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SYNCHRONOUS SPEED

where
w, 1s the angular speed of the magnetic field (which is equal to the angular rotor speed of the
synchronous machine)
= p pm # w is the angular frequency of the electrical system
fis the electrical frequency, Hz
p» is the number of poles

e
I
b =
F

where
‘ B 15 1n electrical measure
- B 1s in mechanical measure
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SYNCHRONOUS GENERATOR OPERATION
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e At)y=E_ . sinoy
e (1) = Egg sin(wf—120%)
e (1) = E,.. sin(wf —240°)
The peak voltage in any phase of a three-phase stator is

E, =0xNx®d

However, if the winding is distributed over several slots, the induced voltage is less and is given as

E,. =0xNxbdxk, (7.8)

since w=2x . then where
N 1s the number of turns in each phase winding

Epax = 20X f XN XD XK, — ® is the flux per pole due to the excitation current [,
k. 1s the winding factor®



Thus, the rms voltage of any phase of this three-phase stator is

E,. = %f}:ﬁxmka

E,=444f xNxDxk,

Open-circuit terminal voltage,
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EQUIVALENT CIRCUITS
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Vo = Ey — jX1, = jX, 1, — R,],

Xe=X +X,
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5.5 THE PHASOR DIAGRAM OF A
SYNCHRONOUS GENERATOR

Alternatively, for a given field current and magnitude of load current, the
terminal voltage is lower for lagging loads and higher for leading loads.



5.6 POWERAND TORQUE IN
SYNCHRONOUS GENERATORS
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H:nnv = TindWpy
= 3E, 0, cosy

P, = V3IV.I cos o

P = 3V, I, cos 8



If the armature resistance R, is ignored (since Xg>> R,), c

E,sind
=Xgl cos8

I co _ E,sind

L cos @ = X

P_HI«;EAﬁinE
= X;

(3-20)

= 3V,E, sin &
Tind =

Wy XS

Equation (5-20) shows that the power produced by a synchronous genera-
tor depends on the angle & between Vg and E,. The angle 8 is known as the torque

angle of the machine. Notice also that the maximum power that the generator can
supply occurs when 6 = 90°. A1 =90 sind = 1, and

AV.E
qu=_ﬁ? (5-21)



Example 7.3

A three-phase, 13.2kV, 60Hz, S0MVA, wye-connected cylindrical-rotor synchronous generator
has an armature reactance of 2.19£2 per phase. The leakage reactance 1s (0.137 times the armature
reactance. The armature resistance 1s small enough to be negligible. Also 1gnore the saturation.
Assume that the generator delivers full-load current at the rated voltage and 0.8 lagging power
factor. Determine the following:

(a) The synchronous reactance in ohms per phase
{(b) The rated load current

(c) The air gap voltage

(d) The internal generated voltage

(e) The power angle

(f) The voltage regulation



Solution

(a) The leakage reactance per phase is

X, =0.137X,,
=0.137(2.19 0)
=030

Therefore, the synchronous reactance per phase 1s

X =X, +X,,
=0.3+2.19

=249 0

(b) The rated load (or full load) current 1s

;S
Eﬁﬂ

_ 50x10°
V/3(13,200)

=2,18693 A

and when expressed as a phasor,

I.=1_(cosB— jsin @)
=2,186.93(0.8 - j0.6)
=1,74955-j1.312.16

=218693/2-36.87° A

(c) The air-gap voltage (also known as the voliage behind the leakage reactance) 1s
E, =V, + jX.I,
=13,20020° + j0.3(2,186.932 = 36.87°)
=8,031.843.75°V

({d) The internal generated voltage (also known as the velrage behind the synchronous
reactance) 1s

E, =V, + jX.I,
=13,200£0° + j2.49(2,186.93 .2 - 36.87°)

=11727.4422181°V



(e) The power angle (also called the rorque angle) is

o=21.81"°

(f) The voltage regulation at full load 1s

V Reg = Ea=Ve _ 1172744-7,621.02
V, 7.621.02

5.7 MEASURING SYNCHRONOUS
GENERATOR MODEL PARAMETERS

x 100 =53.88%

1. The relationship between field current and flux (and therefore between the
field current and E,)

2. The synchronous reactance

3. The armature resistance
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Short-circuil characteristic
(SCC)

(b)

E,
la VR; + X?
E E v
zf:"m:.r_: Xs>> R, xs-afﬂ= E"
A

If E, and I, are known for a given situation, then the synchronous reactance X;
can be found.

Therelore, an approximate method for determining the synchronous reac-
tance X at a given held current is

1. Get the internal generated voltage E; from the OCC at that field current.
2. Get the short-circuit current flow I, ¢ at that field current from the SCC,
3. Find X by applying Equation (5-26).



Senkron reaktansin X, bulunmasi

» Belirl bir alan akimu 7 icin i¢ gerilim £, (=V,) acik devre deneyinden
bulunabilir, kisa devre akimi 7, kisa devre deneyinden bulunabilir.

+ Senkron reaktans X izleyen denklemler ile elde edilebilir:

Ej.-:'ﬁ-]ﬂu.rm = \IIR-:: + Xj:.dﬂ_vm.mp - -
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Doyum durumunda X
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FIGURE 5-19

A sketch of the approximate synchronous reactance of a synchronous generator as a function of the
field current in the machine. The constant value of reactance found at low values of field current is
the unsalurated synchronous reactance of the machine.



Kisa-devre oram (Short Circuit Ratio, SCR)

Senkron generatorii tammmlamak i¢in kullanilan diger bir parametre de kisa-
devre oranidir. Bir generatoriin kisa-devre oram1 (SCR); acik devrede anma
gerilimi i¢in gerekli uyartim akiminin kisa devrede anma akimi i¢in gerekli
uyartim akimina oranmidir. Kisa devre oram1 SCR, doymus senkron reaktansin
per unit degerinin tersidir ve izleyen denklem ile hesaplanir:

/ , Hava-aralif hati
v Ecveya ¥V, (V) g I (A
SCR — I f_ amma .llr IE }
f 150 scc
— l -.-'I;I.H'I'I.I'I'H:I'
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Ornek 1

200kVA, 480V, o0Hz, 4-kutup, Y-bagh senkron generatdrin 3A anma
uyartim akimiyla deneyi yvapilnus ve 1zleyven veriler alinmastr.

a) Acik-devre (OC) deneyinden — Anma uyartim akiminda, terminal
(ucg) gertlimi = 540V,

b) Kisa-devre (SC) deneyinden — anma uyartim akiminda, hat
akimi=300A ,

¢) DA deneyinden — 10V DA genhimu 1ki1 ¢ikis ucuna uygulandifinda,
25A alam dlclilmiistiir.

1) Diénme hizini d/d olarak hesaplayiniz.
2) Uretilen emk ile doymus esdeger devre parametrelerini (endiivi
direnci ve senkron reaktansi) hesaplayiniz.



