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Introduction:

Synchronous Generators

s»Synchronous machines are principally used as alternating current (AC)
generators. They supply the electric power used by all sectors of modern
societies: industrial, commercial, agricultural, and domestic.

s»Synchronous generators usually operate together (or in parallel), forming a
large power system supplying electrical energy to the loads or consumers.

“*Synchronous generators are built in large units, their rating ranging from
tens to hundreds of megawatts.

s+ Synchronous generator converts mechanical power to ac electric power. The
source of mechanical power, the prime mover, may be a diesel engine, a
steam turbine, a water turbine, or any similar device.

ss*For high-speed machines, the prime movers are usually steam turbines
employing fossil or nuclear energy resources.

¢ Low-speed machines are often driven by hydro-turbines that employ water
power for generation.

s*Smaller synchronous machines are sometimes used for private generation
and as standby units, with diesel engines or gas turbines as prime movers.

Types of Synchronous Machine

According to the arrangement of the field and armature windings, synchronous
machines may be classified as rotating-armature type or rotating-field type.

Rotating-Armature Type: The armature winding is on the rotor and the field
system is on the stator.

Rotating-Field Type: The armature winding is on the stator and the field system is
on the rotor.



Synchronous Generators

According to the shape of the field, synchronous machines may be classified as
cylindrical-rotor (non-salient pole) machines and salient-pole machines

Round Rotor Machine Concept (two poles)
" . Stator with o
The stator is a ring ‘ x ‘ laminated iron-core _ | C

shaped laminated iron-
core with slots.

« Three phase windings
are placed in the slots.

« Round solid iron rotor

Slots with
winding

with slots.
» A single winding is Rotor with dc
placed in the slots. Dc winding
current is supplied
through slip rings. B
Salient Rotor Machine » Concept (two poles)

« The stator has a laminated iron-
core with slots and three phase
windings placed in the slots.

« The rotor has salient poles
excited by dc current.

« DC current is supplied to the
rotor through slip-rings and
brushes.

« The number of poles varies
between 2 - 128.




Synchronous Generators
Construction

e The winding consists of copper bars insulated with mica and epoxy resin.
e The conductors are secured by steel wedges.
e The iron core is supported by a steel housing.

Stator
» Laminated iron core

with slots e~

* SteelHousing

Iron core

¥

Stator details Coil

* Coilsare placed in slots

« Coilend windings are
bent to form the
armature winding.

End winding



Synchronous Generaton

Round rotor

The round rotor is used
for large high speed

(3600rpm) machines.
A forged iron core (not
laminated,DC) is

installed on the shaft.

Slots are milled in the
iron and insulated
copper bars are placed
in the slots.

The slots are closed by
wedges and re-enforced

with steel rings.

Round rotor

DC current terminals
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Synchronous Generators

Salient pole rotor construction

* The poles are bolted to the shaft.
+ Each pole has a DC winding.
+ The DC winding is connected to the slip-rings (not shown).

« A DC source supplies the winding with DC through brushes
pressed into the slip ring.

« A fan is installed on the shaft to assure air circulation and
effective cooling.

e Low speed, large hydro-generators may have more than one hundred
poles.
e These generators are frequently mounted vertically

Salient Rotor

Field Excitation and Exciters

e DC field excitation is an important part of the overall design of a synchronous generator

e The field excitation must ensure not only a stable AC terminal voltage, but must also
respond to sudden load changes

e Rapid field excitation response is important

Three methods of excitation

1. slip rings link the rotor’s field winding to an external dc source

2. dc generator exciter

e adc generator is built on the same shaft as the ac generator’s rotor
e acommutator rectifies the current that is sent to the field winding

5



Synchronous Generators

3. brushless exciter
e an ac generator with fixed field winding and a rotor with a three phase circuit
e diode/SCR rectification supplies dc current to the field windings

stationary field
alternator

S5 by DA
G2 0% | terminai
i\ ) - : terminals
/ 3-phase Sy c

p— 3 - pole
bridge N 1 f
—
| SSLTI | ectif
. t® rotor
\’_\7 allg
P — b
Pr—
pilot exciter ::; p===
s_\ exciting coil
. =
— ——
[ S 1 3 phase rotor = -
: S 3-phase stator winding
F ! ./'/
main exciter N /
-
alternator

Typical brushless exciter system

Ventilation or Cooling of an Alternator

e The slow speed salient pole alternators are ventilated by the fan action of the
salient poles which provide circulating air.

e Cylindrical rotor alternators are usually long, and the problem of air flow
requires very special attention.

e The cooling medium, air or hydrogen is cooled by passing over pipes
through which cooling water is circulated and ventilation of the alternator.

e Hydrogen is normally used as cooling medium in all the turbine-driven
alternators because hydrogen provides better cooling than air and increases
the efficiency and decreases the windage losses.

e Liquid cooling is used for the stators of cylindrical rotor generators.



Synchronous Generators

Principle of Operation

1) From an external source. the field
winding 1s supplied with a DC
current -> excitation.

2) Rotor (field) winding 1s

3) The rotating magnetic field
produced by the field current induces
voltages in the outer stator (armature)
winding. The frequency of these
voltages 1s in synchronism with the

mechanically turned (rotated) at

rotor speed.
synchronous speed.

Phase-a

Rotor

Prime
Mover

Stator

O
b
P

Phase-c
Phase-b
Water Wheel,
Gas Turbine.

Steam Turbine, ...

Operation concept

Operation (two poles)

» The rotor is supplied by DC current I; Flux @ ¢

that generates a DC flux ®@;.

+ The rotor is driven by a turbine with
a constant speed of ng.

« The rotating field flux induces a
voltage in the stator winding.

+ The frequency of the induced
voltage depends upon the speed.

+  The frequency - speed relationis f=(p/120) n =p n/120
p is the number of poles.

» Typical rotor speeds are 3600 rpm for 2-pole, 1800 rpm for 4 pole and
450 rpm for 16 poles.
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e The rms. value of the induced voltages are:

_ i0deg : [1i240d
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k= 0.85-0.95 is the winding factor.

Synchronous Generators
Equivalent Circuit (round rotor)

1) DC current in the field winding produces the main
flux, ¢

2) ¢, induces an emf, E;, in the armature winding.

3) Depending on the load condition, the armature
current /, is established. In the following discussions,
it is assumed to be a lagging power factor.

4) |, produces its own flux due to armature reaction, E,x
is the induced emf by ¢,-.

5) The resulting phasor, E,  ..: = Eg + Ear is the “true”
induced emf that is available.
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here n = n_, the synchronous speed



Synchronous Generators

If the machine is 3 phase, the same equivalent circuit is used. After
solving the single-phase circuit, then proper 3 phase values (Line-
line voltage or 3-pahse power) should be calculated.

Phasor Diagrams (single phase):

Vt = EA o ]A].XA o IA]XAR o ]ARA = EA o sz]A o ]ARA
v, =E, -1 (R,+ /X))

where, (X,z + X,) = synchronous reactance, X..

Inductive Load Resistive Load

0= power angle



Synchronous Generators

EXAMPLE

A 36, 5 kVA, 208 V, four-pole, 60 Hz, star-connected synchronous machine
has negligible stator winding resistance and a synchronous reactance of 8
chms per phase at rated terminal voltage,

Determine the excitation voltage and the power angle when the ma-
chine is delivering rated kVA at 0.8 PF lagging. Draw the phasor dia-
gram [or this condition.

Solution

The per-phase equivalent circuit for the synchronous generator

20
/8 I Vi= 738 = 120 V/phase
e Y Y Y N0
CB E, v, Stator current at rated kVA:
5000
° lysree—so | 36 4
V3 x 208

¢ =—36.9° forlagging pfof 0.8
E; = V.[Qf + lajxs

=120/0° + 13.9/—-36.9°-8/90° E, = 2069 V -
/ a’s
= 206.9/25.5° -
5=255°
Excitation voltage  E;= 206.9 V/phase s V.= 120V
Powerangle &= +25.5°
I,=139A

H.W
A four pole, three-phase synchronous generator is rated 250 MVA, its terminal
voltage is 24 kV, the synchronous reactance is: 125%.
* Calculate the synchronous reactance in ohm.
* Calculate the rated current and the line to ground terminal voltage. °
Draw the equivalent circuit.
* Calculate the induced voltage, E , at rated load and pf= 0.8 lag.

