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TRANSIENT STABILITY

In order to operate as an interconnected system all of the generators

(and other synchronous machines) must remain in synchronism with

one another

i synchronism requires that (for two pole machines) the rotors turn at exactly
the same speed 3D00rev/min iIn50 HZ system.

Loss of synchronism results in a condition in which no net power can

be transferred between the machines

. A system Is said to be transiently unstable if following a disturbance
one or more of the generators lose synchronism
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TRANSIENT STABILITY

MW/MVAr o FigL_lre show$/W and.MVAR output of a generation
o 00| Station and the outgoindpusbarvoltage during a

; MW transient in an exampled powelystem. It istarted
s000-1 1l .50| from an steady state condition (LOAD FLOW), and |

' going to end to another steady state condition. The
' " +200| - cause of the transient, might be due to line switchin
' ” ““\m\\\\m\m or sudden interruptiorof a load,or trip of a

[ '*°| generation stationpr the most effective evenin

transient stability phenomena and that is the
occurrenceof a short circuit in theystem, although
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— 150 short circuit in the network is cleared after a while
; (time required by the relays to sense the fault currer
-2000 L L 0 and orders to C.B. to open the faulted device + CB*

16:10:38 16:10:40 16:10:42 16:10:44 16:10:46 16:10:48

to open the circuit).
Time =« EDT

During the transient time a generator or a group of generators will lose their synchronism. If they losettisonism
for a long time(more thanl second) a cascade condition might occur that may lead to the instability of the system.
Indeed we have to trip the generators one by one and therefdmaek outcondition may occur.
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If a black out or a brown our (a part of system is in
black out Condition) OCCUI’Sinc(eed we have tripped and therefore
lost allor some ofour generatorg, the system restoration Is a very
difficult job and may take a couple of hours.

The following are what we lose:

a) The utility do not sells electricity for a couple of hours

b) All industrial plants production will be affected

c) We will lose much of the energy produced due to releasing steam into the air
d) The people life will be affected

e) The safety of people will go on danger, the number of car accidents will rise
f) During restoration period, possible danger to our equipment might happen

There are some other events might happen that may lead to the damage of the
equipment. Following story has happened many times around the world:
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In 2007there was an explosion at the CW8&8MW Dallmanl generator. The
explosion was eventually determined to be caused by a sticky valve that
prevented the cutoff of steam into the turbine when the generator went off
So the generator turbine continued to accelerate up ta6O@&rpm 3600
normal in60HZ system).

. High speed caused parts of the generator to shoot out

. Hydrogen escaped from the cooling system, and eventually escaped causing the ex
. Repairs took abolit8 months, costing more tha®&million

T
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. Therefore we need to carefully study the transient
stability phenomena, and preveéistoccurrence.

. Although the following will mostly discuss about power
system transmission and distribution those that are
called the Grid, but the black out phenomena in
Industrialplantswould alsobe a disaster and its
occurrence cuts the production and causes a great loss to
that industry.
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. As usual we need to develop models for all power
system equipment involved in this phenomeéna.
order to study the transient response of a power
system we have to have models for the generator valid
during the transient time frame of several seconds
following a system disturbance.

For synchronougenerators: Iis requiredto develop
both electrical and mechanical models of synchronous
generator




TRANSIENT STABILITY - Generator Electrical Model

The simplest generator model, known

as the classical model, treats the .
generator as a voltage source behind by 2 ,
the directaxis transient reactance,
the voltage magnitude is fixed, but its m@ F<b
angle changes according to the
mechanicatlynamics. .