Ornek 1 icin ciziim

1)
.= elektrik frekans: = Pp /120
f. = 60Hz
P = kutup sayis) = 4
n,, = mékanik dinme iz, d/id
Bu durumda, m = {120 x 60)/4 = 1800 d/d

1) Agik-devre deneyinde, [, = 0 ve E=F,
E, = 540/1.732=3]11 8V (Makina Y-bagh oldugundan)
Kisa-devre deneyinde, ¢ikis uglan kisa devredir, =0
E,m[Z veya Z = EJ/T =311 8/300=].040hm
DA deneyinde, R =F;, A2, )= IV{2X25) = 0.2 ohm

Synchronous empedans ve reactance, £, == .\]r R+ X f P

X, sy =\ Z ety = o = 3/1.047 —0.2% =1.02 0hm



Synchronous generator
under load
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Figure 19
Equivalent circuit of a generator under load.
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General conclusions from this discussion of synchronous generator behav-
ior are

1. If lagging loads (+Q or inductive reactive power loads) are added 1o a gen-
erator, Vg and the terminal voltage Vi decrease significantly.

2. If unity-power-factor loads (no reactive power) are added to a generator, there
is a slight decrease in Vg and the terminal voltage.

3. If leading loads (—Q or capacitive reactive power loads) are added to a gener-
ator, Vg and the terminal voltage will rise.

A convenient way to compare the voltage behavior of two generators 1s by
their voltage regulation. The voltage regulation (VR) of a generator is defined by
the equation




Example Problems

Example 5-2. A 480-V, 60-Hz, Aconnecled, four-pole synchronous generator has

the OCC shown in Figure 5-23a. This generator has a synchronous reactance of 0.1 {} and
an armature resistance of 0,015 €). At full load, the machine supplies 1200 A at 0.8 PF lag-

ging. Under full-load conditions, the friction and windage losses are 40 kW, and the core
losses are 30 kW, Ignore any field circuit losses.

(a) What is the speed of rotation of this generator?

() How much field current must be supplied to the generator to make the terminal
voltage 480 V¥ at no load?

(c) If the generator is now connected o a load and the load draws 1200 A at 0.8 PF
lagging, how much field current will be required to keep the terminal voltage
equal to 480 V?

(d) How much power is the generator now supplying? How much power is supplied
to the generator by the prime mover? What is this machine’s overall efficiency?

(e) If the generator’s load were suddenly disconnected from the line, what would
happen to its terminal voltage?

(f) Finally, suppose that the generator is connected to a load drawing 1200 A at 0.8
PF leading. How much field current would be required to keep Vrat 480 V?
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FIGURE 5-23
{a) Open-circuit characteristic of the generator in Example 5-2.

Solution
This synchronous generator is A-connected, so its phase voltage is equal to its line voltage
Vs = Vr, while its phase current is related to its line current by the equation [, = V3.

fa) The relationship between the electrical frequency produced by a synchronous
generator and the mechanical rate of shaft rotation is given by Equation (4-34):

_ P

Je =20 (4-34)
Therefore,
120f
H"':_P‘
_ 12(60Hz) _ .
= “apoles 1800 r/min

(&) In this machine, VT = V. Since the generatlorisatnoload, Iy =0and E4 = V.
Therefore, Vy = V, = E, = 480V, and from the open-circuit characteristic,
e =45A.
{c) If the generator is supplying 1200 A, then the armature current in the machine is

_ 1200 A

I,= " = 6928A

I, =692.8 £ 36.87° A



Ey, = Vg + R0, + X1,
= 480 £0°V + (0.015 N1)692.8 £ —36.87° A) + (0.1 N692.8 £ —36.87° A)
=480 20°V + 1039 £-3687°V + 69.28 ~£53.13° V

= 5299 + j492V = 532 £5.3°V

To keep the terminal voltage at 480 V, E; must be adjusted to 532 V. From Fig-
ure 5-23, the required field current is 5.7 A.

(d) The power that the generator is now supplying can be found from Equation
(5-16):

= V3(480 VX 1200 A) cos 36.87°
= 798 kW

P o = 2R, ) P = 798 kW + 21.6 kW + 30 kW + 40 kW = 889.6 kW
= 3(692.8 A)H0.015 ) = 21.6 kW

Therefore, the machine’s overall efficiency is

n= ";,%““ x 100% = E’;ﬂﬁkgﬂr x 100% = 89.75%



(e) If the generator’s load were suddenly disconnected from the line, the current 1,
would drop to zero, making E; = V. Since the field current has not changed, | E,|
has not changed and V; and V; must rise to equal E,. Therefore, if the load were

suddenly dropped, the terminal voltage of the generator would nise to 332 V,
(f) If the generator were loaded down with 1200 A at 0.8 PF leading while the ter-

minal voltage was 480 V, then the internal generated voltage would have to be

=480 20°V + (0.015 OQ)(692.8 £36.87° A) + (j0.1 £1H692.8 £36.87° A)
= 480 £Z0°V + 10.39 £36.87°V + 6928 £126.87° V

= 446.7 + j61.7V = 451 £7.1°V

Therefore, the internal generated voltage E, must be adjusted to provide 451 V if V5
is o remain 480 V. Using the open-circuit characteristic, the field current would
have to be adjusted to 4.1 A.



Example 5=3. A480-V, 50-Hz, Y-connected, six-pole synchronous genera-
tor has a per-phase synchronous reactance of 1.0 £). Its full-load armature current is
60 A at 0.8 PF lagging. This generator has friction and windage losses of 1.5 kW and
core losses of 1.0 kW at 60 Hz al full load. Since the armalture resistance is being ig-

nored, assume that the /2R losses are negligible. The field current has been adjusted
s0 that the terminal voltage is 480 V at no load.

{a) What is the speed of rotation of this generator?

() What is the terminal voltage of this generator if the following are true?
1. Itis loaded with the rated current at 0.8 PF lagging.
2. Itis loaded with the rated current at 1.0 PF.
3. It1s loaded with the rated current at 0.8 PF leading.

(c) What s the efficiency of this generator (ignoring the unknown electrical losses)
when it is operating at the rated current and 0.8 PF lagging?

(d) How much shaft torque must be applied by the prime mover at full load? How
large is the induced countertorque?

(e) What is the voltage regulation of this generator at 0.8 PF lagging? At 1.0 PF? At
0.8 PF leading?



fa) The speed of rotation of a synchronous generator in revolutions per minute 1s

given by Equation (4-34):
n
f.= 'ﬁg (4-34)
Therefore,
_ 120f,
Ny ="p
= %p% = 1000 r/min

Alternatively, the speed expressed in radians per second is

(1 minV(2q (277 VP = [Ve + (1.OQ)60 A) sin 36.87°F + [(1.0 )60 A) cos 36.87°)
w,, = (1000 rfmm)(m)(_ 76.729 = (V, + 367 + 2304

= 104.7 rad/s 74,425 = (V, + 36)
2728 =V, + 36 .
(b) 1. If the generator is loaded down will V,= 2368V 60 £ 53.13
sulting phasor diagram looks like  gj;ce (pe generator is Y-connected, Vr = V3V, =410 V. JXsly E,

phasor diagram. we know that V, is at an angle of 0°, that the magnitude of
E, is 277 V, and that the quantity jX.I, is

JXsLy = §(1.0 QXN60 £ —36.87° A) = 60 £53.13° V

The two quantities not known on the voltage diagram are the magnitude of
V, and the angle 6 of E. To find these values, the easiest approach is to con-
struct a right triangle on the phasor diagram, as shown in the figure. From
Figure 5-24a, the rnight triangle gives

E2 = (V, + Xgl, sin 0)2 + (XgI, cos 02 ———_




(277 VY = [V, + (1.0 )60 A) sin 36.87°]* + [(1.0 )60 A) cos 36.87°)°
76.729 = (V, + 36) + 2304
74,425 = (V, + 36)

272.8 = V, + 36
V,= 2368V

Since the generator is Y-connected, V7 = V3V, =410V,

2. If the generator is loaded with the rated current at unity power factor, then
the phasor diagram will look like Figure 5-24b. To find Vg here the right tri-

angle is

E; = V§+ (Xl
(277 V)2 = Vi + [(1.0 )60 A))2
76,729 = V{ + 3600
Vi=13129
V, =2704V v,

Therefore, Vr = V3V, = 468.4 V.