(Ans: Xg,=2.88Q, 1,=6.01 L -36.87°KA, E4,=27.93_29.74KV)

10



Synchronous Generators

Armature Reaction in Synchronous Machines

Armature reaction refers to
e the influence on the magnetic field in the air gap when the phase windings
a, b, and ¢ on the stator are connected across a load.
e The flux produced by the armature winding reacts with the flux set up by
the poles on the rotor, causing the total flux to change.

» The generator delivers a load at a unity power factor.

(d)

(c)

Figure.1 (a) The per-phase equivalent circuit of a synchronous generator without armature
reaction while depicting the revolving field produced by the rotor. The phasor diagrams for
a (b) lagging pf, (c) unity pf, and (d) leading pf.

11



Synchronous Generators

(a) If @y is the flux per pole in the generator under no load, then the generated
voltage E, must lag @, by 90° as shown in Figure 2.

(b) Since the power factor is unity, the phase current Ia~is in phase with the
terminal phase voltage ;7

(c) As the phase current |, passes through the armature winding, its
magnetomotive force (mmf) produces a flux @, which is in phase with
Ta. The effective flux @, per pole in the generator is the algebraic sum of
the two fluxes; that is, @, = ®,+ D4, as shown in the figure.

a’Ma

Figure 2: Phasor diagram depicting the effect of armature reaction when
the power factor is unity.

(d) The flux @, in turn, induces an emf E in the armature winding. s
called the armature reaction emf. The armature reaction emf E_, lags the
flux @, by 90°. Hence the effective generated voltage per-phase E, is the
algebraic sum of the no-load voltage E_and the armature reaction emf E.

That is, E.=E + Ea:. An equivalent circuit showing the armature
reaction emf is given in Figure 3.

12



Synchronous Generators

R, Ny

R

H ® e
T,m,, | l | I o
+ -
Vi
Rotor Armature

Figure 3: A per-phase equivalent circuit showing the induced emf in the armature winding
due to the armature reaction.

(e) The per-phase terminal voltage V;is obtained by subtracting the voltage drops |,
R, and jl X_from E, . In other words,

E=V.+1L(R+jX)

From the phasor diagram, it should be obvious that the armature reaction has
reduced the effective flux per pole when the power factor of the load is unity.
Also, the terminal voltage is smaller than the generated voltage.

Figure 4: The phasor diagram showing the effect of armature reaction when the power
factor is lagging.

13



Synchronous Generators

By following the above sequence of events, we can obtain the phasor diagrams for
the lagging (Figure 4) and the leading (Figure 5) power factors. From these figures
it is evident that the resultant flux is (smaller/larger) with armature reaction for the

(lagging/leading) power factor than without it. In addition, the terminal voltage V,
is (higher/lower) than the generated voltage E_ when the power factor is (leading/

lagging). Since the flux per pole @, is different for each of the three load
conditions, the field current It must be adjusted each time the load is changed.

Since the armature reaction emf E; lags the current |, by 90°, we can also
express it as

EEll": D anXm

where X, a constant of proportionality, is known as the magnetization reactance.

IR,

Figure 5: The phasor diagram showing the effect of armature reaction when the power
factor of the load is leading.

Both the magnetization reactance and the leakage reactance are present at the
same time. It is rather difficult to separate one reactance from the other. For this
reason, the two reactances are combined together and the sum

X=X, + X,

Is called the synchronous reactance. The synchronous reactance is usually very
large compared with the resistance of the armature winding. We can now define

the synchronous impedance on a per-phase basis as Zs; R, + X,

14



Synchronous Generators

Synchronous Generator Tests

To obtain the parameters of a synchronous generator, we perform three simple
tests as described below.

+*The Resistance Test

This test is conducted to measure-winding resistance of a synchronous generator
when it is at rest and the field winding is open. The resistance is measured between
two lines at a time and the average of the three resistance readings is taken to be
the measured value of the resistance, R, from line to line. If the generator is Y-
connected, the per-phase resistance is

R,=0.5R,

+*The Open-Circuit Test
The open-circuit test, or the no-load test, is performed by

1) Generator is rotated at the rated speed.

2) No load is connected at the terminals.

3) Field current is increased from 0 to maximum.

4) Record values of the terminal voltage and field current value.

Circuit diagram to perform open-circuit test.

With the terminals open, 14=0, so Ea= V,,. It is thus possible to construct a
plot of Exor V1 Vs I graph. This plot is called open-circuit characteristic
(OCC) of a generator. With this characteristic, it is possible to find the internal
generated voltage of the generator for any given field current.

15



Synchronous Generators

Air-gap line

Vo V L o
T 3 Open-circuit characteristic

/
! (QCC)
/
/
/
/
/

[ A
Open-circuit characteristic (OCC) of a generator

The OCC follows a straight-line relation as long as the magnetic circuit of the
synchronous generator does not saturate. Since, in the linear region, most of the
applied mmf is consumed by the air-gap, the straight line is appropriately called the
air-gap line.

+*The Short-Circuit Test

The short-circuit test provides information about the current capabilities of a
synchronous generator. It is performed by

1) Generator is rotated at rated speed.

2) Adjust field current to 0.

3) Short circuit the terminals.

4) Measure armature current or line current as the field current is increased.

16



Synchronous Generators

SCC is essentially a straight line. To understand why this characteristic is a straight
line, look at the equivalent circuit below when the terminals are short circuited.

Circuit diagram to perform short-circuit test.

When the terminals are short circuited, the armature current | 4 is:

E,
l=—t
RA+ JXS

And its magnitude is:

=>» From both tests, here we can find the internal machine impedance (E from
OCC, Iafrom SCC):

Z,=R,+X =22

IA

Since Xs>> R, the equation reduces to:

Xz-E: y¢;°
. I

A A

17



Synchronous Generators

Short Circuit Ratio

Ratio of the field current required for the rated voltage at open circuit to the
field current required for rated armature current at short circuit.

I
55§ =195

£.SS
1
55,558 = =
X

Example A 3-phase synchronous generator produces an
open-circuit line voltage of 6928 V when the do exciting current is
50 A. The ac terminals are then short-circuited, and the three line
currents are found to be 800 A.

a. Calculate the synchronous reactance per phase.

b. Calculate the terminal voltage if three 12 Qresistors are

connected in wye across the terminals.

Solution:

a. The line-to-neutral induced voltage is

E =E, /3=6928/3 = 4000V

When the terminals are short-circuited. the only impedance
limiting the current flow is that due to the synchronous reactance.

Consequently,
X¢=E_ /1=4000/80=5Q

18



Synchronous Generators

b. The equivalent circuit per phase is shown in Fig. ]

The impedance of the circuit is:

Zr=gl R4 X =12°4-57 =130

The current 1s :

I=FE /Z=4000/13=3084

The voltage across the load resistor is
E=IR=308*%12=3696V

The line voltage under load is:

E, =~/3E=~/3%3696=6402 1V

The schematic diagram of Fig. 1 helps us visualize what is

happening in the actual circuit.
X;=58

!

308 A
(a) 4000V 12&2

Ix

50A ;T T\ __——=308A

+o—— —=308A

(b) o load
- o—— ——308A

line voltage = 6394 V

alternator

Fig.7 See Example b. Actual line voltages and currents.

