหารเรือ 

	Example 3-2   A 10 kVA , 60 Hz , 2400-240 V  distribution transformer is reconnected for use as a step-up auto-transformer with a 2640 V output  and a 2400 V input.   Determine 
	   (a)  the rated primary and rated secondary currents when connected as an auto-transformer. 
	   (b)  the apparent-power rating when connected as an auto-transformer. 
	Solution   (a)  the rated primary and rated secondary currents when connected as an auto-transformer. 
	SUMMARY  OF  EQUATIONS  FOR  PROBLEM  SOLVING 
	Three-phase connections 


	Solution       จากสมการ          ns     =   120 f / P       =   (120 x 60) / 6    =   1200 r/min 
	 
	                    เมื่อมอเตอร์ทำงานที่ rated frequency  จะมีค่า synchronous speed และค่า slip ดังนี้ 
	ได้ ตามที่แสดงในตารางที่ 5-6 
	                         โจทย์กำหนดเป็น code letter G  ดังนั้นจากตารางที่ 5-6 ที่ code letter G จะได้ค่า expected 
	                          ค่า expected range of locked-rotor current หาได้จากสมการของ apparent power คือ  

	Example 5-4   A 3 phase , 125 hp , 460 V , 156 A , 60 Hz , six-pole , 1411 r/min , design B  motor with Code letter H is to be started at reduced voltage using an auto-transformer with a 65 percent tap. 
	(b)  repeat part (a)  assuming the motor is started at reduced voltage using an auto-transformer with a  
	65 percent tap. 
	                     locked-rotor torque ที่ rated voltage หาได้จากสมการ 
	                                  Pmech  =  T.nr / 5252       (        Trated  =   Pmech (5252) / nr 

	    (b)  repeat part (a)  assuming the motor is started at reduced voltage using an auto-transformer with a  
	65 percent tap. 
	            การ starting มอเตอร์แบบ wye-delta Starting เป็นวิธีที่นิยมใช้กันมากในทางปฏิบัติ 
	  
	Solution   (a)   the locked-rotor current per phase and the expected minimum locked-rotor torque  
	when starting. 
	        the locked-rotor torque at rated voltage  หาได้จากสมการ 
	                                        Pmech   =  T.nr / 5252       (        Trated  =   Pmech (5252) / nr 
	SUMMARY  OF  EQUATIONS  FOR  PROBLEM  SOLVING 



	 
	      (    ทฤษฎีการสร้างสนามแม่เหล็ก  (Quadrature  Field  Theory) 
	 
	 
	                SUMMARY  OF  EQUATIONS  FOR  PROBLEM  SOLVING 
	Reluctance  Motor 
	Hysteresis  Motor 

	Stepper Motor 
	Linear  Induction  Motor 
	Universal  Motor (Series  Motor) 

	 
	รูปที่ 10-1   ส่วนประกอบของเครื่องกำเนิดไฟฟ้ากระแสตรง 
	       1.1 ยึดส่วนประกอบของขั้วแม่เหล็ก และเป็นฝาครอบป้องกันส่วนประกอบทางกล 
	          2. แกนเหล็กของขั้วแม่เหล็กและขั้วแม่เหล็ก  (Pole Cores and Pole shoes) 
	รูปที่ 10-5   แกนเหล็กของอาร์เมเจอร์ 
	รูปที่  10-9   หลักการของเครื่องกำเนิดไฟฟ้า 

	เมื่อ :            (p    =    pole  flux  (Wb)  
	           Voltage Regulation ของ DC Generator คือ เปอร์เซ็นต์การเปลี่ยนแปลงแรงดันไฟฟ้าที่ terminal ของจุดต่อที่จ่ายให้กับ load   ขณะไม่มี load  (no load)  ไปสู่ขณะมี load เต็มพิกัด  (rated load)  ต่อแรงดันไฟฟ้าขณะมี load เต็มพิกัด   ซึ่งสามารถเขียนเป็นสมการได้ดังนี้ 
	    การกลับทิศทางการหมุนของ DC. Motor  สามารถกระทำได้  2 วิธี  คือ   กลับทิศทางของกระแสใน armature ตามที่แสดงในรูปที่ 10-20 (a) และ (b)  หรือ การกลับขั้วของ field ตามที่แสดงในรูปที่ 10-20 (c) และ (d) 
	  
	รูปที่ 10-20   Reversing a direct-current motor by : (a) and (b) reversing the armature current ; 
	          รูปที่ 10-20  (c) และ (d)  แสดงวิธีการกลับขั้วของ field  รูป (c) armature จะหมุนในทิศทางเข็มนาฬิกา (cw)   และรูป (d)  เมื่อทำการสลับขั้วของ field จาก N เป็น S และจาก S เป็น N จะทำให้ armature หมุนในทิศทางทวนเข็มนาฬิกา (ccw)   


	   ทิศทางการหมุนของแต่ละกรณี  หาได้จาก  flux bunching rule  ซึ่งได้แสดงไว้ในแต่ละรูป 
	10-10  Developed  Torque 

