
CHAPTER 4
POWER SYSTEM STABILITY

Power  system  stability  refers  to  the  ability  of  synchronous  machines  to
move from one steady-state operating point following a disturbance to an-
other steady-state operating point, without losing synchronism.

Three types of power system stability:
1. Steady-state stability. Involves slow or gradual changes in operating

points. Steady-state stability studies, which are usually performed
with  a  power-flow  computer  program,  ensure  that  phase  angles
across transmission lines are not too large, that bus voltages are
close  to  nominal  values,  and  that  generators,  transmission  lines,
transformers, and other equipment are not overloaded.

2. Transient  stability.  Involves  major  disturbances  such  as  loss  of
generation,  Following  a  disturbance,  synchronous  machine
frequencies  undergo  transient  deviations  from  synchronous
frequency (60 Hz), and machine power angles change. The objective
of a transient stability  study is  to determine whether or not  the
machines will  return to synchronous frequency with new steady-
state power angles. Changes in power flows and bus voltages are
also  of  concern.  In  many  cases,  transient  stability  is  determined
during  the  first  swing  of  machine  power  angles  following  a
disturbance.  Where  multiswings  lasting  several  seconds  are  of
concern,  models  of  turbine-governors  and  excitation  systems  as
well as more detailed machine models can be employed to obtain
accurate transient stability results over the longer time period.

3. Dynamic  stability. Involves  an  even  longer  time period,  typically
several minutes. It is possible for controls to affect dynamic stability
even though transient stability is maintained. The action of turbine-
governors,  excitation  systems,  tap-changing  transformers,  and
controls  from  a  power  system  dispatch  center  can  interact  to
stabilize  or  destabilize  a  power  system  several  minutes  after  a
disturbance has occurred. 

MEDIUM AND SHORT LINE APPROXIMATIONS

ABCD Parameters



Where:

EQUIVALENT π CIRCUIT OF A LONG TRANSMISSION LINE

Propagation constant:

Characteristic impedance:

LOSSLESS LINES

Surge impedance = characteristic impedance for a lossless line:

Propagation constant:

Equivalent π circuit of a long transmission line



Wavelength

For a 60-Hz line:

Surge  impedance loading (SIL)
It is the power delivered by a lossless line to a load resistance equal to the 
surge impedance.

Voltage profiles

Steady-state stability limit



From Example 5.2:

LOSSY LINES
Maximum power flow
Maximum power flow is presented here in terms of the ABCD parameters 
for lossy lines. 



LINE  LOADABILITY

In  practice,  power  lines  are  not  operated  to  deliver  their  theoretical
maximum power, which is based on rated terminal voltages and an angular
displacement  δ  =  90o across  the  line.  Figure  5.12  shows a  practical  line
loadability curve plotted below the theoretical steady-state stability limit.
This  curve  is  based  on  the  voltage-drop  limit  VR =VS ≥  0:95  and  on  a
maximum angular displacement of 30o to 35o across the line (or about 45o

across  the  line  and  equivalent  system  reactances),  in  order  to  maintain
stability  during  transient  disturbances.  The  curve  is  valid  for  typical
overhead 60-Hz lines with no compensation. Note that for short lines less
than  80  km  long,  loadability  is  limited  by  the  thermal  rating  of  the
conductors  or  by  terminal  equipment  ratings,  not  by  voltage  drop  or
stability considerations. 







REACTIVE  COMPENSATION TECHNIQUES

Inductors and capacitors are used on medium-length and long transmission
lines to increase line loadability and to maintain voltages near rated values.

SHUNT COMPENSATION
A. Shunt reactors (inductors)
Commonly installed at selected points along EHV lines from each phase to
neutral,
1. They absorb reactive power and reduce overvoltages during light load

conditions  and  reduce  transient  overvoltages  due  to  switching  and
lightning surges. 

2. They  can  reduce  line  loadability  if  not  removed  under  full-load
conditions.

B. Shunt capacitors
Sometimes  used  to  deliver  reactive  power  and  increase  transmission
voltages during heavy load conditions. 
C. Static var compensators
They are thyristor-switched reactors in parallel with capacitors,
1. Can absorb reactive power during light loads and deliver reactive power

during heavy loads. 
2. Through  automatic  control  of  the  thyristor  switches,  voltage

fluctuations are minimized and line loadability is increased. 
D. Synchronous condensers
Synchronous motors with no mechanical load. They can also control their
reactive power output, although more slowly than static var compensators.

SERIES COMPENSATION 
Capacitor banks installed in series with each phase conductor at selected
points along a line.

1. Series capacitors are sometimes used on long lines to increase line load-
ability.

2. Their effect is to reduce the net series impedance of the line in series
with  the  capacitor  banks,  thereby  reducing  line-voltage  drops  and
increasing the steady-state stability limit. 