The resistance can usually be
ignored.
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TRANSIENT STABILITY - Generator Mechanical Model

, Q] v T L QO Turbine 1 Generator ©
Q 055 Y Y 0 "QRQ O &5, EB6 D v/\ /\ P P,
T:n = mechanical input torque (N.m) \/T:‘/
J = moment of inertia of turbine & rotor ( kg.m?) sl
Wy = angular speed ( rad/sec) W, e
Dwy = damping torque (N.m) ,/ﬂ-\ @
equivalent electrical torque (N.m) .\lb - A
In general torque can be related to power as: T -
~ U 5 > ‘L/'T\ ’ n | 27/.
v T 0 yl:) L ) % if I ’/_,I
Y _ =3 S > —_— ) 4/’__1; - a
T -| yl —l "\_ /< b
Therefore : C/\’/ N |
a o2 % Yeq g 2. g s DT 4
Qo ] | Q0 ]
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We assume that can not be changed too much, indeed the rotational speed change:
more tharb per cent [this is equivalent @5HZ in 50 HZ system and 50rev/min (for
two polemachines that its rototarn atthe speed o8000rev/min | will certainly

unstable the generator. Therefore denatindor synchronous speed or Rotating
Observer speed we will have:

Q0 0 e b0
Initially we will assume no damping i.e. Dthen:
9 4— 6 B

Qo

Convert top.u. by dividing by MVA base Sb and rearranging the equation:

T




TRANSIENT STABILITY

~

Q YOO 0
Q0 U YO YO

QYOO § 4 60
Qo0 U Yo Y go Yo YW Y
Define: H=-0 TYw as Inertia Constant where H is in KW.s/KVA or simply secor
and write the equation pp.u. terms:

Q QL .
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J Ve

Knowing that: ¥ T ] 1 and ] is constant we can then write;
Qy Q.
—~ - U U
Qo O
On the other hand since R.O just sees angle and the following relationship exists between the angle and the sp
difference:
Q1 o o Q
i OR — Then:
Qo 7 Y -
- QY QL -
N ) \ L1/ U U
Q1 “"Q 50 Qo O
[94) O = - Q1 .
Qo

This equation (or these equations) is known as generator swing equation.




TRANSIENT STABILITY - Basics of stability problem

. To understand the transient stab
caseof a single machinéynchronous generajaronnected to a
power system bus with a fixed voltage magnitude and angle (known as
an infinite bus) through a transmission line with impedaXce

Pm Transmision Line
Pe I
Fault

H, X'd

A 1-A—»
0 1 Distance

T
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. For transient stability analysis we need to consider three systems

1. Prefault - before the fault occurs the system is assumed to be at an
equilibrium point

2. Duefault - the fault changes the system equations, moving the system
away from its equilibrium point

3. Postfault - after fault is cleared the system hopefully returns to a new
operating point




TRANSIENT STABILITY - Pre-fault

In prefaultcondition, indeed the load flow condition governs the sysid P J X;, JX pay
system impedance diagram is as it is shown in the figure, and the be +JQ
[

equations can be written:

1-  The equation foPe: E<§ Vo< 0
Pe = IEV‘; sind = P, sind where P, = IE\Qo
X, +X X;+X
Assuming that before the fault generator is producingoRmoutput then:
. Pm P T
0=0,= sm_l( ] ©
P, P, |
2- E is constant and can be obtained trom the load flow condition of the s'
E<8, = Vo< +J(X,;+X)I Prf
where A4
|= P -JQ and P= P_ (Lossless) - - L1 > 5
Voo<0 ‘bo 5, Oy 03




TRANSIENT STABILITY - Due-fault

During the fault the active power output of generator will Pez() JXd JAX J(-n)x
become zero (note that the current output of generator is tc
high but it is all reactive, since there is no resistance betwe
the generator and the fault, and if it was its consumption ISE s Vo <0
low, this can also be deduced from active power equation Co

while V is zero in the fault point), but the Pm is constant

since governor time constant is consider to be high, i.e. mc

than a second. S b P_ 4
Therefore the generator speed and angle will increase according to 5, J

the following formulas and as shown in the figures:

QY “Q . y c oA o Ao t b t
Y o L L A Y —u O y-| Time the
Q O O fault applied

wherey] T |
I — 5 ;/
oy A | | _
L8




TRANSIENT STABILITY - Due-fault

If the fault sgsta_lns or removes by opening th_e CII’CUI.t P_=0 JXd JAE JO)x
breakersPReis still zero), then the generator will lose its Y~
synchronism and it must be shut down in emergency
condition after the frequency goes behind ususyZ. An
overfrequency relay will detect this and order an appropriaE < 5@ @ Vo::" 0
action for emergency shut down of the plant. (shutting dow
a generator in emergency condition, means that open the f
first and then send the steam into the air in order to prevent
generator from speeding up. In normal shut down-we just
reduce the Pc gradually up to zero and then we open the
circuit breaker).