	เมื่อ :  TD        =    developed  torque   (lb-ft) 
	  Bp      =     flux density in air-gap produced by shunt field pole  (Teslas : T หรือ wb/m2) 
	  Ia         =     armature current     (A) 
	  KM        =    constant 
	 
	10-11 Speed  Regulation 

	เมื่อ :              SR    =    speed  regulation 
	                nnl    =    no-load speed    (r/min) 
	                nrated    =    rated  speed  หรือ  rated load   (r/min) 
	 
	 
	 
	10-12  Armature Reaction 
	   จากรูปที่ 10-21 (a)  แสดงแรงเคลื่อนแม่เหล็ก mmf  ของ armature reaction ใน  generator  ซึ่งจะทำให้ neutral plane เคลื่อนออกจากแกนของมันในทิศทางของการหมุน       ผลลัพธ์รวม คือ การเพิ่มของเส้นแรงแม่เหล็กที่บริเวณด้านบนของขั้ว N และด้านล่างของขั้ว S   และจำนวนเส้นแรงแม่เหล็กจะลดลงที่บริเวณด้านล่างของขั้ว N และด้านบนของขั้ว  S    ซึ่งจะเป็นผลทำให้เส้นแรงแม่เหล็กจากขั้วทั้งหมดลดลง ทำให้แรงดันไฟฟ้าที่ถูกสร้างขึ้นมามีค่าลดลงตามไปด้วย            และเส้นแรงแม่เหล็กบางส่วนจะรั่วเข้าไปในเขต  interpole  เนื่องจากการเป็น nonlinear  ที่เป็นธรรมชาติของขั้วแม่เหล็ก 


	                      F   net       =   F  f   – F  d                                    10.22 
	เมื่อ :              F   net    =    net   mmf      (A- t / pole) 
	               F  f         = field mmf     (A- t / pole) 
	               F  d        = equivalent demagnetizing mmf     (A- t / pole) 
	 
	10-13  Interpole 

	เมื่อ :   Racir     =   resistance of armature circuit     (() 
	 Ra =   resistance of armature winding     (() 
	 RIP =   resistance of interpole winding     (() 
	  Rcw =   resistance of compensating winding     (() 
	Ea      =   voltage of armature  (V) 
	Ia =   current in armature circuit  (A) 
	 VT =   voltage of  terminal   (V) 
	Example 10-5  A separately excited , compensated shunt generator, rated at 25 kw , 250 V , 1450  r/min  has the following parameters : 

	Ra =   0.1053  (                                   RIP    =   0.0306 (         Rcw  =   0.0141(                       Rf   =   96.3  ( 
	                         Ea     =    VT  +   Ia  Racir 
	  Ra =   0.602  (                 RIP +   Rcw =   0.201 (             Rf   =   408.5  ( 
	Determine the cemf 

	                                                =   0.602  +   0.201 =   0.803 ( 
	                                               Ea    =    VT   –   Ia Racir 
	Ea  =  VT   –   Ia Racir   แทนค่าลงไปจะได้ 
	เมื่อ :         Racir       =    armature-circuit resistance     (() 
	  Ia    =    armature current     (A) 
	 n    =   speed  of  DC. motor    (r /min) 
	 (p        =   flux produced  by shunt field winding      (Wb) 
	 kG     =   constant   
	Solution 

	รูปที่ 10-26   Circuit diagram for Example 10-7 
	 
	Example 10-8       A shunt  motor rated at 10 hp , 240 V , 2500 r/min draws a line current 37.5 A    when operating at rated conditions.   The motor parameters  are Ra =  0.213  ( ,   Rcw =  0.065 ( ,  RIP   =  0.092 (   and Rf  =  160  (    Determine :   
	(a)  The steady-state armature  current if  a rheostat in the  shunt field circuit reduces the flux in the air gap to 75.0  percent of its rated value.,           a 1.0 (  resistor is placed in series with the armature and the load torque on the shaft is reduced to 50 percent rated 
	(b)  the  steady-state speed for the condition in (a)         
	 
	Solution      (a)  The steady-state armature  current if  a rheostat in the  shunt field circuit reduces the flux in the air gap to 75.0  percent of its rated value.,   a 1.0 (  resistor is placed in series with the armature and the load torque on the shaft is reduced to 50 percent rated 
	 

	รูปที่ 10-27   Circuit diagram for Example 10-8 : (a) rated condition ; 
	                                                    (b) external resistor in series with the armature 
	 VT     =   applied voltage at terminal of motor    (V) 
	 Ia     =   armature current      (A) 
	 Racir     =   resistance of armature circuit    (() 
	                            Ra     =   resistance of armature winding    (() 
	                            RIP     =   resistance of interpole winding    (() 
	                            Rcw     =   resistance of compensating winding   (() 
	รูปที่ 10-28   Circuit for derivation of mechanical power equation 
	                    Ia VT       =  Ia Ea  +   Ia2 Racir                                                                            10.30  
	 เมื่อเปรียบเทียบสมการที่ 10.31  กับสมการที่ 10.28   จะเห็นว่าสมการทางด้านขวามีค่าเท่ากัน  ดังนั้นสมการทางด้านซ้ายจะต้องเท่ากันด้วย  นั่นคือ 
	      เมื่อแทนค่าจากสมการ 10.34  ลงในสมการที่ 10.33  เพื่อหาค่า   developed torque  จะได้ 
	Example 10-9     A 40 hp , 240 V, 2500 r/min  shunt motor operating at rated condition has a line current of 140 A.  The armature–circuit resistance and field circuit resistance are 0.0873 ( and  95.3 (  respectively.  Determine. 