Example: The following data are taken from the open- and short-circuit characteristics of a
45-kVA, three-phase, Y-connected, 220-V (line-to-line), six-pole, 60-Hz synchronous
machine. From the open-circuit characteristic:

Line-to-line voltage = 220 V Field current = 2.84 A

From the short-circuit characteristic:

Armature current, A 118 152
Field current, A 2.20 2.84

From the air-gap line:
Field current = 2.20 A Line-to-line voltage = 202 V

19



Synchronous Generators

Compute the unsaturated value of the synchronous reactance, its saturated value at rated
voltage, and the short-circuit ratio. Express the synchronous reactance in ohms per phase
and in per unit on the machine rating as a base.

Solution

At a field current of 2.20 A the line-to-neutral voltage on the air-gap line is

202
Vorg = —= =116.7V

V3

and for the same field current the armature current on short circuit is

I =118A

116.7

X,_u = W = ().987 Q/phase

Note that rated armature current is

45,000

) AP b R Y Y
= V3 %220

Therefore, la, sc = 1.00 per unit. The corresponding air-gap-line voltage is

202 .
ag = 555 = 0.92 per unit
in per unit 0.92 -
B - m‘ = 0.92 per umt

The saturated synchronous reactance can be found from the open- and short-circuit
characteristics

X, = V‘;j“" - (22(1)25/5) = 0.836 Q/phase

Inperunit  I] = 3% =1.29, and

1.
1.2

8

X,

I‘l

= (.775 per unit

O



Synchronous Generators

Finally, from the open- and short-circuit characteristics, the short-circuit ratio is given by

2.84

— = 1.29
2.20

SCR =

The inverse of the short-circuit ratio is equal to the per-unit saturated synchronous reactance

I I ;
X, = SCR = 129 = 0.775 per unit

H.W

Calculate the saturated synchronous reactance (in €2/phase and per unit) of
a 85 kVA synchronous machine which achieves its rated open-circuit voltage of
460 V at a field current 8.7 A and which achieves rated short-circuit current at a
field current of 11.2 A. [Answer: Xs = 3.21 ()/phase = 1.29 per unit]

21



Synchronous Generators

Voltage requlation of Alternator

The voltage regulation of an Alternator is defined as the change in terminal
voltage from no-load to load condition expressed as per-unit or percentage of
terminal voltage at load condition; the speed and excitation conditions remaining

Same.
V\I - VFL
Voltage Regulation, V. R. == — X 100%

FT.

V\"L - % L
- Ve

Per unit

Determination of VVoltage Reqgulation

The following are the three methods which are used to determine the voltage
regulation of smooth cylindrical type Alternators

1. Synchronous impedance / EMF method

2. Ampere-turn / MMF method
3. Potier / ZPF method

1. Synchronous impedance / EMF method

Synchronous impedance is calculated from OCC and SCC as
Z; = Eo/ls(for same Iy)

A compromised value of Zg is normally estimated by taking the ratio of (Eo/ls) at
normal field current Iz. A normal field current I¢is one which gives rated voltage
V, on open circuit.

Zs= Vg

Advantages:
e Simple no load tests (for obtaining OCC and SCC) are to be conducted
e Calculation procedure is much simpler

Disadvantages:

e The value of voltage regulation obtained by this method is always higher
than the actual value.

22



Synchronous Generators

EXAMP.E . A 3-phase, 1500 kVA, star-connected, 50-Hz, 2300 V alternator han
a resistance bet - een each pair of termingls as measured by direct current is 0.16 Q. Assime
that tie effeci o resistance is 1.5 times the ohmic resistance. A field current of 70 A
produces a she  -circuit curreni equal to full-load current of 376 A in each line. The samw
field current ;- duces an e.m.f. of 700 V on open circuit. Deterniine the synchronous
reactwnce of th nachine and ils full load regulation at 0.8 power factor lagging.

open-circuit e.m.f. per phase

SOLUNGH. Z+* Short.circuit armature current
_ (700/43) _
w e 1.075Q
A : 0.16
Ohmic resistance per phase = T 0.08 Q

Effectiv: resistance por phase
R,=-15x%0.08=0.12Q
Synchro.ous reactance
X, =VZI = RI =V1.0757-0.12F = 1.068 Q
Si0= 3 Vil
1500 x 10° = V3 % 23001, I, =376 A

Rated v ‘itage per phase
V,=2300V3 = 1328 V
Phase c.rrent [, =1 =376 A
E, =V, +1,;,Z
Let V b taken as reference phasor :
V,=V,£0°=1328£40°V=1328+0V
I, =1, £-cos™'0.8 =376 £~ 36.87° A
Z. =R, +jX.=0.12 + j1.068 = 1.075 £83.59° Q
I, = 1328 +j0 + (376 £— 36.87°) (1.075/83.59° ) = 1328 + 404.2£46.72°
=1328 4+ 277.1 +j 294.26 = 1605.1 +j294.26 = 1631 £10.39° V

Percenta,e regulation
E -V
=~E Iy 100
Vy
_ 1631 -1328

1328
Alternative method of calculating E,

x 100=22.8%

E, = V(V, cos &+ [,R,)" +(V, sin ¢ + LX)’
= V(1328 x 0.8 + 376 x 0.12)7 + (1328 x 0.6 + 37h ¥ 1 NAA —1£21 ¥

23



Synchronous Generators

? kVA
3 d alternator is rated at 1600 KVA,
. A 3-phase, star-connected a g i
13500 \E/x‘;'rcp:;fnmmre cffectiri)c reststance and synchroious rcacmm;c t;nn; "]52?0“;:{"( <4
frc# 'c.fivch/ per phase. Caiculate the percentage resulat:ou for a loa
:owc:rp}actors' of (a) 0.8 leading; (b) unity; (c) 0.8 lagging.

SOLUTION. (@) Payp= V3V, cos ¢

1280 x 10" = V3 x 135001, x 0.8

__ 1280x10° ~
l"—\f3x13500x0.8—68'43A_1"

cos¢=0.8, sinp=06

R,=15Q,X,=30Q, V,= L‘:%-OQ: 77945 V

For leading power factor
Ey=(V, s 0+ LR+ (= V, sin ¢ + L X,)?
=(7794.5x 0.8 +68.43 x 1.5)2 + (- 7794.5 % 0.6 + 68.43 x 30)°

=(6338) + (- 2623.8)°
E,=6859.6 V

E,-V 6859.6 — 7794.5 ‘ )
ion = 42 ) 4 2 Gt %
Voltage regulation = v Xx100= 77945 x100=-11.99

(b) Unity pawt..’r factor
cos@=1,sin¢p=0
Pio= ‘JBTVLIL cos ¢
1280 x 10 = V3 x 135001, x 1

1280 x 10°
=3 13500 ~ >+744 =1,

Ep=(V, + LR + (I,X)?
=(7794.5 + 54.74 x 1.5)% + (54.74 x 30)* = (7876.6)° + (1642.2)*

E, = 8046 V
Voltage regulation
E,-V 8046 - 7794.5
=t _Pr = SO - %
vp X 100 77945 % 100 = 3.227%

(¢) Power factor 0.8 lagging
Ep=(V,cos $+ LR+ (V,, sin ¢+ [,X,)?

=(7794.5x 0.8 + 68.43 x 1.5)2 + (7794.5 x 0.6 + 68.43 x 30)?
= (6338)* + (6729.6)
E,=92444V

: E -V 92444 -7794.5
gl P = - = <,
Voltage regulation v, x 100 77645 x 100 = 18.6%

24




Synchronous Generators

2. Ampere-turn / MMFE method

The ampere-turn /IMMF method is the converse of the EMF method in the sense
that instead of having the phasor addition of various voltage drops/EMFs, here the
phasor addition of MMF required for the voltage drops are carried out. Further the
effect of saturation is also taken care of.

Data required for MMF method are:

Effective resistance per phase of the 3-phase winding R

Open circuit characteristic (OCC) at rated speed/frequency

Short circuit characteristic (SCC) at rated speed/frequency @
Y

[ ]

[ ]

[ ]
(D Compared to the EMF method, MMF method, involves more number
of complex calculation steps. Further the OCC is referred twice and
SCC is referred once while predetermining the voltage regulation for
each load condition. Reference of OCC takes care of saturation effect.
As this method requires more effort, the final result is very close to the
actual value. Hence this method is called optimistic method.

