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FIGURE 6.1 Basic structure of the three-phase synchronous machine.
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P = SP(fnl —fsys)

P

SO fsys =fnl _;

(a) The initial system frequency is given by

e I

f:ys fnl S»
_ _ 1000kW _ _ _
=61 Hz 1 MW/Hz 61Hz — 1 Hz = 60Hz

(b) After load 2 is connected,
D
j;ys - fnl Sp

1800 kW

=61 Hz — TV

=61 Hz — 1.8Hz = 59.2Hz

(!l bl $12),5055 b 55155 90 5955 (55lse
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Jol 583155 Gy Fn1=61.5[HZ] SP=1[mMw ]
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Solution

The power produced by a synchronous generator with a given slope and no-load frequency
is given by Equation (5-28):
Py = spi(fua "fsys)
Py = spffuz = fiys)
Since the total power supplied by the generators must equal the power consumed by the
loads,
Pioaa = Py + P,

These equations can be used o answer all the questions asked.

(a) In the first case, both generators have a slope of | MW/Hz, and G, has a no-load
frequency of 61.5 Hz, while G, has a no-load frequency of 61.0 Hz. The total
load is 2.5 MW. Therefore, the system frequency can be found as follows:

Pioss = Py + P,
= Spi(far — Loy T Spalfuz — Ly
2.5MW = (1 MW/Hz)(61.5 Hz — £, ) + (1 MW/Hz)61 Hz — £ )
=615 MW — (1 MW/Hz)f, + 61 MW — (I MW/Hz)f,
= 1225 MW — (2 MW/H2)f,

1225 MW - 2.5 MW
(ZMW/Hz)

s

therefore S = = 60.0Hz

The resulting powers supplied by the two generators are

Py = sp(fan — fiys)

= (1 MW/HzX61.5 Hz — 60.0 Hz) = 1.5 MW
PZ = sm(fnl.Z .-fsys)

= (1 MW/HzX61.0Hz — 60.0 Hz) = | MW
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() When the load is increased by | MW, the total load becomes 3.5 MW. The new
system frequency is now given by
Pioad = SpiUfars — foy? + Spafar2 — fiys)
3.5 MW = (1 MW/Hz)(61.5 Hz — f,) + (1 MW/Hz)61 Hz — f,,)
= 61.5 MW — (I MW/Hz)f,, + 61 MW — (I MW/Hz)f, .
= 1225 MW — (2 MW/Hz)f,

122.5 MW — 3.5 MW
(ZMW/Hz)

therefore  fo = = 59.5Hz

The resulting powers are
Py = sp(fan — fys)
= (1l MW/HzX61.5 Hz — 59.5Hz) = 2.0 MW
Py = spfaz = fiys)
= (Il MW/HzX61.0Hz — 59.5Hz) = 1.5 MW

Generator | e Generator 2
_61.5Hz
Slope = | MW/Hz 60 Mz
_________________ R--—-'—-— Slope = | MW/Hz
: freobz |
| |
| |
| |
| |
| |
| |
| |
[ |
| |
kW \P.zl.smw \P2=I.0MW kW

) dwgn p2 & a5l g Wil fog Culld (2 @S @ bae (49,50 gla)gil i @
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buwgd SOy J S b aisS (o0 )1 (901 )8l @ jgu0 dy oS Sl (49,50 5931555 50 @
ol 58 J 5iS lgi o0 359l bl e J 55 U g 00 ged 5Ly J S led o0 AVR
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Jol »83155 G Fan=52[HZ] SP,=0.9[ MW ]
HZ
£9° 19155 G2 Faz=51[HZ] SP,=1[ MW ]
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9 3,18 JLaiI 5OHZ uils 36 b coles o2 by 4 3 00 (5390 o2 b Szs5 5951535 aw 3(FJlio
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Gl Fn|=52[HZ] SP1=09[M]
HZ
G, Fu=51.5[HZ] 5p-1[MW |
HZ
G; Fou=?[HZ] sp,=1.1[ MW,
HZ

P1= SP1(Fnl1- Fsys) = 0.9 x (52 —50) = 1.8MW
P2 = SP2(Fnl2 — Fsys) =1x (51.5—50) = 1.5MW