	   Ea    =    VT   –   Ia Racir       =   240  –  (137.48 x 0.0873)      =  228 V 
	เมื่อ  :                  Ploss      =     total power loss   (W) 
	 Pacir    =     armature – circuit loss  (W ) 
	 Pb    =     brush – contact loss  (W ) 
	 Pf,w    =     friction and windage loss   (W ) 
	 Pstray    =     stray load loss   (W ) 
	Pcore    =     core loss   (W) 
	Pfcl    =     field – circuit loss  (W) 
	       การสูญเสียกำลังงานของไฟฟ้า คือ  การสูญเสียในรูปของความร้อนในขดลวด ( P = I2R) ซึ่งประกอบด้วย  การสูญเสียในขดลวด field-circuit loss (Pf  = I2f  Rf) ,   การสูญเสียกำลังความร้อนในวงจร armature circuit loss  [ Pacir  = I2a   (Ra  +  RIP + Rcw) ]   และการสูญเสียในแปรงถ่าน (Pb = Vb Ib)    ดังนั้นการสูญเสียในรูปของกำลังไฟฟ้า  คือ 
	                                     Total electrical losses    =    Pf  +  Pacir  +  Pb                (W)                    10.37 
	Solution 
	                            If    =   VT  / Rf   =    230 / 137             =  1.68   A 
	                      VT    =   Ea  +  Ia (Racir  +  Rx )          (           Rx   =    [(VT  –   Ea) / Ia2]   –   Racir      




	 
	 
	 
	 
	รูปที่ 11-7   Magnetization curve and circuit diagram for Example 11-2 
	           และจากสมการที่ 11.2    ค่า    (p  =  F   net  / R   เมื่อแทนค่าลงในสมการที่ 11.6  จะได้  
	รูปที่ 11-9   Elementary circuit diagram of a simple adjustable-voltage drive system 
	   Armature  IP + CW               Shunt 
	จากสมการ       T1 / T2    =   [Bp Ia]1  /  [Bp Ia]2         (        Ia2   =   (T2 / T1) (Bp1 Ia1) / Bp2 

	เมื่อ :  T1  =  910  lb–ft  ,  T2  =  500  lb–ft    , Ia1  =  654.33  A  และความหนาแน่นของเส้นแรงแม่เหล็กที่ค้างอยู่มีค่าคงที่  (Bp1  =  B p2) 
	   RDB    =    [204.67 –  (359.52 x 0.00707)]  / 359.52     =  0.562  (                Ans 

	รูปที่ 11-12   NEMA standard terminal marking for DC motor and proper connection for 
	SUMMARY  OF  EQUATIONS  FOR  PROBLEM  SOLVING 


	  VT       =    voltage at output terminal , load switch closed  (V) 
	โดยลากเส้นตัดกับ magnetization curve  จะได้ค่า  Vnl  =  255  V     ดังนั้น 
	รูปที่ 12-12   Magnetization curve and circuit diagram for Example 12-2 
	                  The machine is over compounded                                Ans 
	          ดังนั้น                   
	                                               Vnl  – Vrated    =    (VR  / 100)   x  Vrated           12.9 
	                                     ( Vbus / ( I        =    [(VR  / 100)   x  Vrated]     / Irated                                     12.10 
	รูปที่ 12-16   Illustrations for Example 12-3 : (a) one-line diagram ; (b) characteristic triangle ; 
	 
	SUMMARY  OF  EQUATIONS  FOR  PROBLEM  SOLVING 






	บทที่  13 
	การควบคุมมอเตอร์ไฟฟ้า 
	เร่งได้อย่างสม่ำเสมอตลอดช่วงเวลาการทำงาน และมี Dynamic braking  ป้องกันความเสียหายจากการเกิด Overload   การควบคุมมอเตอร์อาจจะทำได้โดยอัตโนมัติด้วยระบบ Programming โดยใช้อุปกรณ์ตั้งเวลาทางไฟฟ้า ,  Sequence interlocks  และ Pilot switches 
	           ทั่ว ๆ ไปแล้ว Thermal-overload Relay นิยมทำเป็นแบบ bimetal โดยใช้กระแสที่ไหลผ่าน load เป็นตัวควบคุมอีกทีหนึ่ง การตัดวงจรจะอาศัยการงอของ bimetal ขณะร้อน เนื่องจากกระแสไหลผ่านมาก และจะกลับมาต่อวงจรอีกครั้งเมื่อ bimetal เย็นตัวลง 