3. When the generator is loaded with the rated current at 0.8 PF leading, the re-

sulting phasor diagram is the one shown in Figure 5-24¢. To find V, in this y
situation, we construct the triangle OAB shown in the figure. The resulting ,(}
equation is ,,r ‘\\.x

E; = (Vg — X4 + (Xsl4 cos 9)? 2

MY
Therefore, the phase voltage at the rated load and 0.8 PF leading is L, A{ 'NS'A

(277 V)2 = [V, — (1.0 )60 A) sin 36.87°]* + [(1.0 2)(60 A) cos 36.87°)2 o

76,729 = (V, — 367 + 2304 | xslﬁsm.ﬂ
74,425 = (V, — 36) v,
2728 =V, — 36
Ve =3088YV
Since the generator is Y-connected, Vy = V3V, = 535V,
(c) The output power of this generator at 60 A and 0.8 PF laggingis  The efficiency of the generator is thus
Pox=3Vg 1 cos 8 P 341 KW
= 3(236.8 V)60 A)0.8) = 34.1 kW n=p x 100% = 3w * 100% = 93.2%

The mechanical input power is given by
P,=P,+PiistP + P

core loss mech loss

=34.1kW + 0 + L.LOKW + 1.5 kW = 36.6 kW



(d) The input torque to this generator is given by the equation

Pin = Tapp@m

app
P 366kW
50 Top = o~ 1257rad/ss  2012N+m
The induced countertorque is given by
Pooow = Tapp®nm
Rowv _ _34.1kW _
S0 Td = @y 125.7rad/s 271.3N-m

(e) The voltage regulation of a generator is defined as

Ve -V,

VR 72

x 100% (4-67)

By this definition, the voltage regulation for the lagging, unity, and leading
power-factor cases are

480V — 410V

1. Lagging case: VR = 410V x 100% = 17.1%
. oo 480V — 468 V _
2. Unity case: VR = 468V x 100% = 2.6%
3. Leading case: VR = B0Y — 38V 1000 — —103%

335V



Synchronization
of a generator

We often have to connect two or more generators in
parallel to supply a common load. For example, as
the power requirements of a large utility system
build up during the day, generators are successively
connected to the system to provide the extra power.
Later, when the power demand falls, selected gen-
erators are temporarily disconnected from the sys-
tem until power again builds up the following day.
Synchronous generators are therefore regularly be-
ing connected and disconnected from a large power
arid in response to customer demand. Such a gnd 1s
said to be an infinite bus because il coniains so
many generators essentially connected in parallel
that neither the voltage nor the frequency of the grid
can be altered.

Before connecting a generator to an infinite bus

(or in parallel with another generator), 1t must be
synchronized. A generator 15 said to be synchro-
nized when it meets all the following conditions:

l.

The generator frequency is equal to the sys-
tem frequency.

The generator voltage 1s equal to the system
voltage.

The generator voltage 1s in phase with the
system voltage.

The phase sequence of the generator is the
same as that of the system.



Why are synchronous generators operated in parallel? There are several ma-
jor advanlages Lo such operation:

1. Several generators can supply a bigger load than one machine by itself.

2. Having many generators increases the reliability of the power system, since
the failure of any one of them does not cause a total power loss (o the load.

3. Having many generalors operating in parallel allows one or more of them 1o
be removed for shutdown and prevenlive maintenance.

4. If only one generator is used and it is not operating at near full load, then it
will be relatively inellicient. With several smaller machines in parallel, it 1s
possible to operate only a fraction of them. The ones that do operale are op-
erating near full load and thus more efficiently.



The Conditions Required for Paralleling

=1

Generator 2 —

1. The rms line voltages of the two generators must be equal.
2. The two generators must have the same phase sequence.
3. The phase angles of the two a phases must be equal.

4. The frequency of the new generator, called the oncoming generator, must be
slightly higher than the frequency of the running system.



Condition 2 ensures that the sequence in which the phase voltages peak in
the two generators is the same. I the phase sequence is different (as shown in Fig-
ure 5-27a}, then even though one pair of voltages (the a phases) are in phase, the
other two pairs of voltages are 1207 out of phase. II the generators were connected
in this manner, there would be no problem with phase a, but huge currents would
[low in phases b and ¢, damaging both machines. To correct a phase sequence
problem, simply swap the connections on any two of the three phases on one of
the machines.

It the frequencies of the generators are nol very nearly equal when they are
connected together, large power transients will occur until the generators stabilize
al a common [requency. The [requencies ol the lwo machines must be very nearly
egual, but they cannot be exacly equal. They must differ by a small amount so
that the phase angles of the oncoming machine will change slowly with respect to
the phase angles of the running system. In that way, the angles between Lthe voll-

ages can be observed and switch §, can be closed when the systems are exactly n
phase.



To synchronize an alternator, we proceed as follows: 3. Observe the phase angle between E, and E by
means of a synchroscope (Fig. 24). This in-

1. Adjust the speed regulator of the turbine so strument has a pointer that continually indi-
that the generator frequency is close to the cates the phase angle between the two volt-
system frequency. ages, covering the entire range from zero to

2. Adjust the excitation so that the generator 360 degrees. Although the degrees are not
voltage E is equal to the system voltage E. shown, the dial has a zero marker to indicate

when the voltages are in phase. In practice,
when we synchronize an alternator, the
pointer rotates slowly as it tracks the phase
angle between the alternator and system volt-
ages. If the generator frequency 1s shghtly

, higher than the system frequency, the pointer
» . rotates clockwise, indicating that the genera-

tor has a tendency to lead the system fre-
quency. Conversely, if the generator fre-
SYNCHROSCOPE quency 1s slightly low, the pointer rotates

. Gkl counterclockwise. The turbine speed regulator
15 fine-tuned accordingly, so that the pointer
barely creeps across the dial. A final check 1s
made to see that the alternator voltage 1s sull
equal to the system voltage. Then, at the mo-
ment the pointer crosses the zero marker . . .

Figure 24
Synchroscope.