P3=P—(P1+P2)=4.4—(1.8+15) =1.IMW

P3 = SP3(Fnl3— Fsys) = 1.1=1.1x (Fnl3—50) = Fnl3 = 51HZ
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FIGURE 6.24 Power factor characteristics. (a) Equivalent circuit. (») Phasor
diagram. (¢) Variation of 7, and PF with 7.
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There are many applications of synchronous machines. The primary use of the machine is as

an ac generator or alternator. It provides more than 99 percent of the electrical energy used by
people all over the world.
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Synchronous Induction

or motor
500 }— induction
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| | i FIGURE 6.36 Application of synchronous and induction
0 1000 2000 motors.

a3 13 Gl (09 )5 ) S (595 90 Sl pititans 09 pShuw (S )97 30 sl 40 s D

el 09 S0 Sy 9390 Ju Cuwl B+l JieS Olgi L bawgio sld Cae puo U3 L UL o
bl o3

Sl ) gige Cawl jli Sb) (LB el ) Olgi 9 S Cucpmw 4 &S S )5 )3 : 4295 .F

Il JLSz sloul gz 3L sl b T 4 1) 390 3inlgss g ,Simw S 53 50 I siljl

33



ol 9 @ﬂlﬁlﬂwleé),,@gmg.-..b

0> 3 Pl vikigo sl g dgd JBaw (99 5w s il

S 09, )9 g0 4S5 2 HS 3o 2L 9 (M ST 3932) Canwl s olsa BISE )5 VU

3iligy g0 1) OT 1,5 45 Cawl(Olg5 o pd S Caabls VU 235U uli e pan) olss

Sygme o 55 208 (gpel s olS D (635, B0 (kb oz B A g, riile Sy 3PSl
) ool Olg5 o S0,28 398 Il )y o)l JLasl b (rdle cnl 10,05 o0 )18 (6500 120 e 9550 (55551555
B e 9 uliST) 5 098 Sl 8o Re 5l g aws oSl Jigod 51y 0.8 &j08 g p5 2o
Jolie (9 () ol ausly b 4k gl (B (B3l o il 5y (1 scel ogllae 02l o8l X, — J8
6538 1L s 50 Prax b Sl (gl v (F gadss 5057, 5 5051 slaglss

5=255° 5 E, =206.9V/0 il

The per-phase equivalent circuit for the synchronous generator is shown in Fig. E6.3a.

(a) V.= 20 =120 V/phase

V3

Stator current at rated kVA;

5000

a=——=139 A
V3 X 208

¢=-36.9° for lagging pf of 0.8

From Fig. E6.3a,

E, d
E, = 2069 V
X = 1,JX,
5 = 255° la
\k%g,, V, = 120 V g
I,= 139 A . o Vi

(a) (b) ()
FIGURE E6.3
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E; =V J0° + LjX,
=120/0° + 13.9/=36.9° - 8/90°
=206.9/25.5°

Excitation voltage Ef=206.9 V/phase
Power angle 6=+ 25.5°

Note that because of generator action, the power angle is positive.
The phasor diagram is shown in Fig. E6.3b.

Q- % (Ef Coss —Vt) = > ézo (206.9x C0s25.5—-120) = 3MVAR
S
o_ 3V)t(.Ef sing - 3¥120x2069 Lo
S
P. = 3\/:(? Sins = 3x120x206.9 x Sin90 = 9.31IMW

Girb 5l 69955 (Sl pls (Tl Gl ws e Yo Sy ol z ST Y Jle o coend FEX

sl e 1) 5531535 03515 les 5 e po eilind by ciles ol e

(b) The new excitation voltage E; = 1.2 X 206.9 = 248.28 V. Because power transfer remains
same, wls o Fl o230 G oS 0I5 02
VE . . ViE

X sin § = X—Ssin &

or
Egsin § = E{ sin §'

or

sind' = Ejsin b= S0
- E 1.2

§=21°
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The stator current is

E["'Vt

fo=1—
1 X

248.28/21°—120/0°
8 /90°

142.87 /38.52°
8 /90°

=17.86/—51.5° A
Power factor = cos 51.5° =0.62 lag
Reactive kVA = 3|V,|I,| sin 51.5°

=3X120%X17.86X0.78 X 103
=5.03
or, from Eq. 6.26,

3x120

Q= %(Ef .Cosd —Vit) = (248.28 x C0s21-120) = 5.03MVAR
S

1l g s 8 (65100 500 3550 8 A (49,5 5350 Dygo a4 |) Lo (dle ST1: 0 Jlio sk

GlaisS 4 |, Soym bz g pejbe Jaie 35,2 60 (uils 5 b 25 208 ey ks b 56 4w 4t

o =-29° 9 Ef :13735%hase C iLo \ ( a. N9 B |) (6)0‘5_! 4_19‘) 9 (Ef) )3_?9.0

Solution

The per-phase equivalent circuit for motoring operation is shown in Fig. E6.4a.
(a) 3Vd.cos p=3 kW=3V I, for cos¢p=1.

