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Synchronous generators
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Salient-pole machine

Upper shah

=

oles

otor rim

Rotor spider

Thrust ring

Lower shaft

2-pole 4-pole (p-pole)
rotor synchronous speed rotor synchronous speed Electrical synchronous speed =2 n 60 = 377 rad/s
= electrical synchronous speed  reduced by half or (2/p) For 16-pole system,

=2 1t (frequency) = 2 it (frequency) (2/p) Rotor synchronous speed = 377 (2/16) = 47.12 rad/s



Second Newton's

law of motion

defined as the quantity
=Dexpressed by the body

resisting angular acceleration

Linear Motion Rotation
B : Symbol/ , : Symbol/ :
Quantity Equation MKS unit Quantity Bation MKS unit
Length $ meter (m) disﬁ]na%i:i;nt ] radian {rad)
Mass M |kilogram (kg) M‘fﬁ:}; of | [redm kg-m?
. meter/second Angular
Velocity v=ds/dt (m/s) velocity w=da/dt rad/s
) 2 Angular 2
Acceleration | g=dv/dt m/s acceloration | ®=dwidt rad/s
newton-meter
Force F=Ma newton (N) Torque T=Ja N-m) or Jead
Work w=(Fds | joule() | - Work w={Tde |  J or Ws
Power p=dWjdt watt (W) Power p=dW/dt W
=Fv =Tw




Mechanical torque: swing equation

Valve/gate

Steam/water — X—>

A
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Pi?’l Pe
Turbine 3 D >
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T, = mechanical torque

P, = mechanical power

Newton’s second law of motion Ja — Tm _ Te Eiv;l];cgn’slaw

NG

Moment of inertia

T, = electrical torque

P, = electrical power
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Some math! Swing equation

deo d25 - angular position of the rotor field
Since Ja=1,, — T, anda = — = — relative to stator field
dt dtQ Type of generating unit H
.. 3600 r/min (2-pole) 2576
we get  d2§ Thermalunit o0 t/min (4-pole) 4~ 10
Jdtz — Tm o Te Hydraulic unit 2~4
d?4 .
ondtzszwo—Tew()%Pm—Pe 2Hd5_P Py —D(w — w)
Torque x speed = power Wo d¢2 my,pu Eplbl] 0
damping
Therefore
25N Jw% d26 _p P
wo 25N ) dt? o © P,
. . Prpu = .
per unit inertia constant OH S~ d26 N
N
q =P, — P P
l JW% wo dt? " © P, pu = _°
H —_ ’ SN
il 2H d25
o stored kinetic energy at synchronous speed wo d#2 — t'm,pu — P e,pu

generator voltampere rating




Mechanical torque: swing equation

2H d?§
wo dt2

— Pm,pu —

Pe,pu

—D(w — wp)

Neglecting damping D and integrating twice:

(Pm — Pe)t +0 assuming the speed is stable at t = 0.

(P, — P)t* + 3y 8=5yatt=0.

Special case: if generator output = 0, e.g., after a fault occurs:

do _ Wo
dt 2H
Wo

5(t) = —

()= 17
d5(t) Ld()Pm
dt  2H
5(t) = L0 2

4H

t+0

+ g



Definition and
classification of
power system
stability

Power system stability may
be broadly defined as a
property of a power system
that enables it to remainin a
state of operating
equilibrium under normal
operating conditions and to
regain an acceptance state
of equilibrium after being
subjected to a disturbance.
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Definition and
classification of
power system
stability

Rotor angle stability refers
to the ability of synchronous
machines of an
interconnected power
system to remain in
synchronism after being
subjected to a disturbance.
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Definition and
classification of
power system
stability

Voltage stability refers to
the ability of a power
system to maintain steady
voltages at all buses in the
system after being
subjected to a disturbance
from a given initial
operating condition.
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Definition and 4

classification of ~ —
power system S —— e
ofe -
stability E H]
g Load shedding
Sl A\ loadshedding

Frequency stability refers to ~ Generator tripping off
the ability of a power [T T T
system to maintain steady
frequency following a

severe system upset Hazards of underfrequency operation:

resulting in a significant 1) Operation of steam turbines below 58.5 Hz is severely
imbalance between restricted.