25



Synchronous Generators

Full-load phase voltage V, = %0-0- =1155V

V3V, I
<3 L
kVA-—ﬂlooo

V3 x 2000 x I

Om—w—‘-, lp=1,=2887 A

(@) Lagging power factor of 0.8

E'=V,+I,R,=1155+(288.7 /= cos" 10.8)x0.2
= 1155+ (57.74 x 0.8 — j 57.74 x 0.6)
=1155+46.2 —j 34.44
=1201.2 -/ 34.44=1201.7 ;- 1.6° V
Here 0 =-16°

From the O.C.C., the field current required to produce the voltage of
1201.7 V is 32 A. Therefore I';=32 A.

From the \S_.C.C., the field current required to produce full-load current of
288.7 is 29 A. Therefore Ifz =29 A. For cos $=0.8, ¢ = 36.87°

~ » ~N
Sg =g slg
3 AT
(4 )
O
(@]

o

o

o
A
5
o
o

oI

<
o
(=]

3 8
8 3
Short-circuit current —=

5 49|
Q

100

Open-gircuit voltage Phase Voltage (V) —
&

R

630 30 40 50 60
Field current A ——e
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Synchronous Generators

From the phasor diagram

I,=1; (180°~ ¢
=29/180° - 36.87°=29/143.13° A
=-232+/174

I'f- I'M 90° - ot
=32/90° - 1.6°=3288.4° A
=0.89 +31.98

k=1, +1}
==23.2+717.4+0.89 +/31.98
=-2231+/44.38 =54.18 1 114.3° A

From the O.C.C, the open
current of 54.18 A is 1559 V.,

- percentage voltage regulation

circuit phase voltage corresponding to the field

Ey,-V,
==2_ 70 100 = 1559 = 1155

(b) Leading power factor of 0.8
E'=V, +LR,
= 1155+ (288.7 ; + cos™ ' 0.8) x 0.2
-=1155+46.2 +j 34.44
=1201.2+/34.44=1201.7 /+ 1.6° V.

From, the phasor diagram
I']= I'er 90° + a=232;90°+1.6=32;91.6°A

—-089+j3198 A
,f: =lle 180° +9
=29 180° + 36.87°° =29, 216.87° A

=-232-j174A
=1, +I’;=—089+j31.98-232-j174
hT S

Y
=-2409+j1458 A
=28.15,31.18° A
From the O.C.C., the open-circuit phase voltage corresponding to a field
current of 28.15 A is 1098 V.
Percentage voltage regulation
Ewp=Ve 1098 — 1155

T, AR = =-5.02%
= v x 100 1155 x 100 o

¥
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ZERO-POWER FACTOR CHARACTERISTIC (ZPFC)

The zero-power factor characteristic (ZPFC) of an alternator is a curve of
the armature terminal voltage per phase plotted against the field current obtained
by operating the machine with constant rated armature current at synchronous
speed and zero lagging power factor. The ZPFC is sometimes called Potier Char-
acteristic after its originator. _

For maintaining very low power factor, alternator is loaded by means of
reactors or alternatively by an underexcited synchronous motor. The shape of
ZPFC is very much like that of the O.C.C. displaced downwards and to the right.

The phasor diagram corresponding to zero-power factor lagging load

i

Far

F

Phasor diagram at zero
power factor lagging.
4
i =5 . LR,
90 EeE,
e
TaXaL

Far
I

the terminal phase voltage V is taken as the r

, ] E eference phasor.
At zero power factor lagging, the armature current I, lags behind V by 90‘!.’ Dl‘l\:r
I, R, parallel to I, and I, X; perpendicular to I,.

V“'l‘t R¢+Iﬂ XaL=Eg
E, is the generated voltage per phase.
F,, = armature reaction mmf. It is in phase with I,-
F,: mmf of the mainfield winding (field mmf)
F, = resultant mmf

The field mmf Fyis obtained by subtracting F,, form F,, so that F, = F+F
wr

If the armature resistance R, is neglected, the resulting phasor diagram
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VB
Far !
{ IS
F
0 . =
N Phasor diagram at ZPF lagging
i with Ry neglected,
F‘" @ k.
1,

it is seen that th ni
It - e terminal phas ‘
voltage drop I, X, and the generated voltage E, aPre al(i vinOI}:;gasee V:] hﬂllc l-fc“t.éwl.
. Therefore V s

racticall i
p ally equal to the numerical (arithmetical) difference between E, and I X,
V=E-LX, (1)

Also the three mmf phasors
F ; .
zelated by the equation P # Frand F,, are in phase. Their magnitudes are

[-}:F,-Q-F" ( 2)

The arithmetical relati i g
for the Potier triangle. ations given in Egs. ( 1) and  ( 2) form the basis

Equation ( 2) can b ¢ :

g gt . 2 converted into it i ¢

d'xwdmg its both sides by Ty, the effective mou;g: qu;valent feld-curvent fostn by

field. r of turns per pole on the rotor
5’[ = f" + F‘"

T
o I./= Ir 5 [ﬂ'
¢ 3)

POTIER TRIANGLE
InFigq | consider a point b on the ZPFC conesponding to rated terminal

F
voltage V and a field current of OM = = -% If, for this condition of operation, the
!

armature reaction mmf has a value expressed in equivalent field current of

Far
IM|=],= -.1-‘}- , then the equivalent field current of the resultant mmf would be

F
oL -I,-?;
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¥ 1‘ Air-gapline
£ (AGL) o
c Open-circuit saturation
& curve O.CC.
&
=
T
-
E.| rull-loaél zero-power
f 3 ! factor characteristic
| [ zpEC
Inxnl.
1V(mtcd)- :
Eg kemsnecs i
i
|

Fig. 1Potier triangle

This field current OL would result in a generated voltage E, (= Lc) from the

no load saturation curve. Since, for lagging zero-power-factor operation
E,=V+I X,
the vertical distance ac must be equal to the leaka
_ ge-reactance voltage dro
I, X, where I, is the rated armature current. s P
- _voltage ac per phase
rated armature current

The triangle formed by the vertices a, b, ¢ is called the Potier triangle.

al

The ZPFC may be used in conjunction with the O.C.C. to find the armature
reaction mmf and the approximate leakage reactance voltage of the machine
(Fig. 1 ). The construction is as follows :

1. Take a point b on the ZPFC preferably well upon the knee of the
curve,

2. Draw bk equal to " O (b’ is the point for zero voltage, full-load
current). That is, Ob” is the short-circuit excitation, Fgc.

3. Through k draw kc parallel to Oc’ to meet O.C.C. in c.
4. Drop the perpendicular ca on to bk.
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5. Then, to scale, ca is the leakage reactance drop I, X,; and ab is the
armature reaction mmf F,z or field current I,z equivalent to arma-
ture reaction mmf at rated current.

The effect of field leakage flux in combination with the armature leakage
flux gives rise to an equivalent leakage reactance X, known as the Potier reac-
tance. It is greater than the armature leakage reactance.

: _ voltage drop per phase (= ac)
AlsogPotier reactance &y = (ZPF rated armature current per phase I,)

For cylindrical-rotor machines, Potier reactance X, is approximately equal
to leakage reactance X,;. In salient-pole machines, X, may be as large as 3 times X,;.

PROCEDURE TO OBTAIN THE REGULATION BY
ZERO-POWER FACTOR METHOD

The following procedure is used to obtain regulation by the zero-power
factor method : ‘ B e
The phasor diagram for lagging power cos ¢ is drawn as shown in Fig. 2

In the phasor diagram : .
OA = V = terminal phase voltage at full load. It is taken as reference phasor
and drawn horizontally.