Frequency-Power and Voltage—Reactive Power
Characteristics of a Synchronous Generator

Whalever governor mechanism is present on a prime mover, it will always
be adjusted to provide a slight drooping charactlernistic with increasing load. The
speed droop (SD) of a prime mover is defined by the equation

mn n
SD = —‘1'”—'1 x 100% (5-27)
fl

Mechanical speed, r/min

0 Fa Power,
kW

0 Fﬂ Power,

(a) kW ih)



Since the shaft speed is related to the resulting electrical frequency by Equa-
tion (4-34),

P

ﬂ.l'ﬂ
Je =120 (4-34)

Th::_rulatiﬂnship between [requency and power can be described quantita-
Lively by the equation

P = sp(fa — f;y's} (5-28)

where P = power output of the generator
fu = no-load frequency of the generator
[iys = Operating frequency of system
sp = slope of curve, in KkW/Hz or MW/Hz



A similar relationship can be derived for the reaclive power ¢ and lerminal
voltage V. As previously seen, when a lagging load 15 added to a synchronous

-Q, 0 On Q (reactive power),
kVAR consumed kV AR supplied

FIGURE 5-30
The curve of terminal voltage ( Vy) versus reactive power () for a synchronous generator,



Example 5-5. Figure 5-31 shows a generator supplying a load. A second load is to
be connected in parallel with the first one, The generator has a no-load frequency of 61.0
Hz and a slope 55 of 1| MW/Hz. Load 1 consumes a real power of 1000 kW at 0.8 PF lag-
ging, while load 2 consumes a real power of 800 kW at 0.707 PF lagging.

{a) Before the switch i1s closed, what is the operating frequency of the system?

(b) After load 2 is connected, whal is the operating frequency of the system?

{c) After load 2 is connected, what action could an operator take to restore the sys-
tem frequency to 60 Hz?

\
/

7)
\ |

I

FIGURE 5-31
The power system in Example 5-5.



Solution
This problem states that the slope of the generator’s characteristic is 1| MW/Hz and that its
no-load frequency is 61 Hz. Therefore, the power produced by the generator is given by

P =splfu — fys) (3—28)

50 Siys =fa

(a) The initial system frequency is given by
P
fﬂw =fu ~ S_P

_ 61 Hy — 1000 KW

IMWH_]Z=61H1—IHZ=6'UHZ

(b) After load 2 is connected,
¢ L
Jf;'_y! fnl Sp
1800 kW
1 MW/Hz
(c) After the load is connected, the system frequency falls to 59.2 Hz. To restore the
sysiem to its proper operating frequency, the operator should increase the gov-
ernor no-load set points by 0.8 Hz, to 61.8 Hz. This action will restore the sys-
tem frequency to 60 Hz.

= 61 Hz - =61 Hz — 1.8Hz = 59.2 Hz



To summarize, when a generator is operating by itself supplying the system
loads, then

1. The real and reactive power supplied by the generator will be the amount de-
manded by the attached load.

2. The governor set points of the generator will control the operating frequency
of the power system,

3. The field current (or the field regulator set points) control the terminal volt-
age ol the power syslem.

This is the situation found in isolated generators in remole field environments.



ﬂperatinn of Generators in Parallel with Larg&
Power Systems

f.- 1 1.-"1- 1
-P 0 P -g 0 Q.
Consumed kW Consumed kVAR
supplied supplied
{a) i)
FIGURE 5-32

Curves for an infinite bus: (a) frequency versus power and (b) terminal voltage versus reactive power.



When a g::m:famr 15 connecled in hamllﬂl with another generator or a large
system, the frequency and terminal voltage of all the machines must be the same,

 fe
J T
1
Infinite b Louds |
nfinite bus > (T . | \
- | |
| I
| I
| I
| I
\ I I
Generator } | |
@ Piaf buss KW Piatbus Pg Pg. kW
Proad
(b)

FIGURE 5-33
(a) A synchronous generator operating in parallel with an infinite bus. (b) The frequency-versus-
power diagram (or house diagram) for a synchronous generator in parallel with an infinite bus.
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FIGURE 5-35
The frequency-versus-power diagram if the no-load frequency of the generator were slightly less

than system frequency before paralleling.

FIGURE 5-M
The frequency-versus-power diagram at the moment just after paralleling.
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Poad = constant = Pg + Pp

(@)

FIGURE 5-36
The effect of increasing the governor’s sel points on {a) the house diagram; (b) the phasor diagram.



FIGURE 5-37
The effect of increasing the generator’s field current on the phasor diagram of the machine.



Synchronous generator
on an infinite bus

+ —~E

infinite bus

Figure 26a
Generator floating on an infinite bus.

An infinite bus i1s a system so powerful that it
imposes its own voltage and frequency upon any
apparatus connected to its terminals. Once con-
nected to a large system (infinite bus), a synchro-
nous generator becomes part of a network compris-
ing hundreds of other generators that deliver power
to thousands of loads. It is impossible, therefore, to
specify the nature of the load (large or small, resis-
tive or capacitive) connected to the terminals of this
particular generator. What, then, determines the

'Eﬂ= F=12 kW

power the machine delivers? To answer this ques-
tion, we must remember that both the value and the
frequency of the terminal voltage across the gener-
ator are fixed. Consequently, we can vary only two
machine parameters:

l. The exciting current [,

2. The mechamcal torque exerted by the turbine

Let us see how a change in these parameters af-
fects the performance of the machine.



Infinite bus—effect of varying

the exciting current

Figure 26b

infinite bus

Over-excited generator on an infinite bus.

infinite bus

Figure 26¢c

Under-excited generator on an infinite bus.

E, E Eo
o - —li-
4 agy 12 kV 16 kV
an°®
800 A
f
I
800 A
E, 90 E, E
: -
4 KV 8 kV 12 kV



Infinite bus—effect of varying
the mechanical torque

,_|_

turbine

infinite bus

{a)

Figure 27
a. Turbine driving the generator.
b. Phasor diagram showing the torque angle &.




To summarize, when a generator 15 operating in parallel with an infinite bus:

1. The frequency and terminal voltage of the generator are controlled by the sys-

tem to which it is connected.
2. The governor set points of the generalor control the real power supplied by
the generalor Lo the system.

3. The field current in the generator controls the reactive power supplied by the
generator Lo the system.

This situation is much the way real generators operale when connected (o a very
large power system.



Operation of Generators in Parallel with Other
Generators of the Same Size

If a generator is connected in parallel with another one of the same size, the
resulting system is as shown in Figure 5-38a. In this system, the basic constraint
IS that the sum of the real and reactive powers supplied by the two generators
must equal the P and Q) demanded by the load. The system frequency is not con-
strained to be constant, and neither is the power of a given generator constrained
Lo be constant. The power-frequency diagram for such a system immediately after
G, has been paralleled to the line 1s shown in Figure 5-38b. Here, the total power
P, (which is equal o Py ,4) is given by

P,=Poy=PFPs + Py (5-29a)

and the total reactive power is given by

Qiot = Qiowd = Car + O (5-29b)
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Therefore, when two generators are operating together, an increase in gov-
ernor set points on one of them

1. Increases the system frequency.

2. Increases the power supplied by that generator, while reducing the power
supplied by the other one.

What happens if the field current of G, 1s increased? The resulting behavior
is analogous to the real-power situation and is shown in Figure 5-38d. When two
generators are operating together and the field current of G, is increased,

1. The system terminal voltage is increased.

2. The reactive power Q supplied by that generator is increased, while the re-
active power supplied by the other generator is decreased.



Example 5-6. Figure 5-38a shows two generators supplying a load. Generator |
has a no-load frequency of 61.5 Hz and a slope s5p, of 1 MW/Hz. Generator 2 has a no-load
frequency of 61.0 Hz and a slope sp, of 1 MW/Hz. The two generators are supplying a real
load totaling 2.5 MW at 0.8 PF lagging. The resulting system power-frequency or house
diagram is shown in Figure 5-39.

(a) At what frequency is this system operating, and how much power is supplied by
each of the two generators?