generation and load. 2) Output of plant auxiliaries (e.g., pumps, fans) may be

significantly reduced.
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Nominal frequency and voltage by country

[l 100V, 60 Hz [J 100V, 50 Hz

[ 220v,50Hz [ll110v,60Hz [[]220v,60Hz [ 110V, 50 Hz

B 230v,50Hz [l 115v,60Hz [0]230v,60Hz [l 115V, 50 Hz

B 220v,50Hz [l 120v,60Hz [l 240V, 60 Hz
Bl i127v.60Hz B 127 v, 50 Hz




Frequency stability

Governors with speed-droop characteristic
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Small-disturbance
rotor angle stability

E
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X, 211k -
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E; 2115
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Xr =X, + Xor + X1// X2

The generator’s electrical power output
 E'Ep

P, = e sind £ P, Sind

T

/d—é—w—w
at 0
dw wo

) Ez 20

o = 37 (P, — Pazsind — D(w — wy))
-
all in p.u. values
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Infinite

20
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Power and Torque

d The real and reactive electric output
power can be expressed in phase
quantities as

R, =3V, cosb

Q. = V,1, sin &

[ Since
E  sino
I,cosf=— —
S

POllf — Ta)]’}’l

1 Therefore
_Fkysmo 3V,E 4 sin &
out Xg T =

XS a)m

P out
= 'J_B VL I L COS 6
P = Tapp®m
/
I
Wﬁcs
Core (copper losses)

Stray :;ic‘l:tio“ losses

losses

windage
losses

E, sind
’.
=XSIA cos@




dw
STABLE Scenariol: 0<6, = P.< P = T >0 = W > Wo
P, (left side of 9))
Disturbance — 01T = 0 — 0y returntooriginal value
dw
; ° Scenario2: 6, >0>6, = FP.>PF, — T <0
9 O (right side of &)
. :}W<W0:>5\L:\>5—>51
? Stable movement return to original value
dw
p Scenario3: 0<d, = FP.> P, = I <0
T UNSTABLE (left side of &,)

= w<w) = 0] = § <K
L e UAA A moving away from original value

Disturbance

dw
5 Scenario4: 6 > 00 — P. < P,,, = R > ()

5 0‘2; (right side of 0,) s 0 =8> 6

moving away from original value
é Unstable movement

Y




Example: Generator internal voltage and real power output

The below figure shows a single-line diagram of a three-phase, 60-Hz synchronous
generator, connected through a transformer and parallel transmission lines to an
infinite bus. All reactances are given in per-unit on a common system base. If the
infinite bus receives 1.0 per unit real power at 0.95 p.f. lagging, determine

(a) the internal voltage of the generator and

(b) the equation for the electrical power delivered by the generator versus its
power angle 0.

1 2
B12 B21
X,, = 0.20
G X = 0.10 _‘E} D"—
X, = 0.30 B11 3 - Voo = 1.0
2 ; |
X13 = 0.10 ]xm - 0.20D—

B13



Example: Generator internal voltage and real power output

Solution:

The equivalent circuit is shown below, from
which the equivalent reactance between the
machine internal voltage and infinite bus is

Xeg = Xl + Xpr + Xl (X5 + Xi) E'=E'[6 = Vo + jXo]
= 0.30 + 0.10 + 0.20|(0.10 + 0.20) = 1.0/0° + (j0.520)(1.05263 /—18.195°)
(1.2812)(1.0) . N s ) .
=0.520 per unit |:> — 1_0& + 0.54737 571'8050 |:|‘> Pe = Wsmﬁ = 2.4628 sin & per unit
The current into the infinite bus 1s = 1.1709 + j0.5200
1= P /—cos '(p.f) = &g—cosl 0.95 = 1.2812/23.946° per unit
Viusl(p.f) (1.0)(0.95)
= 1.05263 /—18.195° per unit
1 2 : : 5
2 821 p, o
B1 S
X,; = 0.20 ix, LLx .
G X = 010 —] = L1 "_\_A_AjJ_O""'\AJLTjJ_— . 1020 3
@ :> j0.30 i0.10 X | [¥a3
( ) 3 E {} + . : +
X; = 030 811 3 - Vius = 1.0 e /s Gp O /020 (=) 100
F -
5 O -
a1 X2 =010 ]xn = 0.20 A
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Stability under sudden change of mechanical power

The equation of motion is

d25 o wo
de2 2H

(P, — P.), P.= Pyq.siné

This is Newton’s law, which means that the
machine accelerates if P,, > P..