0B =1, = full-load current lagging behind V by an angle ¢, cos ¢ is the power
factor of the load | |
AC = voltage drop I, R, in the armature resistance (if R, is given). It is
drawn parallel to I, (OB)
CD=1,X, = leakage reactance voltage drop. It is perpendicular to AC.
Join OD. It represents the generated em.f E,

Find the field excitation current I, corresponding to this generated emf E

from the O.C.C. .
Draw OG (equal to I, perpendicular to OD).

Fig.2
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Draw GH parallel to load current OB (=1,) to represent excitation (field
current) equivalent to full-load arinature reaction I,,. OH gives the total field
current Iz

If the load is thrown off, tl:i terminal voltage will be equal to generated
emf, corresponding to field excitai.on OH.

Determine the emf E; (= OK: corresponding to field excitation OH from the
O.C.C. Phasor OK will lag behind jzhasor OH by 90°. DK represents the voltage drop
due to armature reaction.

Now voltage régulation is vitained from the relation :

E
Percentage voltage regulation = _VL x 100%

EXAMPLE . A 5000 kVA. 6600 V, 3-phase, star-connected alternator has a
resistance of 0.75 Q per phase. Estimaic by zero power factor method the regulation for a
load of 500 A at power factor (a) unity, (b) 0.9 leading, (c) 0.71 Iaggmg, from the following

open-circuit and full load, zero power |::ctor curves :

Ficld current. A Op.'::-tc;:’;i:;te ’fe‘r;minal Saturaﬁ;-t}. ’a{,m, zero
32 3100 - 0
50 4900 1850
75 6600 4250
100 7500 5800
140 8300 7000

SoLuTioN. The O.C.C. and ti.¢c ZPFC are plotted as drown in Fig. 3

Draw a horizontal line at raied line voltage of 6600 V to meet the ZPFC at
b. On this line take bk=0b'=32 A. -
Ob’ is the field current requiscd to circulate full-load current on S.C.

Draw a line k¢ parallel to Cc’ (the initial slope of the O.C.C.) to meet the
0.C.C. at c. Draw the perpendicu..r ca on the line kb. Hence abc is the Potier’s

triangle. In this triangle,

ab = field current requii. =d to overcome armature reaction on load

=L,=25A
and ac =900 V (line-to-line, - 9—32: V per phase
Leakage impedance voll: e drop
L X, =%-? V per phase
=579.6V, [, =500 A
900

= = 3
X, 73 % 500 =1.039 €

Taking I, as reference phaso; i, =I,/0°=500,0°A=500+;0
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DOOOI
[

3000+
2000}
1000
0 20 & 40 . 4 . )
65 80 100 -
Field curront A ——= 19 o
Fig.3,

{(a) Unity power factor
0 o]
V,=V,(0°= e 3810.6

Ep=V,+LZ, =V, +,Ry+jX)=V,+L, R, +j L X;
=3810.6 + 500 X 0.075 +/ 519.6
=3848.1+519.6 =3883  7.69° V

Ey=V3x3883=6725V

From the O.C.C,, the field current corresponding to the line voltage of
6723 V is 78 A,

This current leads E, by 9%0°
1,=1,,90°+769°=7897.69° A

The current I, is in phase with 1.
L,=1,10°=25,0°A
We have L+l,=1,
k=I-1,
=78/97.69° - 25 ,0°
=-1044+;773-25
:-35.44+j77.3-85%"A
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From the O.C.C., corresponding to a field current of 85 A, the voltage
ro C.C

E;=7000 V (linelline)
A ;
7000 y; _ 4041.6 V

Ey="7 V

E,-V
. il ]
voltage regulation = v, x 100
_4041.6-38106 o0 oo
- 3810.6

(b) 0.9 p.f. leading

cOs¢=09, ¢=2584° I,=I,0°
V,=3810.6 /- 25.84° = 3429.6 -  1660.9
E,=V,+1,Z = Vit L, (R, +j X))
=(3429.6 - /1660.9) + (500 x 0.075 + 519.6)
=3467.1-/1141.3=3650 /- 18.2° V
The corresponding line voltage
Ey=YV3 Eg, =3 x 3650 = 6321.8 v
From the O.C.C, the field current corresponding to the line voltage of
6321.8 V is 71 A. This current leads E, by 90° ;
L=1,,90°-182°=71 [71.8°A
The current I, is in phase with I,.
Ly =1, 0°=25,0° A
We have L+1,=1,
I=1-1,

=71(71.8°~25,0°

=222+j675 -25

=-28+/675

=67.6/92.38° A
From the O.C.C,, corresponding to a field current of 67.6 A, the voltage

Eqp=6000V (line-toline)

Corresponding phase voltage E,, = 6% =3464 'V

=
voltage regulation = J—V——E x 100
l‘
_ 3464 - 3810.6

38106 x100=-9.1%
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(c) 0.71 p.f. lagging
cos $=0.71, ¢$=44.77°
1,=1,/0°=500,0°A
V, =V, (+° =3810.6 44.77° = 27053 + ] 2683.7
Esp=VF+l,ZL=VP+I‘,(R,+jX,)
=V;,+I,l R, +jI, X,
= (2705.3 +] 2683.7) + 500 x 0.075 +j 519.6
=2742.8 +]3203.3 =4217 1 494° V
Eg=\3 Eg,=V3 x4217=73038 V

From the O.C.C., the field current corresponding to the line voltage of
078 Vis 95 A. :

I,=95;/90+49.4°=95/1394° A
»=25/0°A
I=1-1,=95,139.4°-25/0°
=—-721+j618-25=-971+j61.8=115;147.5° A
From the O.C.C., corresponding to a field current of 115 A, Eg=7900 V

Eq-V
voltage regulation = —LV—' x 100%
!

=7900-6600

6600 x 100 = 197%)

H.W . The table gives data for open-circuit and load zero power factor
tests on a 6-pole, 440 V, 50 Hz, 3-phase star-connected alternator. The effective ohmic
resistance between any two terminals of the armature is 0.3 Q.

Field current | 2 | 4 6 7 8 |10 12| 14 16 |18
(A)

O.C.lerminal | 156 | 288 | 396 | 440 | 474 | 530 | 568 | 592 — -
voltage (V) '

S.C.line 1 | 2 34 40 46 57 | 69 80

current (A)

Zero p.f.

terminal —_ = -_— 0 80 | 206|314 | 398 | 460 | 504
voltage (V)

Find the regulation at full-load current of 40 A ai 0.8 power factor lagging using

(a) synchronous impedance method,
(b) mmf method,
(c) Potier-triangle method
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Power flow transfer equations for a synchronous generator

Fig.1 ' Circuit model of cylindrical rotor synchronous generator.
Let V =terminal voitage per phase
Ef= excitation voltage per phase
« = armature current

& = phase angle between E;and V

The phasor diagram at lagging power factor

For a synchronous generator E¢leads V by angle 8.
V=V;0 E=E 38
The synchronous impedance is given by
Z=R,+jX;=Z,(8;

The impedance triangle is shown in Fig. 1.

0 *tan“-—x"
&= R,

4R
az=9()°_ez=tan l-—X:
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Let the subscripts i, 0, g denote input, output, generator.
By KVL in the network of Fig.1.

Complex Power Output of the Generator Per Phase (So,)
Sog = Pu+jQu=VI

) VE VE; . 2 3
Pit] Qos=—-2~1cos (92—8)+]—Z-Ism (93—5)-%@059;*']53‘93)

Real Output Power Per Phase of the Generator (Pog)

Vz
cos (6, = d) - 7 cos B,
]

<<
-NLm

Po=

]

Since cos B, = 7
(]

VE %
-t § -8)=—R
P 7, cos (8, = 8) Z: ’
VE 8 oAy _‘{.2.
Pox-=-—z-'fcos(90 -8+0L,)-21R¢

L]

VE . V2
or PQ-—Z-‘lsm(a"'ax)-’z—,iR.