(b) Suppose an additional 1-MW load were attached to this power system. What
would the new system frequency be, and how much power would G, and G,
supply now?

(¢) With the system in the configuration described in part b, what will the system
frequency and generator powers be if the governor set points on G, are in-
creased by 0.5 Hz?



Generator |

Je

__61.5 Hz

Generator 2

Slope = | MW/Hz




(a) In the first case, both generators have a slope of 1| 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:
Piosg = Py + Py
= Spi(fan — Loy T Spafa2 — fiyd)
2.5 MW = (1 MW/Hz)(61.5 Hz — £ ) + (1 MW/Hz)61 Hz — [, )
=615 MW — (1 MW/Hz)f  + 61 MW — (1 MW/Hz)f,
= 122.5 MW — (2 MW/Hz2)f,,

_ 1225 MW — 2.5 MW
(ZMW/Hz)

¥5

therefore Jops = 60.0Hz

The resulting powers supplied by the two generators are

Py = sp(fuy — fys)

= (1 MW/Hz}61.5Hz — 60.0 Hz) = 1.5 MW
P, = spfaz _.ﬂys]

= (Il MW/Hz}61.0Hz — 60.0Hz) = | MW



(b} When the load is increased by 1| MW, the total load becomes 3.5 MW. The new
system frequency 1s now given by
Piosa = Spifai1 — fo? T Spolfa2 — fos)
3.5MW = (1 MW/Hz)(61.5 Hz — £, ) + (1 MW/Hz)61 Hz — f,.)
= 61.5 MW — (1 MW/Hz)f,,, + 61 MW — (1 MW/Hz2)f,,.
= 1225 MW — (2 MW/H2)f

1225 MW — 3.5 MW

therefore fs,,, = (2MW/Hz)

= 59.5Hz

The resulting powers are

Py =sp(fun — [y
= {l MW/Hz)}61.5Hz — 59.5Hz) = 2.0 MW

Py = spfa2 — fys)
= (Il MW/Hz}61.0Hz — 59.5Hz) = 1.5 MW



(c) If the no-load governor set points of G, are increased by 0.5 Hz, the new syslem
frequency becomes

Proad = Spilari — Jays) T Spalfaiz — fyys)
3I5MW = (1 MW/Hz)(61.5 Hz _ﬁrﬂ} + (1 MW/Hz)(61.5 Hz —fsﬁ}
— 123 MW — 2 MW/Ho)f,,

_123MW — 35MW _
I = oMWiLy = 3975Hz

The resulting powers are

P, =P, = sp(fa, _fsg.rs.)
= (1 MW/Hz)61.5Hz — 59.75Hz) = 1.75 MW




To summarize, in the case of two generators operating together:

1. The system is constrained in that the total power supplied by the two genera-
tors together must equal the amount consumed by the load. Neither £, nor V5
is constrained (o be constant.

2. To adjust the real power sharing between generators without changing f.,...
simultaneously increase the governor set points on one generator while de-
creasing the governor set points on the other. The machine whose governor
set point was increased will assume more of the load.

3. To adjust f,, without changing the real power sharing, simultaneously in-
crease or decrease both generators’ governor set points.

4. To adjust the reactive power sharing between generators without changing
V., simultaneously increase the field current on one generator while decreas-
ing the field current on the other. The machine whose field current was in-
creased will assume more of the reactive load.

S. To adjust Vywithout changing the reactive power sharing, simultaneously in-
crease or decrease both generators’ field currents.

It is very important that any synchronous generator inlended (o operate in par-
allel with other machines have a drooping frequency—power characteristic. If two
generators have flat or nearly flat characteristics, then the power sharing between
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FIGURE 540

(a) Shifting power sharing without affecting system frequency. (b) Shifting system frequency
without affecting power sharing. (¢) Shifting reactive power sharing without affecting terminal
voltage. (d) Shifting terminal voltage without affecting reactive power sharing.




Example 7

A 36 MVA, 21 kV, 1800 r/min, 3-phase generator

connected to a power grid has a synchronous re-

actance of 9 {1 per phase. If the exciting voltage is

12 kV (line-to-neutral), and the system voltage 1s

17.3 kV (line-to-line), calculate the following:

a. The active power which the machine dehivers
when the torque angle 6 is 30° (electrical)

b. The peak power that the generator can deliver
before it falls out of step (loses synchronism)

Solution

a. We have
E,= 12kV
E=173kV/\N3 = 10kV
& = 30°

The active power delhivered to the power gnd 15
P = (EE/X,)sind
= (12 X 10/9) X 0.5
= 6.67T MW
The total power delivered by all three phases 1s

(3 x6.67)=20MW

b. The maximum power, per phase, 1s attained
when & = 90°.
P = (EE/X,) sin 90
(12 X 10/9) x 1
= 133 MW

The peak power output of the alternator is,
therefore,

(3 x 13.3) = 40 MW



Transient reactance

short- normal
Circult ot | A — short-circuit —
1 . m X
3 E E {'—‘ 3
{ 5 F X i
= |
normal , .
! ..-f d |
= T -
: "
—— time
Example 8
Calculate

A 250 MVA, 25 kV, 3-phase, steam-turbine genera- The ind d vol E_ori the <h ..
tor has a synchronous reactance of 1.6 pu and a tran- d. 1he mduced voltage £, prior [0 [he shori-cireuit

sient reactance X’y of 0.23 pu. It delivers its rated b. The initial value of the Shﬂ“‘f?”ﬂ!l“ current
output at a power factor of 100%. A short-circuit c. The final value of the short-circuit current if the

suddenly occurs on the line, close to the generating circuit breakers should fail to open
station.



Solution
a. The base impedance of the generator is
Zy = Ep°/Sy
= 25 000°/(250 x 10°)
=251

The synchronous reactance is
X, = X{(pu) Zy
=16 X 25
= 4 (1
The rated line-to-neutral voltage per phase is

E=25n3=144kV

The rated load current per phase 1s

I1=S/N3E
= 250 X 10°/(1.73 X 25 000)
= 5774 A

The internal voltage drop E, 15
E. =IX,=5774 x4
= 23.1kV

c. If the short-circuit 1s sustained and the

The current 1s in phase with E because the Ey
power factor of the load is unity. Thus, referring Eo 23.1kV
to the phasor diagram (Fig. 31), E, is 27.2kV

E,=VE +E,

0

= \V144% + 23.1°
= 27.2kV
b. The transient reactance 1s .
X'y = X'y(pu) Zy 5780 A ~ 1aakv
= (.23 X 2.5
= (0.57511

rated

-l oa ] |

47.3 kA

—shart-circuit ———=—»

The imtial short-circuit current 1s
I. =E/X',

= 27.2/0.575

= 47.3 kA , , , :

altermator
——= CUrrent

5.78 kA :
: /

excitation 1s unchanged. the current will
eventually level off at a steady-state value:

I=E/X =27.2/4
= 6.8 kA



SYNCHRONOUS MOTORS

The Equivalent Circuit of a Synchronous Motor
. R M Ex = Vg — jXsIy — R,l,

V, = E, + jX;1, + R,1,

axis of N pole ___} i___a:n{is-ﬂfsnule
of rotor [ of stator




E =E—E,
Motor under load—

simple calculations Consequently, a current / must flow in the circuit,

given by
EH jﬁ.ﬂ = E.'-'.
from which
l + I'=—jE /X,
source | g Gﬂ PNy = —j(E — E,)/X,
l I, E, = E-E,
!
'
Figure 7a E
Equivalent circuit of a synchronous motor, showing ] -
one phase. I s ‘
8 = paf2 i E-Eq
E E,
- En
Figure 7b Figure 7c
Motor at no-load, with E; adjusted to equal E. Motor under load E, has the same value as in

Fig. 7b, but it lags behind E.