If we multiply the equation by the speed, we
will get the energy equation:

dd d?5  wo do
vaz -y
d [do W do
d_ [_] —E(me_Pe)E
Wo
T me - Pe *
/ [ ] o) s (%)

Suppose at the beginning, the machine is stable, with P, , and
0, in equilibrium.

Now, if P, suddenly increases to P, ,, the machine will
accelerate, causing o'to increase, and hence P, also increases.

Then, soon, P, equals P, , and acceleration = 0. At this point
(say 0= 9;), o will still increase because the speed is not zero
though acceleration is zero.

The machine will decelerate (slow down) because P, now
exceeds P, according to the Newton law equation. It will
soon stop (i.e., do/dt reduces to 0). At this point, say o= 0,, the
angle o moves back. If there is some damping, it swings back
and forth between J,and 9, , with reducing amplitude and
eventually converges back to J;, which is the new equilibrium.

The question is: would this ever be stable?



Equal-area criterion

A Pe
Area A,
Pml
0
PmO
0
>
0
0 s 0 s
------------------------------------------------------ d5
_________________________________________________ SE.
Z
B
<
I 4 5 Y3

converges to O if there is some damping

Energy equation

ds1? wo
4, — _me_Pe
fd[dt} ) o

From Jg to 01, to dq, energy changes accordingly, and

the system moves and must gain no energy in order not
to fly away! 51
.)dé = Area A;

2

. )dd = Area As

J, (7
[

1

Clearly, the acceleration energy should equal the
deceleration energy in order to be stable.

Ay = Ay

Thus, 0o < T — 0 -



Equal-area criterion (EAC)

4 Pe
Area A,
| b

Pml -------: _. o 'r ___________________________ . ____________
T y Unstable

¢ Stable Area A; > Area A,

’ T
)
S O 5, 4 Area A,
Area A; = Area A,
£ Pe \/ 0
¢ Stable 50 51 5L 4
rea A, Excess energy after returning to o,
System expands = Unstable
5
" 23




Example 1: three-phase fault

Suppose a short-circuit fault occurs at F.

Fault cleared after 3 cycles (i.e., 0.05 s at 60 Hz)
All circuit breakers remain closed.
Assume P, remains constant throughout
the disturbance.

Inertia constant H = 3 pu-s.

Synchronous speed =1 pu.

G X = 010

X, = 0.30 B11

O=3&0—

1 2
B12 B21
X, = 0.20
—( ] = =] e
Viws = 10
: f B22 °
813' X3 = 0.10 ]xza = 0.20D

Start at 9, = 23.95° = 0.4179 rad, with P, = 1 pu. From example on page 19.

At first, P, = P_ =1 pu. Instantly after fault, P, drops to 0.

J %R

j0.10

1 2
/X2
—— po—
| j0.20 3 |
J X13 J X3
j0.10 j0.20

+
Q@\.O@

22 5(t) =Py, - P, gy X
Wy 0
j0.30

Integrating twice to get +

§(t) = 2™y 4 g E'@@

= F _
o(t) = t“+90
(t) = =77 1"+ 00 (see page9)

Att=0.05s, o, = (2r(60)/12) (0.052) + 0.4179 rad = 0.4964 rad = 28.44°.
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Example 1: three-phase fault

p {per unit)
4

Can it be stable? Pma = 2.4638 -
What'’s the max power angle?

pe = 2.4638 sin &

Pm =10

|
!
|
|
. l o
; ™ 5, = (radians)
2

]
|
|
|
|
|
:

806, 6

Instantly after fault, P, drops to 0.