3000
I,= T =833 A
E; =V, —LjX;
=120/0° - 8.33/0° - 8 /90°
= 137.35/=29°

Excitation voltage = Ey=137.35 V/phase
Power angle §=-29°
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Note that because of motor action, the power angle is negative.
The phasor diagram is shown in Fig. E6.4b. E; and 6 can also be calculated from the

phasor diagram.

E;= \/IVll2 + [LX | = \/1202 +(8.33 x8)°

=137.35 V/phase
| Xg| _833X8 .
tan 6 Vi 120 0.555
|6] =29°
6=-29°
8 I

SNV -0
E, <> V,
—0

(a)

(b)

FIGURE E6.4

29ledS b (ad) oo ;S o joleaS caul ali8l o ol jgmme (59, )b g abl ol SO by ST (o
(a2 07, 0=90° 5 nasiSle yoliid) oS Gl |, (Thap) |, 25

(b) Maximum torque will be developed at § =90°. From Eq. 6.25a,
X 33X
Povia 6180.75
T = = =328 N-
= ogn  (1800/60) X 27~ SN
OR
3V, E
P = tEf 3x120x137.35 _ 6180.75W
XS
T FPoac 818075 o5 N
® ®

S S
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(a) Initially, the motor’s output power is 15 hp. This corresponds to an output of
P,, = (15 hpX0.746 KW/hp) = 11.19 kW

Therefore, the electric power supplied to the machine is

Pin= Pom+ Pmacbbss+ Pcculou+ Pdecloss
= 1LI9OKkW + 1L.SKkW + 1.0kW + OkW = 13.69 kW

Since the motor’s power factor is 0.80 leading, the resulting line current flow is

.
L™ V3Vycos 8
= 13.69 kW
= V3208 VX080) ~ 475 A
and the armature current is [;/V3 , with 0.8 leading power factor, which gives

the result
I, =274 £3687° A
To find E,, apply Kirchhoff's voltage law
Ex = Vg — jXsly
=208 £0°V — (j2.52)(27.4 £ 36.87° A)
=20820°V —68.5212687°V
= 249.1 — j548V =255 £ —124°V

JXgl, = 68.5 £ 126.87°

E,=255Z-124°V
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Solution

1. (a) Power =3V, cos ¢. For normal excitation, power factor = cos ¢ = 1. Hence V,, and
I, are in phase. Since power is zero, [, is zero. From Eq. 6.24, for no power transfer,
6 is zero. If I, is zero, both V| and E; are also the same in magnitude.

11
V3

The phasor diagram is shown in Fig. E6.6a.
(b) Because power transfer is zero, § is zero. Hence,

E; =V, = —kV/phase = 6.35 kV/phase

! V.@—E;@: 6351—1.5 X 6351
iXs 10/90°

=317.55/90° A
PF=cos 90° =0 leading

I,

The phasor diagram is shown in Fig. E6.6b.

’a
E,
T,! Vi iv
X,
(a) (b)
E, v E.
l«!XS
o
Z L Vi
(¢) (d)

FIGURE E6.6
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5-23. A three-phase Y-connected synchronous generator is rated 120 MVA,
13.2 kV, 0.8 PF lagging, and 60 Hz.

Its synchronous reactance is 0.9 €2, and its resistance may be ignored.

(a) What is its voltage regulation?

(a) The rated armature current is

S ___120MVA _ 0,

=. = —
L BBy, 3(132kV)

The power factor is 0.8 lagging, so I, =5249/-36.87° A..

1

The phase voltage is 13.2 kV / J3 =7621 .
Therefore, the internal generated voltage is
E, =V +R L + X1,
E, =7621£0°+ j(0.9 Q)(5249£-36.87° A)
E, =11,120£19.9° V  resulting voltage regulation is

_11,120-7621
7621

VR X 100% =45.9%
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