3. Disadvantages
a. Automatic  protection  devices  must  be  installed  to  by-  pass  high

currents during faults and to reinsert the capacitor banks after fault
clearing. 

b. Can  excite  low-frequency  oscillations,  a  phenomenon  called
subsynchronous resonance, which may damage turbine-generator
shafts. 

4. Studies have shown, however, that series capacitive compensation can
increase the loadability of long lines at only a fraction of the cost of new
transmission.

NC  is the amount  of series capacitive compensation expressed in percent
of the positive-sequence  line impedance  and  NL   is the amount  of shunt
reactive   compensation   in  percent   of  the   positive-sequence  line
admittance.







TRANSIENT STABILITY STUDIES

Simplifying assumptions:

1.  Only  balanced  three-phase  systems  and  balanced  disturbances  are
considered. Therefore, only positive-sequence networks are employed.

2. Deviations of machine frequencies from synchronous frequency (60 Hz)
are small, and offset currents and harmonics are neglected. Therefore,
the network of transmission lines, transformers, and impedance loads is
essentially in steady-state; and voltages, currents, and powers can be
computed from algebraic power-flow equations.

SYNCHRONOUS MACHINE ROTOR DYNAMICS:
THE SWING EQUATION

Rotor motion of a three-phase synchronous generator and its prime mover

By Newton’s second law,  

Tm vs Te

Tm and Te are positive for generator operation.
When Tm = Te (steady-state),  Ta = 0, αm = 0 and ωm = constant synchronous

speed.  
When Tm > Te, Ta = +, αm > 0 and ωm increases. 
When Tm < Te, ωm decreases.

Let

Then

In terms of power and p.u values,

Normalized Inertia Constant, H:

By definition,



The H constant has the advantage that it falls within a fairly narrow range,
normally between 1 and 10 p.u.-s, whereas J varies widely, depending on
generating unit size and type. Solving (11.1.7) for J and using in (11.1.6),

Damping coefficient, D
Using D, a term that represents a damping torque anytime the generator
deviates  from  its  synchronous  speed,  with  its  value  proportional  to  the
speed deviation

where D is either zero or a relatively small positive number with typical
values between 0 and 2. The units of D are per unit power divided by
per unit speed deviation.

Equation (11.1.17), called the per-unit swing equation, is the fundamen-tal
equation that determines rotor dynamics in transient stability studies.

The per-unit swing equation as two first-order differential equations
Diffrentiating (11.1.4), and then using (11.1.3) and (11.1.12)–(11.1.14), we

obtain

EXAMPLE  11.1  Generator  per-unit  swing  equation  and  power  angle
during a short circuit



EXAMPLE 11.2 Equivalent swing equation: two generating units



SIMPLIFIED SYNCHRONOUS MACHINE MODEL 
AND SYSTEM EQUIVALENTS

Figure 11.2 shows a simplified model of a synchronous machine, called the
classical  model,  that  can be used in  transient  stability  studies.   This
model is based on the following assumptions:

1.  The  machine  is  operating  under  balanced  three-phase  positive-
sequence conditions.

2. Machine excitation is constant.
3. Machine losses, saturation, and saliency are neglected.

In  transient  stability  programs,  more  detailed  models  can  be  used  to
represent exciters, losses, saturation, and saliency. However, the simplified
model reduces model complexity while maintaining reasonable accuracy in
stability calculations.

FIGURE 11.2
Simplified synchronous machine model for transient stability studies

FIGURE 11.3
Synchronous generator connected to a system equivalent

The  phase angle δ of the internal machine voltage is the machine power
angle with respect to the infinite bus.

Real power delivered by the synchronous generator to the infinite bus:

where   =  the  equivalent  reactance  between  the  machine
internal voltage and infinite bus.



EXAMPLE 11.3 Generator internal voltage and real power output versus
power angle

FIGURE 11.4 Single-line diagram for Example 11.3

FIGURE 11.5 Equivalent circuit for Example 11.3

THE EQUAL-AREA CRITERION

Operating point oscillation



Determining stability and maximum power angle
1. Use numerical  integration techniques using a digital  computer to

solve the nonlinear swing equation via 
2. Use the equal-area criterion method.

The equal-area criterion:  A1 = A2 

Deriving the equal-area criterion:  A1 = A2 

EXAMPLE  11.4  Equal-area  criterion:  transient  stability  during  a  three-
phase fault



FIGURE 11.7 p– δ plot for Example 11.4

FIGURE 11.8 Variation in δ(t) without Damping



FI
GURE 11.9  Variation in δ(t) with Damping

EXAMPLE 11.5 Equal-area criterion: critical clearing time for a temporary
three-phase fault

FIGURE 11.10  p– δ plot for Example 11.5



EXAMPLE  11.6  Equal-area  criterion:  critical  clearing  angle  for  a  cleared
three-phase fault