Now consider that the fault will be removed by itself (might
be due to blowing wind in the fault location), thereafter we will
have the Podault condition as described below.




TRANSIENT STABILITY - Post-fault

Now consider that the fault has removed aftesgcond, where, the angle
Is equal 5‘1 that can be obtained from the following:

1 "Q .

1p WUOP 1 E<é@)

ThenPe will go to :

P, = P3 sin g, P3 = P, =

(We have just defined P3 to get P, |-

a general experesion with those
in the next sections)

And together with 5  continues to change according to the following eqt P,
d’s  =f, o
Froial (P, — P3 sin g )

Unfortunately, there is no analytical solution for the above nonlinear differ

equation in order to find how the angle will change and so to find the varia
power.

P, JX, JX Pp+JQo
SN S S T —
1)

() Vige<0




TRANSIENT STABILITY -

Post-fault

Although thePeis more than the Pm at the pdatlt condition
assumed (the fault has been assumed to be removed &5, ngle
which is less than the ancbg ), but, we know that the angle w
increase for a while since this is a second order differential
equation, and the output do not follow the input. indeed it has
memory what has gone to it before.

Note that the speed has first order differential equation and it wil
be reduced instantly after the removal of the fault.

The final trajectory of the angle has an oscillatory manner. The
unstable figure show the situation when the angle has po 3;ed
during its oscillation but in stable figure the angle has not passe
the o5 . Whenitpassty;  thenRlegafter that point) is less
than Pm and therefore the angle will increase further and can n
be stop by any controller or so. The point B sometimes called
unstable point, while point A is a stable point for the operation c
the generator.

Note that in stable situation Aw has passed zero.

3y

A(U‘

t
O & .
‘52
S, ~~
5, _',7’\/\
o
Aoy t t

P sing, £\ N
P

Time the
fault applied

An unstable
situation is
occured

P, cing

3 2
v

P3 sin g,
Py

—
t | V t
Time the '

fault applied

An stable

situation is
occured
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The following figures show the trajectory of generator active power and its

Internal source angle stableandunstable situation
P A pe AN

Unstable situation Stable situation




TRANSIENT STABILITY - Methods of solution

There are two methods for solving the transient stability problem

1. Numerical integration

this is by far the most common technique, particularly for large systems;
during the fault and after the fault the power system differential equations are

solved using numerical methods
2. Direct or energymethodausingLyapunovfunction;for a two bus
system(onesynchronougenerator and infinitbusbaror one
synchronous generator and a synchronous motonyikiisod is

known as the equal area criteria
mostly used to provide an intuitive insight into the transient stapidiplem,
therefore we start with equal area criteria.

T




TRANSIENT STABILITY - Equal Area Criteria

We need to solve this:
Qr Q.
D 0O U U
From math's we have:
Q Q2 Q1 Qf
Qo006 B Qo

1 & AY Ygtou K@’ﬁ%%

Multiply the above equation to C g

Qo0
Q/ON\° ¢cQ . . O Q.2 Q. . O
—|=] ——— U V —. OR — Y — U v —.
QqQ O Qo Qo O 0

T




TRANSIENT STABILITY -

Equal Area Criteria

Omit dt from both side of the above equation and integrate that respect to o)

o2 “TQ . 5 G
Y g v v ]

We know that if Aw is zero, the system will be stable and the angle willgoto &, , therefore:

. ¢—u v Q=0
Since generally — is constant, it can be omitted, writing the remaining as two separate inteqgrals :
Pe N
. U v Q + 0 L Q 3
A A\ B
__________ C 1A,
Referring to power angle curve: Py Z
o o o
op-A2=0 op=~A y




TRANSIENT STABILITY - Equal Area Criteria

Where;:

Al=_ 0 A2=_ D

Wé)do not know 52 in order to find A2, but tHe foﬁ%wings can be compared:

OP > A3  The system is unstable

Pe N
N : | - S PS—
op The system is stable 3 _
®h3 . = Pm _.-.-.-.A.. k. / LLA B
ere: A3 = 0 |
2 &F A1
5 o
and we know O3=MN=05,=n= sin'l( Pm } S, 5, 0, 03
p :




TRANSIENT STABILITY - Equal Area Criteria

In the above equations all the angles are in radian. The critical angle

«as shown in the
following figure can be found from:
op=A3 Where:
Al = 0 Pl
6 Q 3
- U A3
T Pl "
P (83-8,)—P, cos 8, +P; cos 83
cos §_ = i
2 : - > O
And just when transmitting power during the fault is zero o, Oc 03
(P2 =0), the corresponding critical clearing time can be

obtained from:
1T W wU 0w




TRANSIENT STABILITY - Energy interpretation

Theabove phenomena can be interpreted as that drea A
corresponds$o the kinetic energy increasddring the fault and
the area A Is the potential energy that opposes the kinetic
energy the system gained during the fault

Suchas interpretation will be used tyapunovfunction, which
deals withmulti-machine kinetiand potential energy of the
system.

Lyapunovfunction description is not covered In
syllabus and therefore, wast leave it for self study.

-

D4

T




TRANSIENT STABILITY - Equal Area Criteria

More realistic example is shown in the below figure
where two lines are connected between the generation
station busbar and the infinite busbar, and a fault occurs
in one of the lines.

At first we assume that the fault is near to the sending Fault
end or receiving end of the line, we this assumption we A——1-A—»
actually assumed that Pe is still zero during the fault, as 0 1 Distance

can be concluded from the impedance diagram shown.

JX

' — YT
P,E_.=D JXd
mmw\___
JX

E{‘g@ @Voa':ﬂ




TRANSIENT STABILITY -

Equal Area Criteria

At first we assume that the fault is near to the sending end or receiving end of theline (A=0o0ri=1),
with this assumption we actually assumed that Pe is still zero during the fault, as can be concluded
from the impedance diagram shown.

1- Pre-fault:

2- Due-fault:

3- Post-fault:

E<S. = Va<0 + J(X,+X/)1
P_ =f€7¥:‘05in5 = P, sind whe;n e
X, +X
d /2 |= P -Ja _,q P= P, (Lossless)
Vmcn
dAw m T
—= Jo (P, —0) - > Aw= ?Pmt+ﬂa)0
t H wherea wg=10
T
%ZM ----- > 6 =Tlputts,

1 JX

Jxy |1
E<5® @ Vo< 0
JX
P_=0 JX,
S L .
JX
E<oy) 0 Vo< 0




TRANSIENT STABILITY - Equal Area Criteria

The following figures show the trajectory of generator active power and its internal source atajhdeand
unstable situation for the above network. The same equations used i”2pagd23 can be used for new areas
with appropriate selection s

Unstable situation Stable situation




TRANSIENT STABILITY - Equal Area Criteria

Now consider that the fault is in the middle of the line:

0 1 Distance
JX
‘ 3 | x|
) Vou< 0

I; sin A J ‘E‘;r J‘:f1 .J.‘:E.r

PN e




TRANSIENT STABILITY - Equal Area Criteria

You may notice that in this case the power is transmitting p
during the fault. We need two sources which their m
magnitude of voltages are fixed to find the amount of
power delivery during the fault.

The electrical equivalent circuit can be reduced to the

equivalent figure shown. A .
0 1 Distance

The students have to find the magnitude of Xeq =? as
their assignment and pass it to the TA.

ThenP2is: p _ E Yo ;o -
*X
eq
E<dimy S V<0
And therefore Peis: P, = P2 sin s (> tP:D O >

Again thesame equations used in pag@sand23 can be
formulatedfor the newareasshown in the next page with
appropriate selection ¢ 7,




TRANSIENT STABILITY - Equal Area Criteria

Unstable situation Stable situation