Example 2a
A 500 hp, 720 r/min synchronous motor connected
to a 3980 V, 3-phase line generates an excitation
voltage E, of 1790 V (line-to-neutral) when the dc
exciting current 1s 25 A. The synchronous reactance
is 22 {1 and the torque angle between E, and E is 30°.

Calculate
a. The value of E,
b. The ac line current
c. The power factor of the motor
d. The approximate horsepower developed by
the motor
e. The approximate torque developed at the shafi
Solution
This problem can best be solved by using vector
notation.

a. The voltage E (line-to-neutral) applied to the
motor has a value

E=E/V3=13980/V3

= 2300V

Let us select E as the reference phasor, whose
angle with respect to the horizontal axis 1s
assumed to be zero. Thus,

E= 2300 £ 0°

It follows that £ is given by the phasor
E, = 1790 £— 30°

The equivalent circuit per phase 1s given in
Fig. 8a.
Moving clockwise around the circuit and
applying Kirchhoff’s voltage law we can write
—E+E +E =10
E.=FE—-E,
= 2300.,0° — 1790.L—-30°
= 2300 (cos 0° + jsin0°) —
1790 (cos — 30° + jsin — 30°)
= 2300 — 1550 + j 895
= 750 + j 895
= 1168.50°

Figure 8a
Equivalent circuit of a synchronous motor connected
to a source E.



b. The line current / 1s given by

j22I=E,
1168 £.50°
T 222900
= 53/ —40°

Thus, phasor [ has a value of 53 A and 1t lags
40" behind phasor E.

¢. The power factor of the motor is given by the
cosine of the angle between the line-to-neutral
voltage E across the motor terminals and the
current [. Hence,

power factor = cos 6 = cos 40°
= ().766, or 76.6% Figure 8b

The power factor is lagging because the current | 4. Total active power input to the stator e. Approximate torque
lags behind the voltage.

. = " 3
The complete phasor diagram is shown in Py =3 X Exlicos 0 r= 255X P _ 9.55x280.1 X 10
Fig. 8b. =3 X 2300 X 53 X cos 40° n 720

= 2580 142 W = 280.1 kW = 3715 N-m

Neglecting the I°R losses and iron losses in the
stator, the electrical power transmitted across
the airgap to the rotor is 280.1 kKW.
Approximate horsepower developed

P = 280.1 x 10°/746 = 375 hp



Example 2b

The motor in Example 2a has a stator resistance of
0.64 (1 per phase and possesses the following losses:

I-R losses in the rotor: 3.2KkKW
Stator core loss: 3.3KW
Windage and friction loss: L5 kKW
Calculate

a. The actual horsepower developed

b. The actual torque developed at the shaft

c. The efficiency of the motor

Solution
a. Power input to the stator 1s 280.1 kW

Stator I°R losses = 3 x 53" x0.64 (=54 kW
Total stator losses = 54 + 3.3 = 8.7 kW
Power transmitted to the rotor = 280.1 — 8.7

= 2714 kW

The power at the shaft is the power to the rotor
minus the windage and friction losses. The rotor

C.

I’R losses are supplied by an external dc source
and so they do not affect the mechanical power.

Power available at the shaft is

P,=2714 — 1.5 = 2699 kW

_269.9 X 10°
746

= 361.8 hp

This power 1s very close to the approximate
value calculated in Example 2a.
The corresponding torque 1s

9.55 X P 9.55 X 2699 x 10°
n 720

3580 N-m

Total losses =54 +33+ 32+ 15=134kW

Total power input = 280.1 + 3.2 = 2833 kW
Total power output = 269.9 kW
Efficiency = 269.9/283.3 = 09527 = 95.3%

Note that the stator resistance of 0.64 () is very
small compared to the reactance of 22 ().
Consequently, the true phasor diagram 1s very
close to the phasor diagram of Fig. 8b.



The Effect of Load Changes on a
Synchronous Motor

(a)

Example 6-1. A 208-V, 45-kVA, 0.8-PF-leading, A-connected, 60-Hz synchro-
nous machine has a synchronous reactance of 2.5 {} and a negligible armature resistance.
Its friction and windage losses are 1.5 kW, and its core losses are 1.0 kW. Imitally, the shaft
is supplying a 15-hp load, and the motor’s power factor is .80 leading.

(a) Sketch the phasor diagram of this motor, and find the values of 1,, [;, and E,.

(b) Assume that the shaft load is now increased to 30 hp. Sketch the behavior of the
phasor diagram in response to this change.

(c) Find 1,, I}, and E, after the load change. What is the new motor power factor?



Sotulion
(a) Initially, the motor’s output power is |5 hp. This corresponds to an output of

P,, = (15 hp)0.746 KWrhp) = 11.19 kW
Therefore, the electric power supplied to the machine is

Fio = B *+ Frechtoss T Feoretoss + Pelec toss
=11LI9KkW+ 1.5kKkW + 1L.OKW + 0kW = 13.60 kW

Since the motor’s power factor is .80 leading, the resulting line current flow is
P
~ V3Vicos 8

__ 13.69 kW
~ /3(208 V)0.80)

I

=475A

and the armature current is J;/V3 | with 0.8 leading power factor, which gives
the result

[,b,=274 £3687°A

To find E,, apply Kirchhoff’s voltage law [Equation (6-2)]:
Ey = V4 — jXs5l4
=208 £ 0°V — (j2.5 (1)(27.4 2 36.87° A)
=20820°V —-685212687°V
= 249.1 — 548V =255 2 —124°V
The resulting phasor diagram is shown in Figure 6-7a.

b) As the power on the shaft is increased to 30 hp, the shaft slows momentarily, and

the internal generated voliage E, swings out to a larger angle & while maintain-
ing a constant magnitude. The resulting phasor diagram is shown in Figure 6-7b.

jXgl, = 68.5 £ 126.87°

E,=2552-12.4°V

"WV, =208 20°V

E,=255£-124°V

Ey=2552-23"V

(h



(c) After the load changes, the electric input power of the machine becomes
Fo = Rt Frechtoss 7 Feorerons + Fetectoss
= (30 hpX0.746 kW/p) + 1.5 kW + LOKW + O kW
= 24.88 kW

From the equation for power in terms of torque angle [Equation (5-20)], it is pos-
sible to find the magnitude of the angle & (remember that the magnitude of E4 is
constant):
P IV,E, sin &
Xs
X.P
3V,E,

L, (2.5 0)(24.88 kW)
= S T30208 V(255 V)

= sin~! 0.391 = 23°

The internal generated voltage thus becomes E; = 355 £ -23° V, Therefore, 1,
will be given by

(5-20)

80 8 = sin™!

_Y-E
A iXs

20820°V — 255 ~#—-23° V
j2510

_103.1£105°V
j2.50

=412 215% A

and /; will become
The final power factor will be cos (— 15°) or 0.966 leading.