P,y is also called the electrical power developed by the generator.
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Reactive Output Power Per Phase of the Generator (Qop)
VE; . Vz' :
Qns=-z:ISlH(ez-8) '--Z—!}-Sl.ﬂex
X,
Since sin@, = 7
L]

VE V2
Qq'_z:lam(ex'a)"zl[xn

But 8,=90° -,
V2
o QBEZ'—E[SLR(%"-S Gz)-—;x,
! z’ Z’
VE ooy Vs
or Qog = Z cos (0+0,) Z’

Complex power Input to generator per phase (Si)

2y Vi
or PI+IQ|3=Z (8- Z. (9. *0
2 2

VE
'-EiLsin9,—[%&cos(ex+8)+j—z—isin(ez+8)]
s s s

Real power input to generator per phase (Pj)

E? VE .
P,S=—chosez-7s[cos(92+8)
R
Since cos 92=2.‘!

Kd
!

But 8,=90°-aq,

£ vE
Pi= R,-——l.cos(90°+8—az)
s Zs Zs
E VE
= P:‘x=‘ZLR.+7lsin(5~az)
5. s .
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Reactive power input to generator per phase (Qy)

E} VE,
Q,~3=—Z[;sm9,-—zlsm (6, + )

X
But sin @, ==

Z

Hz

VE
Q=53 %~ ~—5Lsin (0, +5)

Since 6, =90° - a,
sin (8, + 8) =sin (90° + & ~ a,) = cos (5 — @)
' E} VE
Q= ELZX —fcos 6- a)
Mechanical power input to generator = Py, + rotational losses

The rotational losses include friction, windage and core losses.

Maximum power output of the generator per phase Pog(max

For maximum power output of the generator

dP d*p
—.
d5 =0 and 1 <0

2
Differentiating Eq. Py= }-,Z—El sin (8 + o) = -;-5 R; w.r.t. § and equating it to zero we get
] s -

' VE 2
:—s[fsm(ﬁa'a,)-%&]a-o

s

Since V, E, Z, and R, are constants

VE
—lcos(8+az)=0

ZS
or cos (8+0,)=0
&+, =90°
0=90°-a,=6,

Thus for maximum power output of generator
load angle & = impedance angle 6,

VE 2
P st Y p

ag (max) Zs Z 2
)

This occus at §=6,.
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Maximum power input to generator per phase Pigmax)
@ P,

dPp;
For maximum power input to the generator -3—5'3 =0 and —d—-—f <0

: {4 Ef  VE
Differentiating Eq p, =—L R_+—Zsin (§ ~ ) w.r.t. 8 and equating it to zero we get
§SZ ez, o AT g

4B, VE, s
dS[zszR‘+ Z sin (0 ~a) [=0

VE
-zlcos 6-0a)=0

&~ 0, =90°
8=90°+0a,=90°+90° -0, =180°-0,
Thus for maximum power input to the generator

load angle & = 180° — impedance angle 6,

_E’R VE
‘ﬂ+ Z\

T

£ (max| Zs
Power flow equations for a generator with armature
resistance neglected

In practical polyphase synchronous machines R, < X, and R, can be neglected
in the power flow equations.

When armature resistance R, is neglected Z, = X,, o, =0

VE
P‘,V=T(:1$m8
VE, 2
Qo‘\' X<ICOS b = ’-:
£

Also, P
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Salient-Pole Synchronous Generator — Two-Reaction Theory

MAGNETIC AXES OF THE ROTOR

f

‘quadrature axis’ or 4-axis.

d = direct axis
q = quadratic
axis

e

TWO-REACTION THEORY

Two-reaction theory was proposed by Andre Blondel. The theory proposes
to resolve the given armature mmfs into two mutually perpendicular components,
with one located along the axis of the rotor salient pole. It is known as the direct-axis
(or d-axis) component, The other component is located perpendicular to the axis of
the rotor salient pole. It is known as the quadrature-axis (or f-axis) component.
The d-axis component of the armature mmf F, is denoted by F, 4 and the g-axis

component by F.. The component F 415 either magnetizing or demagnetizing, The

component F, results in a cross-megnetizing effect.

F‘-F,Sin\v
Fq-F,cosw
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Salient-pole generators, such as hydroelectric generators, have armature
inductances that are a function of rotor position, making analysis one step more
complicated. The key to analysis of such machines is to separate mmf and flux into
two orthogonal components. The two components are aligned with the direct axis
and the quadrature axis of the machine. The direct axis is aligned with the field
winding, while the quadrature axis leads the direct by 90°.

Planc of £,
' Direct axis (i-ax1s) e
"l )
| "

Directaxis : . g ,
oy SETR

Quadrature axis
'nl " G- axis)
1

e

l a']/

~ Quadrature-axis
% flux path
=t

The direct and quadrature axis stator  fluxes produce voltages in the stator winding
by armature reaction.

Let E 4 = direct-axis component of armature reaction voltage

E., = quadrature-axis component of armature reaction voltage

Since each armature reaction voltage is directly proportional to its stator
current and lags behind the stator current by 90°, therefore armature reaction
voltages can be written as

Ey=-7Xuli (1)
Ey==] X4l (2
where X, = armature reaction reactance in the direct axis per phase

X

o = armature reaction reactance in the quadrature axis per phase

The total voltage induced in the stator is the sum of emf induced by the
field excitation and these two emfs. That is

E,=E1+Ead+an ( 3)
or E'=E]”jxwld'jxaqlq (4)
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The voltage E’ is equal to the terminal voltage V plus the voltage drops in
the resistance and leakage reactance of the armature, so that

E'=V+R, I +jX]1, (5)
The armature current I, is split into two components, one in phase with the
excitation voltage E; and the other in phase quadrature to it.
If I, =the g-axis component of I, in phase with E;
I; = the d-axis component of I, lagging E, by 90°

L=I+], (6)

Combination of Egs. ( 4) and (5) gives
E=V+R,I,+/X, I,,+’1'Xm,l,,+jx,,q I, (7)
Combination of Egs. (3.39.6) and (3.39.7) gives

Ef=V+R" (Id+lq)+jX, (Id+lq)+and ld+jX,,q l‘,

=V+Ra (Id+lq) +j(X,+Xﬂd) Id+j(xl‘+ Xaq) ]q (8)
Let Xim XX (9)
X =X H X (10)

The reactance X, is called the direct-axis synchronous reactance and tie reac-
tance X, is called the quadrature-axis synchronous reactance.

Combination of Egs. ( 8), ( 9) and ( 10) gives
Ef= V+Ra—IJT+_Ran+de Id+jquq (11)
or E=V+R, L+jX;L+j X I, (12)

Equation (11) is the final form of the voltage equation for a sqlient-pole
synclironous generator.
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Phasor diagram

The complete phasor diagram of a salient-pole synchronous generator
based on two-axis theory

Phasor diagram of a salient-pale synchronous qenerator at lagging poiver factor.

The simplified phasor diagram based on Eq. (11)

E{

‘\'(‘lxl

Simplified phasor diagrant of a salient-pole synchronous generator at lagging power factor.
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Determination of § from the phasor diagram

E'=0C=0A+AB+BC
=V+R L+jX,],
=V+(R,+jX) 1,

For lagging power factor cos ¢ .
L=L(=¢=]cos¢—jl,sind
E"=OC=V+(R,+jX,’) (I, cos ¢ = I, sin ¢)

=(V+I,R,cos ¢ +1, X, sin ¢) +j (X, I, cos ¢~ I, R, sin'¢)
_ImOC_ImE”

ReOC ReE”

X, I,cos ¢~ I, R, sin ¢
V+ X, I,sin¢+I,R,cos ¢
Hence E=[E”+(Xy— X)) 14 (8
If the armature resistance is neglected

X, I, cos ¢

i it A
fan V+ X, I sin¢

tan &

or tan 6=
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EXAMPLE 1 . A 1500 kVA, star-connected, 2300 V, 3-phase, salient-pole syn-
chronous generator has reactances X, =1.95 Q and X, = 1.40 Q per phase. All losses may

be neglected. Find the excitation voltage for operation at rated kVA and power factor of
0.85 lagging. '

2300
SOLUTION. Vp e 1328V

3V, 1,
1000
1500 = 2rlssl 1,=3765 A
1000 '

Let V), be the reference phasor.