01 d1
The accelerating area A, = / Pdd = / 1.0do = 0.4964 — 0.4179 = 0.0785
do do

After fault clearance at 0.05s, P, moves back to the curve at 6= 6; The curveis P, = 2.4638 sin¢.
Then, ¢ increases but decelerates to zero, stopping at 0,.

52 52
The decelerating area A, = / (P. — P,)dé = / (2.4638 siné — 1.0)do
51 51



Example 1: three-phase fault

If the system is stable, A1 must equal A2 so that energy does not expand.

02
0.0785 — / (2.4638in & — 1.0)d5
01

0.0785 = 2.4638|c0s(0.4964 rad) — cos 2] — (92 — 0.4964)

SOLUTION: do = 0.7003 rad = 40.12° < 180° — 9777?77

Clearly, 0, does not exceed 180° — 9, = 156.05°. The system is STABLE.

In practice, engineers have to figure out the safe clearing time! Here, we assume it’s 3 cycles, i.e., 0.05 s, and
found that it can remain stable. How about 4 cycles? Is it still stable? What is the critical time? Assignment!



Example 2: three-phase fault — critical clearing time

1 2
Suppose the same as Example 2: a short-circuit fault occurs at F.
But fault cleared NOT after 3 cycles. (60 Hz) i X, = 0.20 a
. . . . .1s G X =010 —{} LJ
Determine the critical clearing time to ensure the stability. : .
. X, = 0.30 B11 3 Ve = 10
Solution: F | e
At the critical clearing angle, denoted o, the fault is BD13 Xiz = 0.10 | Xp5 = 0.20[]
extinguished. The power angle then increases to a maximum
value &; =180° - 9,=156.05° = 2.7236 radians, which gives the {per unit
maximum decelerating area. Equating the accelerating and
decelerating areas, _ I
g Pre = 24638 D, = 2.4638 sin &
B 8;
AzJ miﬁzAzJ P... Siné — p, )dd )
1 N Pm¢ 2 81..( 1 P /A
P, =10

5, 27236
J 1.0 do = J (2.4638 sin 6 — 1.0) dd

0.4179 8e

Solving for 4.,

(6., — 0.4179) = 2.4638[cos &, — cos (2.7236)] — (2.7236 — &)
2.4638 cos 6., = +0.05402
o, = 1.5489 radians = 88.74° :>

0-)syn pmp.u. "

o(1) = 1H "+ 6,

& ——

Using 8(7,,) = 8., = 1.5489 and 6, = 0.4179 radian,

8 (radians)}

Solving

12

[ I::> = o [————(1.5489 — 0.4179

=\ 00 =) o \/(211-60)(1.0)( )
YN mp.a.

= 0.1897 s = 11.38 cycles 27



More general case

In practice, P, may fall to another power curve instead of ZERO power. The same EAC holds.

AP, Stable AP, Unstable
Prefault Prefault
Area A, ‘
lAlea A> J
Posftrault :
a P4 \&\\Ne
Pl N\ 1/ —
> ‘ During fault 5 b Area 4,
do o 0> ) r " 5T1
Clear fault a—-b—oc—od—e Clear fault
Area A, = Area A, Area A; > Area A,

2



Example 3: electrical power curve changed

The below figure shows a single-line diagram of a three-phase, 60-Hz synchronous generator,
connected through a transformer and parallel transmission lines to an infinite bus. All
reactances are given in per-unit on a common system base. If the infinite bus receives 1.0 per
unit real power at 0.95 p.f. lagging, determine

(a) the internal voltage of the generator and
(b) the equation for the electrical power delivered by the generator versus its power angle 4.

But when a permanent three-phase-to-ground bolted short circuit occurs on line 1-3 at bus 3.
7 The fault is cleared by opening the circuit breakers at the ends of line 1-3 and line 2—3. These
~ circuit breakers then remain open. Calculate the critical clearing angle. ?

B12 821
X}z = 0.20
G Xra = 0.10 _D D"‘
Q——BE——D—— —(:) B 28125
X4 = 0.30 B11 3 522 Voue = 1.0
F
. |
—L1 Xy3 = 0.10 ]xn = ozo‘r—_}_

B13
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Thevenin’s theorem in power systems

Thevenin theorem is an analytical method used to change a complex circuit into a simple

equivalent circuit consisting of a single resistance in series with a source voltage.