Power and torque

When a synchronous motor operates under load, 1t
draws active power from the line. The power is
given by the same equation used for the synchro-
nous generator:

P = (E, E/X,) sin

E, = line-to-neutral voltage induced by I, [V]
E = line-to-neutral voltage of the source [V]
X, = synchronous reactance per phase [{1]

& = torque angle between E, and E
[electrical degrees]

the stator. The peak power P., (per phase) 1s
given by

, _EE

max xﬁ ':3]

955 F
T = (4)
I
where
T = torque, per phase [N-m]
P = mechanical power, per phase [W]
n, = synchronous speed [r/min]
0.55 = a constant [exact value = 60/2]
kW N-m
100 | T~ 1000
= P
80 4 e —{ 800
P 60 ’/;,r"! ~ \. 600 T
I 40 ﬁ"l NN 400 I
/
20 e 200
0 0
0 30 60 80 120 150 180
— angle & degrees
Figure 9

Power and torque per phase as a function of the torque
angle &. Synchronous motor rated 150 kW (200 hp),
1200 r/min, 3-phase, 60 Hz. See Example 3.



Example 3
A 150 kW, 1200 r/min, 460 V, 3-phase synchronous
motor has a synchronous reactance of 0.8 {1, per
phase. If the excitation voltage E_ is fixed at 300V,
per phase, determine the following:

a. The power versus & curve

b. The torque versus & curve

c. The pull-out torque of the motor

Solution
a. The line-to-neutral voltage 1s

E=E/V3=460/\V3
= 260V
The mechanical power per phase 1s

P = (E,E/X,) sin d (2)

= (266 X 300/0.8) sin &
= 99 750 sin & [W]
= 100 sin & [kW]

By selecting different values for &, we can calculate
the corresponding values of P and T, per phase.

) P T

[°] [kW] [N*m]
0 0 0
30 50 400
60 86.6 693
90 100 800
120 86.6 693
150 50 400
180 0 0

These values are plotted in Fig. 9.
b. The torque curve can be found by applying

Eq. 4:
T = 9.55 P/n,
= 9.55 P/1200
= P/125

¢. The pull-out torque T, coincides with the
maximum power output:

T... = 800 N-m

The actual pull-out torque i1s 3 times as great
(2400 N-m) because this 1s a 3-phase machine.
Similarly, the power and torque values given in
Fig. 9 must also be multiplied by 3. Consequently,
this 150 kW motor can develop a maximum output
of 300 kW, or about 400 hp.



The Effect of Field Current Changes on a
Synchronous Motor

o (= constant) A \
- A - N b

» & P(= constant)

. FIGURE 69
I Synchronous motor V curves.




Example 6-2. The 208-V, 45-kVA, 0.8-PF-leading, A-connected, 60-Hz synchro-

nous motor of the previous example is supplying a 15-hp load with an nitial power factor
of 0.85 PF lagging. The field current /¢ at these conditions is 4.0 A.

(a) Sketch the initial phasor diagram of this motor, and find the values 1, and E,.
(b) If the motor’s flux is increased by 25 percent, sketch the new phasor diagram of
the motor. What are E,, I, and the power factor of the motor now?
(c) Assume that the flux in the motor varies linearly with the field current /z. Make
a plot of I versus [ for the synchronous motor with a 15-hp load.
Solution

(a) From the previous example, the electric input power with all the losses included

is Pi; = 13.69 kW, Since the motor’s power factor is 0.85 lagging, the resulting
armature current flow is

— Pil'l
- 3V,cos 8

Iy
__13.69kW
= 30208 VX03835) ~ %A
The angle @ is cos™' 0.85 = 31.8%, so the phasor current [, is equal to
I, =258 £ -31.8°A




To find E,, 2 ppl}r Kirchhoff’s voltage law [Equation (6-2)): (b) If the flux ¢ is increased by 25 percent, then E, = K¢w will increase by 25 per-

cent (oo
Fa= Vo~ JXsls Ep=125E, =125(182V) =275V
=208 £0°V — (j2.5 (2)25.8 2 —31.8° A) E, sin 8, = Eysin 5,
Al 1 A2
=208.20°V — 64.5.2582°V £,
=182/ —175°V 8, = sin” I(E sma)
l::iP' A2

i | _ 182 _ o | o
I : = sin_ [22?5,{ sin{—17.5 }] = —13.9
o
i (W IWLOV Lo Ye—En
| A2 iXs
| | | _208£0°V = 2075 £-139°V
I iXsla L o P A j2.50Q
|
| _56.2./103.2°V _
| = e a T S R254132°A

E, =182 2£-17.5° v/ NE, =2752-139°V

Finally, the motor’s power factor is now
PF = cos(13.2°) = 0974  leading



r B
Mechanical and

electrical angles 1° = po/2
\ y

Example 4
A 3-phase, 6000 kW, 4 kV, 180 r/min, 60 Hz motor
has a synchronous reactance of 1.2 {}. At full-load
the rotor poles are displaced by a mechanical angle
of 1° from their no-load position. If the line-to-
neutral excitation E, = 2.4 kV, calculate the me-
chanical power developed.

Solution
The number of poles is

p = 120 fin, = 120 x 60/180 = 40

The electrical torque angle 1s

& =paf2 = (40 x 1)/2 = 20°

Assuming a wye connection, the voltage E apphed
to the motor 18

E=E/V3=4kV/V3
=23kV
= 2309 V

and the excitation voltage 1s
E =2400V
The mechanical power developed per phase 1s
P = (E,E/X,) sin b
= (2400 x 2309/1.2) sin 20°
= 1573 300
= 1573 kW

Total power = 3 X 1573
= 4719 kW (~6300 hp)



Reluctance torque

axisof M pole !  axisof § pole
of rotor o stator

Figure 10a
The flux produced by the stator flows across the air

gap through the salient poles.

Figure 10c
The reluctance torque is zero when the salient poles

are midway between the stator poles.

~ ~JT
Awd B
g \ T
5 a5 90~ 135 480
angle & o '1
Figure 11

Reluctance torque versus the torque angle.

axis of N pole 3 i axis of S pole
of rotor ! of stator

Figure 10b
The salient poles are attracted to the stator poles,

thus producing a reluctance torque.
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Figure 12
In a synchronous motor the reluctance torque (1) plus
the smooth-rotor torque (2) produce the resultant torque

(3). Torque (2) is due to the dc excitation of the rotor.




The Synchronous Motor and
Power-Factor Correction

Ip
A = =
b
Figure 14

Unity power factor synchronous motor and phasor di-
agram at full-load.

The active power absorbed per phase 1s, therefore,

P = E,l, (6)

fe
I § I ,:
a I 36.9°
E
Figure 15

80 percent power factor synchronous motor and pha-
sor diagram at full-load.