V,=V,0°=1328,0°
cos ¢ =0.85, $=31.8°
L=1,/-¢=3765,-318°A
=320-;1984
From the phasor diagram

E”"=0C=0A+AB+BC
=V, +0+jX1,
= (1328 +70) + (1.40) (320 - 198.4)
=1328 +277.8 + 448 = 1605.8 +j 448 = 1667 ; 15.6° V.

(KVA) =

The phase difference between E” and 1, is angle .
Y=08+0=156°+318°=474°
l4=1, sin ¥ =376.5 sin 47.4° = 277,14 A
(Xq=X;) I, =(1.95 - 1.40) x 277.14=1524 V.,
Since E, E” and j (X; - X)) I, are in phase we add the magnitudes.
E/= E+(X,;- Xq) 1;=1667 + 1524 = 18194 V.
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 EXAMPLE 2 . An alternator has a direct-axis synchronous reactance of 0.8 per
unit and a quadrature-axis synchronous reactance of 0.5 per unit. Determine tie per untt
open-circuit voltage for full load at @ lagging power factor of 0.8. Neglect saturation.

SOLUTION. Let V), be the reference phasor
V,=1/0°=1+j0pu
I,=1puat 0.8 lagging pf
I‘,=1/—cos'1 0.8=1/-36.9°pu

[, X;=0.8pu
I, X,=05 pu
E'=V,+jl, X,
=1+j0+;1;-36.9°x05

=1+0.5/90°-36.9°=1+0.5,53.1°
=1+0.3+'j0.4=1.3+j0.4=1.36117.1°V
8=17.1"

From the phasor diagram
y=0+8=369°+171=54°
I;=1,sin y=1Xsin 54°=0.809
Ef= E” + (Xd - Xfl) Id
=1.36 + (0.8 - 0.5) x 0.805 = 1.60 pu.
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Power angle Characteristics Round Rotor Machine

A synchronous machine supplies an electric network with constant
voltage under steady state conditions.

The terminal voltage in the machine is kept constant by the regulation
of the field current.

The generator speed is constant, at the synchronous speed determined
by the network frequency and the number of poles in the machine.

An increase of input mechanical power increases the torque. Calculate
the output power variation with the input power.

The external network is represented by a voltage source and an
equivalent reactance. A large network’'s impedance is very small, we
assume X, = 0. and V, =V, , The equivalent circuit is:

|
o Generator  JXs | X.=0 Network
Generator ' i
S — = i
@ l5 1
Network ‘ EnlS : [th& [ Ven
Bus :
:
. . . . . Ef eis — \’t
Using the equivalent circuit the currentis: 1= —2 —
I X + 11X
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« The complex power delivered by the generator is:

pA Ef e_i8 -V,
S=3Viup I=3Vy - i X, = X = Xgyn + Xut
—1 2 &

+ After simplification we get:

Generator '

"
v, v 2

S=3 ——Ef“, M §ind+j-3- Efnr O,
X, X, X,

Generator  Xs I X,=0 Network
Network —>| |
Bus ]Em& a :[Vm 0 [Ven=\/tn
I
|
|
I
- The real and reactive power are
E KT
P=3 "o _gins
X
2
E¢ V, Vi
Q=j-3- M.coss_%
X, X,

» The real power is maximum if 3 = 9009,

« The maximum torque is:

ook = Proax/ @

max max
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Synchronous Generators

Power angle Characteristics

The P(3) curve shows that the
increase of power increases the
angle between the induced voltage
and the terminal voltage.

The power is maximum when & =90°
The further increase of input power
forces the generator out of
synchronism. This generates large
current and mechanical forces.

This angle corresponds to the angle
between the field flux and the stator
generated rotating flux.

Power angle Characteristics

The angle &, called power angle
and it corresponds to the angle
between the field flux and the
stator generated rotating flux.

The maximum power is the

static stability limit of the

system.

Safe operation requires a 15-
20% power reserve.

2G)

50

Round Rotor Machine
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80
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40

\

120 150 180

Round Rotor Machine

max

N

80

Safe operatlon Ilmlt

60
20)
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Synchronous Generators

Salient-Pole Synchronous Generator

To simplify the derivation of expressions for the power and torque developed
by a salient pole synchronous machine, neglect R, and the core losses. The
phasor diagram with £, as reference. The complex power per phase is

S=Viy
“VAL=8 0| - 1+ (1)
= VIlL=8 (1] + 1)
1] = Vi cos 8
|ldl = A.d
V| sin &
| = X

If these values of Iy and I, are substituted in Eq. (1)

V|2 o
Vi VUIED g0 — 5 - Vi cos 000 =5 (2)
5=|_)Z|—-m61—6+ X, (90" =9 X4

q

=P+jQ

where P is the real power per phase and from Eq.(2)

VIIE] o, VX=X s

P=—Xd—sm 2XX,

=P[+Pr

and Q is the reactive power per phase and from Eq. (2)

- 2
V| E;| ,|sin? &  cos?$
Q =|—l)7d—cosé‘- \4 X, + X,
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Synchronous Generators

If X; = X, (i.e., no saliency), then

VIIE
P=——| ;I(l fIsin6
d
_ IVl”Efl |V1|2
Q— Xd cos & —}a'
Power

Resultant power

P,, power due to
field excitation

P,, power due to
saliency

—— Motor L Generator ————»

Power-angle characteristic of a salient pole synchronous machine.

EXAMPLE

A 3¢, 5 kVA, 208 V, four-pole, 60 Hz, star-connected synchronous machine
has negligible stator winding resistance and a synchronous reactance of 8
ohms per phase at rafed rerminal voltage. :

What is the steady-state (or static) stability limit? What are
the corresponding values of the stator (or armature) current, power
factor, and reactive power at this maximum power transfer condition?
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Synchronous Generators

Solution
208
V, = —= = 120 V/phase
V=3 p
Stator current at rated kVA:
5000
[,=——=139A
V3 X 208
¢ =—36.9° forlagging pfof0.8
J8 l.
E=V,/0°+ I,jX, — Y Y 0
= 120/0° + 13.9/—36.9°-8/90° Ok, y
t
= 206.9/25.5°
o

Excitation voltage  E; = 206.9 V/phase

Powerangle 6= +25.5°

: L ape o — o
the maximum power transfer occurs at § = 90°.

p =3I?fV{.=3>(206_9>< |20___9.32 KW
s = Ty 3
g lg=Vy 206.9/490° - 120/0°
' JXs 8/90°
= 29.9/30.1" A

Stator current /1, =299A

Power [actor = cos 30.1° = 0.865 leading
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Synchronous Generators

The stator current and power factor can also be obtained by drawing
the phasor diagram for the maximum power transfer condition. The
phasor diagram is shown in Fig. g,

a

Because 8 = +90°, Eleads V, by 90°. The distance bd between phasors
V, and E; is the voltage drop I.X, and the current phasor /, is in quadra-
ture with 7 X..

From the phasor diagram,

|IaXs|z = IEflz T IVRP

; - (20692 + 120
' 82

12
) =299A

From the two triangles abc and abd,

/bac = [adb = ¢
_(4]) 120 — -
BneSd 2069
é = 30.1°

PF = cos 30.1° = 0.865 lead
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Synchronous Generators

Example . A 3-phase synchronous generator is delivering a power of 0.9
infinite bus at rated voltage and at pf 0.8 lagging. The generator has X;=1.0

X, =0.6 p.u. Determine the load angle and the excitation voltage.
In case loss of excitation takes place, will the generator remain in synchronism ?
Solution. In per unit system,
V, 1, cos 6 = Power

or 1x1,x08=0.9
; I,=1.125p.u.
It is seen from the phasor diagram of Fig.
with r, = 0 that IX,+V,sin® 1125%06+1x0.6
an (00)= axi’,cose - 1x0.8
or (8 +0)=>57.894°
5=57.894° — cos™ ! (0.8) = 57.894° - 36.87° = 21.024°.
Also I;=1, sin (8 + 6) = 1.125 sin (57.894°) = 0.953 p.u.