R, R,

W W 0
T _ ViR,
Y v R +R, /
e AB Thevenin
-0 open + equivalent
circuit 3 circuit
R; por= R, +———
R +R,
ﬂ -
B B’
VR Get
Get e=—— Thevenin Resistance R, Rs A
. RI + R3 M M\-o The Thevenin voltage
Thevenin VoItage :> T € is the open circuit
R R The Thevenin valtage . voltage at terminals .
|:> ! 2 A © is the open circuit A vy Y, AandB. !
M \W-Q voltage at terminals R AB Thevenin
T/ AandB. open E’+ equivalent
4.3",1 v The Thevenin F R.i‘ I:iri:Uh r=R + Rl R3 clreuit
— % AB | resistance }is the Thevenin o & R +R
-0 open | resistance seen at AB e+ equivalent B : : B’
R 3 circuit | with all voltage sources circuit
J, replaced by short Experimentally the Thevenin resistance can be found by progressively loading the circuit until
o circuits and all current its output voltage drops to half the open circuit voltage. At that point the load resistance is
B sources replaced by B’ equal to the Thevenin resistance.
open circuits. 30

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/thevenin.html#c2



Example: Thevenin equivalent circuit

The load resistance can then be re-connected to this “Thevenin equivalent circuit” and

calculations carried out as if the whole network were nothing but a simple series circuit:

Thevenin Equivalent Circuit
R, Ry

RThevemn
WW W\ MA
40 10
B, =28V , 23 (Load) B, =7V o S P22 (Loaw
1. Get Thevenin Voltage: 2. Get Thevenin Voltage:
Open circuit Short circuit
R, Rs R, Ay Thevenin Equivalent Circuit
40 l 10 40 4 10 RThevemn
B, — o8V Load resistor B, =7V 0.80Q
_— removed _—
H E thevenn — 11.2 V R, <
I :> Thevenin —— 50 é (Load)
R, 40 L Ry 10 R, i} Ry
+ "W - + ‘W - 1'W W
16.8 V 1 42V 40 % 10
. I ki o
o=y [may] o 7Y [cea]
Y 31

42A -— 42A <*—



Example 3: electrical power curve changed

The below figure shows a single-line diagram of a three-phase, 60-Hz synchronous generator,
connected through a transformer and parallel transmission lines to an infinite bus. All
reactances are given in per-unit on a common system base. If the infinite bus receives 1.0 per
unit real power at 0.95 p.f. lagging, determine

(a) the internal voltage of the generator and
(b) the equation for the electrical power delivered by the generator versus its power angle 4.

But when a permanent three-phase-to-ground bolted short circuit occurs on line 1-3 at bus 3.

7 The fault is cleared by opening the circuit breakers at the ends of line 1-3 and line 2—3. These
~ circuit breakers then remain open. Calculate the critical clearing angle. ?
As in previous examples, H=3.0 p.u.-s, p,,=1.0 per unit and wp_uzl.O in the swing equation. -

1 2 j0.20
B12 B21
X12 == 0.20
G Xiq = 0.10 _‘E} D"— + +
O3 —0— G stz 5 O @ 10w
X = 030 B11 3 Vous = 1.0 - -
F B22
- = = LC
BD13 Xi3 = 0.10 ]xn = 0‘20D as

- 32



Example 3: electrical power curve changed

But when a permanent three-phase-to-ground bolted short circuit occurs on line 1-3 at bus 3.
The fault is cleared by opening the circuit breakers at the ends of line 1-3 and line 2-3. These

circuit breakers then remain open. Calculate the critical clearing angle.
As in previous examples, H=3.0 p.u.-s, p,,=1.0 per unit and w,,~1.01in the swing equation.