I, =081,
I,=061,

The active power P 1s given by
P=Egl, =038 El,

The reactive power delivered by the motor 1s
Q = Egplq = 0.6 By,

Og=07T5PF
= 75% of rated mechanical output

I,=1251,



Example 63, The infinite bus in Figure 613 operates al 480 V. Load 1 is an in-
duction motor consuming 100 kW at 0.78 PF lagging, and load 2 is an induction motor con-
suming 200 kW at 0.8 PF lagging. Load 3 is a synchronous motor whose real power con-

sumption is 150 kW,

(a) If the synchronous motor is adjusted to operate at 0.85 PF lagging, what is the
transmission line current in this system?
(&) If the synchronous motor 15 adjusted to operate at 0.85 PF leading, what is the

transmission line current in this system?
(c) Assume that the transmission line losses are given by

where LL stands for line losses. How do the transmission losses compare in the

Infinite bus

o )
A g\ 100KkW |
A o ) 0P |
I 0, lagging :
| [
Pa | PN aookw |
— i " ) 0O8PF |
Transmission line — — mot lagging |
o I 2] I
| P |
I - 150 kW I
PF=7?
Plantl E; :
| |
Lo _|

two cases?
I
Solution ) . ,
(a) In the first case, the real power of load 1 is 100 kW, and the reactive power of The real power load 3 is 150 kW, and the reactive power of load 3 is
load 1 is 0, = Py tan 0
Q, = Pytan 0 = (150 kW) tan (cos~! 0.85) = (150 kW) tan 31.8°
= (100 kW) tan (cos~' 0.78) = (100 kW) tan 38.7° = 03 kVAR
= 80.2 kVAR
The real power of load 2 is 200 kW, and the reactive power of load 2 is Thus, the total real Joad i

= (200 kW) tan (cos-' 0.80) = (200 kW) tan 36.87°
= |50 kVAR

= 100 kW + 200 kW + 150 kW = 450 kW



and the total reactive load is The equivalent system power factor is thus

OQu=Q+h+ 0 L0 _; 137.2kVAR
= 80.2 VAR + 150 kVAR + 93 KVAR = 323.2 kVAR PF = cos 6 = cos (“‘" F) = cos (““' 450 KW )
The equivalent system power factor is thus = cos 16.96° = 0.957 lagging
PF = cos 6 = cos (m_ , ‘g) — cos (r.an" 313:5% Ii?{u H‘R] Finally, the line current is given by
: P 450 kW
= cos 35.7° = 0.812 lagging I = m = V3(480 VY0957) — 366 A
Finally, the line current is given by
P.. 450 kW (c¢) The transmission losses in the first case are
h == = 667 A
L V3Vpcos®  V3(480 V)(0.812) Py = 32R, = 3(667 A)R, = 1,344,700 R,
(b) The real and reactive powers of loads | and 2 are unchanged, as is the real The transmission losses in the second case are
power of load 3. The reactive power of load 3 is Py = MERL — 3(566 A)R, = 961,070 R,
Q], = PJ tan ﬂ
= (150 kW) tan (—cos™' 0.85) = (150 kW) tan (-31.8°)
= —03 kVAR

Thus, the total real load is
Pou=P +P,+ Py
= |00 kW + 200 kW + 150 kW = 450 kW
and the total reactive load is

Qu=+t0 +
= 0.2 kVAR + 150 kVAR - 93 kVAR = 137.2 kKVAR



V-curves

P = 800D kW
S = BOO kVA
(a) (b)
Figure 16

a. Synchronous motor operating at unity power factor
with a mechanical load of 800 kW. Field excitation

is 100 A.
b. Phasor diagram shows current in phase with the

voltage.

a1

a ;}:'- Ean
E M I, = -
b O— I “ 70 A \ir
P = 80D kW »
S = 1000 kVA
(a) (b)
Figure 17

a. Field excitation reduced to 70 A but with same
mechanical load. Motor absorbs reactive power
from the line.

b. Phasor diagram shows current lagging behind the

voltage.

P = 800 kW
S = 1000 kVA
(a) (b)
Figure 18

a. Field excitation raised to 200 A but with same
mechanical load. Motor delivers reactive power to

the line.
b. Phasor diagram shows current leading the voltage.

kVA

full-load
o U
80O
5
l 600 4
400
2004
40 B0 120 200
—_—=f

X

Figure 19
Mo-load and full-load V-curves of a 1000 hp synchro-

nous motor.



The apparent power of the motor, per phase
The ac line current

The value and phase of E,

Draw the phasor diagram

Determine the torque angle &

Example 5
A 4000 hp (3000 kW), 6600 V, 60 Hz, 200 r/min
synchronous motor operates at full-load at a leading
power factor of (.8. If the synchronous reactance is
11 £}, calculate the following:

Note: the losses of the motor have been neglected

S RGO

Ex
a. The active power per phase 18 E=331.0
P = 3000/3 = 1000 kW It follows that [ is given by s
: I = 328/36.9°
The apparent power per phase 1s source E
S = P/cos 8§ = 1000/0.8 Writing the equation for the circuit we find
= 1250 kKVA —E+_ij5+ED=D
i : thus
b. The line-to-neutral voltage 1s
E, = E — jIX,
E=E/V3=6600/\/3=3811V o
_ . = 381120° — j(328.36.9°)11
The line current is = 3811£0° — 3608 (36.9° + 90°)
I =S8/E = 1250 x 1000/3811 = 3811 (cos 0° + jsin 0°) —
=328 A 3608 (cos 126.9° + jsin 126.9°)
I leads E by an angle of arcos 0.8 = 36.9°. = 3811 + 2166 — j 2885
= 5977 — j 2885

= 6637.L—-26°



d. Consequently, E, lags 26° behind E, and the Synchronous capacitor

complete phasor diagram 1s shown in Fig. 21. The machine acts as an enormous 3-phase capacitor (or

e. The torque angle & is 26°. inductor) whose reactive power can be varied by changing the
dc excitation.

Example 7
A synchronous capacitor 1s rated at 160 Mvar, 16 kV,
1200 r/min, 60 Hz. It has a synchronous reactance
of 0.8 pu and is connected to a 16 kV line. Calculate
the value of E, so that the machine

a. Absorbs 160 Mvar

b. Delivers 120 Mvar

Solution
a. The nominal impedance of the machine 15

Z,= EJ/S,
= 16 000%/(160 X 10°)
=160

Figure 21
See Example 5.

The synchronous reactance per phase 1s

X. = X(pu) Z, = 0.8 X 1.6
=1280Q



The line current for a reactive load of
160 Mvar 1s

I,=S,/(V3E,)
= (160 x 10°)/(1.73 % 16 000)
= 5780 A

The drop across the synchronous reactance 1s

E, = IX, = 5780 x 1.28
= 7400 V

The line-to-neutral voltage 1s
E=E/V3=16000/1.73
= 0250V
Selecting E as the reference phasor, we have
E = 9250.0°

The current [ lags 90° behind E because the ma-
chine 1s absorbing reactive power: consequently,

I'= 57802L—-90°

5780 A

—E+jIX, + E,=0
hence
E, = E — JIX;
= 025020° — 5780 xX 1.282(90° — 90°)
= 1850.L0°

Note that the excitation voltage (1850 V) 1s
much less than the line voltage (9250 V).



b. The load current when the m&achine 15
delivering 120 Mvar 1s

‘rn = Q,l"{ﬁEﬂ}
= (120 X 10°)/(1.73 X 16 000)
= 4335 A

This time [ leads E by 90° and so
I = 4335/90°
From Fig. 25b we can write
E = E — jIX,
= 925020° — 4335 X 1.28.180°

= (9250 + 5550)20°
= 14 800£0°

0 =120 Mm

f)
[mﬁﬁ
- - .
Ex £ £q
5650 V 9250 Vv 14 800 V