E;=V,cosd+1,X;=1xcos 21.024°+0.953 x 1.0=1.8864 p =
When loss of excitation takes place, E;= 0 and the maximum power is then given by

b V2 (X Xd]sm 2%

4 ilaXq

W o) 5 S | -
—2(06 1]sm 90°=0.333 p.u.

loss of excitation, the maximum power that the reluctance generator can deliver to
s is 0.333 p.u. As this is less than 0.9 p.u., the generator will lose synchronism.
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Synchronous Generators

Parallel Operation of
Synchronous Generators

* Generators are rarely used 1n 1solated situations. More
commonly, generators are used in parallel, often massively in
parallel, such as in the power grid. The following steps must be
adhered to:

» when adding a generator to an existing power grid:
1) RMS line voltages of the two generators must be the same.

2) Phase sequence must be the same.
3) Phase angles of the corresponding phases must be the same.

4) Frequency must be the same.

Generator under Load

* The behavior of a synchronous
generator depends upon the connected
load

— two basic load categories ; I i T
. X
* 1solated loads

« infinite bus

— 1solated loads with a lagging pf
+ current lags the terminal voltage, £

* the voltage drop across the
synchronous reactance, £y, leads
the current by 90°

* the induced voltage, E,, generated
by the flux, @, 1s equal to the
phasor sum of £ and Ey,
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Synchronous Generators

— 1solated loads with a leading pf !

» current leads the Ex

terminal voltage, £
* the voltage drop across the

B
synchronous reactance, Ey, leads E
the current by 90°

+ the induced voltage, E,,
generated by the flux, @, is equal
to the phasor sum of £ and Ey

— note that £, always leads £ by the
angle 0

+ for lagging loads E|, is greater
than £

+ for leading loads £ is greater
than £,

Synchronization of a Generator

« Often two or more generators are connected 1n parallel to
supply a common load 1 large utility systems
— connecting a generator to other generators 1s called paralleling
— many paralleled generators behaves like an infinite bus
» voltage and frequency are constant and can not be easily altered

— before connecting a generator to an electrical grid, it must be
synchronized

the generator frequency is equal to the system 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 1s the same as that of the
system

Synchronizing may be achieved with the help of synchronizing lamps, the rotary
lamp method being the most popular. Alternatively, a device known as the
synchroscope may conveniently be used to facilitate synchronizing.
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Synchronous Generators

* To synchronize a generator
— adjust the speed regulator of the prime mover so that
frequencies are close
— adjust the excitation so that generator voltage and system
voltage are equal
— observe the phase angle by means of a synchroscope, which
indicates the phase angle between two voltages
» the pointer rotates proportional to the frequency difference
» a zero mark indicates a zero degree phase angle

* the speed regulator 1s adjusted so that the pointer barely creeps
across the dial

— on the zero mark, the line circuit breaker 1s closed

Connecting to an Infinite Bus

* An infinite bus system 1s so powerful that it imposes 1ts own
— voltage magnitude and frequency
— once an apparatus 1s connected to an infinite bus, it becomes
part of 1t
— for a synchronized generator, the operator can only vary two
machine parameters

» the field excitation current, Iy
* the prime-mover’s mechanical torque, T
« Varying the exciting current
— 1mpacts the induced voltage E

— causes a current to flow that 1s 90 degrees out-of-phase due to
the synchronous reactance

— does not affect the flow of active (real) power

— does cause reactive power to flow
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Synchronous Generators

« Generator floating on an infinite bus:

[°=/=12kV

infinite bus

o
; 4 akv 12 kV 16 kV
90°
infinite bus
800 A

800 A
infinite bus
g ko !

my 8 kV 12 kV
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Synchronous Generators

» Varying the mechanical torque
— by opening up the control valve of the prime-mover, an
increase torque is developed
— the rotor will accelerate, £, will increase in value and begin to
slip ahead of phasor E, leading by a phase angle 0

— Although both voltages have similar values, the phase angle
produces a difference of potential across the synchronous
reactance

+ a current will flow, but this time almost in phase with £

» real (active) power will flow

Mechanical torque exerted on the generator:

oo

turbine

infinite bus

a. Turbine driving the generator
b. Phasor diagram showing the torque angle
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Synchronous Generators

Example:

A 13.8-kV 10-MVA 0.8-PF-lagging 60-Hz two-pole Y-connected steam-turbine generator has a
synchronous reactance of 12 € per phase and an armature resistance of 1.5 £ per phase. This generator is
operating in parallel with a large power system (infinite bus).

{a) What is the magnitude of E 4 atrated conditions?
(b) What is the torque angle of the generator at rated conditions?

(c) If the field current is constant, what is the maximum power possible out of this generator? How much
reserve power or torque does this generator have at full load?

(d) At the absolute maximum power possible, how much reactive power will this generator be supplying or
consuming? Sketch the corresponding phasor diagram. (Assume [, is still unchanged.)

SoLuTION

(a) The phase voltage of this generator at rated conditions is

3
v, =__l-.800V =7967 V

NE)

The armature current per phase at rated conditions is

S 10,000,000 VA

1, = = =418 A
Y3V, 3(13.800V)

Therefore, the internal generated voltage at rated conditions is
E,=V,+R,I,+ ;X
E, =796720°+(1.5 Q)(418£—36.87° A)+ j(12.0 Q)(418£—-36.87° A)
E,=12,040£17.6°V

The magnitude of £, is 12,040 V.
(b) The torque angle of the generator at rated conditions is 6= 17.6°.

(c) Ignoring R, the maximum output power of the generator is given by

_3V,E, 3(7967 V)(12.040 V)

=24.0 MW
E X, 12Q

The power at maximum load is 8 MW, so the maximum output power is three times the full load output
power.

(d) The phasor diagram at these conditions is shown below:

Under these conditions, the armature current is

E,-V, 12,040£90° V -7967£0° V

A= - : =1194240.6° A
R, +jX, 1.5+ j12.0Q

The reactive power produced by the generator at this point is

Q=3V, 1, sin 6=3(7967 V)(1194 A) sin(0°—40.6°) =—18.6 MVAR

The generator is actually consuming reactive power at this time.
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Synchronous Generators

Example: Two alternators running in parallel supply lighting load of 2500 KW and a motor
load of 5000 KW at 0.707 P.F. one machine is loaded to 4000 KW at a P.F. of 0.8 lagging.
What is the KW output and P.F. of the other machine?

Solution: For first machine.

Load power (or KW) of lighting load, p = 2500 KW
Load reactive power (or KVAR) of lighting load, Q = costSinQ)

wcos@ =1 fSf Ulhtltl ISl

~@®=01Itlsin=sin0=0 - Q
2500
Sf Ulhtlel 11 = x0=0

For second machine

P of motor load=5000 KW

P.F.cos® =0.707 ~ sin@® = 0.707
QS StSf ISl = Hpe in@ = %707—5000 KKKS
S QSfmStSfISll=  gesind = ,550.707 =

TStll ISl =2500 + 5000 = 7500 KK
TStll KKKS =0+ 5000 =5000 KKKS
Load sharing

Load taking by 1st machine= 4000 KW

« Q Sf 1st mlmhiti = ‘“%x 0.6 = 3000 KKKS

= 2" machine will supply
= 7500 — 4000 = 3500 KK

ltl Q =5000 — 3000 =2000 KKKS
. __Pxsin@ _
Sltmi Q= E— P X tan®
_ 9 2000
Sf tan@—P—3500—0.57142
Sf @ =tan~10.57142 = 29.7448°

. p.F.,cos® = c0s29.7448° = 0.8682 lllitl
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