Solution:
Via Thevenin equivalent to simplify the ground connected circuit

/0.20

WOV NS LV
+ aF . + + + +
12812 @_Q ®H e 12812 /5 Cw) Vin = 0.333/0° G) 12812 /3 (w) 10 /0
- 1 |
Faulted network Thevenin equivalent of faulted network Postfault network
Thevenin voltage and reactance the equation for the electrical power the postfault electrical
Xy = 0.40 + 0.20/0.10 = 0.46666 per unit delivered by the generator to the power delivered, denoted
infinite bus during the fault
X 0.10 E'V (1.2812)(0.3333) Doy = oGy sin
Vin = 1.0@[ - }— 1.0/0° ~—— _ s : i <
X, + X, | 0.30 De> a sin 0 0.46666 sin o 0.60
= 0.333330° per unit = 2.1353sin 8 per unit

= 0.9152sind per unit



Example 3: electrical power curve changed

Solution:
The p—6 curves as well as the accelerating area Al and decelerating area A2 corresponding
to critical clearing are shown

p (per unit)
Piae = 2.4638 4,}_ Por = 2.4638 sin §
Pamae = 2.1353 - Doz = 2.1353 sin &
Pey = 0.9152 sin 6
Pn = 1.0
Pymax = 0.9152
|
A I 8
5 %T 5., 5, - "~ (radians)
Solving for &,
B 3 (6., — 0.4179) + 0.9152(cos 8., — cos 0.4179)
A] - f (pm _ PZmax Sin 8)616 - A2 - J (Pf\mzu Sin6 _ pm)da
3, 8. ) = 2.1353(cos 8., — cos 2.6542) — (2.6542 — 5.,)
Ber 2.6542
J (1.0 — 0.9152 sin 8)dd = f (2.1353 sin 8 — 1.0)dd —1.2201 cos 6, = 0.4868
0.4179 B 8., = 1.9812 radians = 113.5°

If the fault is cleared before 6 =6.=113.5°, stability is maintained. Otherwise, stability is lost.
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Frequency stability

China Australia
Nominal frequency 50 Hz 50 Hz
1) System >3 GW:+£0.2 Hz 1) Interconnected system: + 0.15 Hz
Normal operating frequency band
2) System <3 GW: £+ 0.5 Hz 2) Islanded system: £+ 0.5 Hz
i 49-51 H
Operational frequency tolerance 49-51 Hz z
band (Extreme: 47-52 Hz)

RoCoF (df/dt) requirement +4 Hz/s for0.25s &+ 3 Hz/sfor1s
|

v

Rate of Change of Frequency

Frequency

"""""""" Operational frequency
RoCoF (df/dr) tolerance band

A 4

Normal operating
frequency band
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British Blackout (August 9, 2019)

Circuit fault
Eaton Socon-
Wymaondley
[16:52:33.490]

M

«’//

ADE

Fault cleared
[16:52:33.564]

RoCoF protection: 350 MW generation tripping off

Hornsea loss of 737
[16:52:33.

—

‘/}WMST trip 244MW

[16:52:34]

Increase in transformer loadings
(Loss Of Mains) ~500MW
[16:52:34]

492 Hz
[16:53:18]

Frequency response
recovers frequency to

Little Barford GT1a trip
210MW [16:53:31]

Circuit closed on \
DAR

[16:52:53]

Frequency fall Embedded
arrested at 49.1Hz gen. loss 200
[16:52:58] MW @49Hz

Little Barford

[16:53:58]

GT1b trip 187TMW

Frequency is
restored to 50Hz
[16:57:15]

ESO National Control instruct 1,240 MW of
actions to restore frequency to operational

[16:53:49.398]

Frequency breaches 48.8Hz triggering LFDD

AR
g 8 8

Low

frequency demand discon

2 2 E 8 8E 8 E E E 8 8 E E E 8 ¥ E 8

8 B 8 % B B &

limits and restore frequency response and
reserve services.

% 8 %" 9 8B 8 8B 9 8B 89 B9 B9 B 888 BRE B E B B S8 8 8

https://www.youtube.com/watch?v=eynO_SMgcag&ab channel=Channel4News

million customers disconnecting
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summary

Synchronous generator operation
Dynamical equations
Three-phase fault

Stability analysis

Equal Area Criterion

Applications
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