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Course Rationale 

he study of voltage stability is as timely a subject today as it has ever 
been.  Changing use of system from energy market deregulation, few 

new transmission lines being built, the continual growth of demand and 
the entry of new forms of energy conversion from wind, solar, biomass, tides 
and other renewables make voltage stability an essential part of any power 

system planner, operator, market participant, designer, and analyst problem 
formulation.  The consequences of blackout from voltage collapse, voltage-

restricted transfers and dispatch, and the operation on the Voltage Ledge are 
real with significant cost impact.   

This course is a study of voltage stability as applied to planning, operation, 

design and regulation of the power system.  Very little of what this course 
covers exists only in theory.  Practical issues of reactive reserve, allocation of 

compensation, sizing of dynamic resources and understanding the effect of 
various actions are what this course provides.  From all this, the instructors 
hope that you will be better equipped to address voltage stability issues in 

your own work and field of interest or study.  

The contents of this document and all course-related material are copyright of ©Pterra, LLC 
except where noted. 
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Section 1. Overview of Voltage Stability 

1.1. Introduction 

xperts predicted its coming for many years with dire projections of 
serious impacts on power systems and equipment.  So, we should not 
be surprised that it is finally here, the era of voltage instability. 

Taking a step back, in the development stages of power systems, the focus 
was on thermal capacity, the need for sufficient aluminum and copper to 

allow for power to flow from generator to load.  In cases where long 
distances were involved, the issue of 
transient stability also became a focus.  As 

the use of the power system evolved, 
primarily towards transferring more and 

more power on the same conductors and 
transmission paths, we expected that 

voltage issues would become pre-eminent.  
And so that time has come. 

The indicators are here: 

 Transfers constrained by voltage 
issues 

 Blackouts from voltage collapse 

 Difficult operation of systems with 
many static reactive sources 

 Congestion costs deriving from 
voltage stability related constraints 

Some aspects of voltage instability were 
predicted before they were observed in 
practice.  These include the differentiation 

into slow and fast collapse phenomena, the 
changing response of load, the wide spread 

use of fast-acting reactive sources, the 
competition for diminishing VAR sources. 
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Notwithstanding all the indicators, the onset of voltage stability was still 
surprising.  The number of voltage collapse events have increased, many of 

which lead to blackout.  In 2003 alone, there were major events in the 
United States, Italy, Sweden and England. 

The prevalence of negative experience helps us today by providing same 
references for understanding the various phenomena involved.  Experience 
has caught up with theory, and the field of voltage stability assessment has 

matured to where planners, operators and designers can be more assured in 
implementing solutions and addressing voltage stability conditions. 

Today, heavily utilized transmission systems may require three MVAr of 
compensation for each MW of new load to survive single contingencies 
without voltage collapse.  Up to half of this reactive power may need to be 

provided by generators, synchronous condensers, static var compensators, 
or undervoltage-controlled switched shunt 

capacitor banks.  The task of planning and 
operating a reactive power compensation 
system is a complex one.  Engineers 

planning such systems must understand 
the ‗slow dynamics‘ of voltage instability 

and collapse well if they are to achieve a 
secure system at the lowest cost. 

1.2. Objectives 

The objectives for this course are: 

 To review modern concepts for 

voltage stability, focusing on 
practical rather than theoretical 

aspects. 

 To review actual indicators, analytical 
methods and operating bases for 

voltage instability, focusing on 
models, measurements and controls 

that are rooted in the practical power 
system than first-swing instability, 

poor damping, and thermal overloads 
combined.  
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1.3. Reactive Power 

This section is brief review on various concepts and terms relating to reactive 
power.   

If instantaneous voltage and current are expressed as sinusoidal functions of 

time, then the instantaneous power is: 

P (t) = V I [cosθ (1 - cos (2 t)) – sin θ sin (2 t)] 

Where: V  & I  are R.M.S. or root-mean-square values. 

Two components can be distinguished from the above equation: the 
component which is a cosine function and the component which is a sine 

function.  These are active power, P, and 
reactive power, Q, respectively. 

o For this course, we refer to reactive 

power with the shorthand terms: Q 
and vars.   

The mean value of the active power is P = 
|V| |I| cos θ.  The mean value of the 
reactive power is zero; however, the 

maximum value is taken into account for 
analysis purposes: Q = |V| |I| sin θ. 

Both, the mean value of the active power 
and the maximum value of the reactive 
power are combined in a complex phasor 

that is called apparent power, S, where  

          S = P + jQ  

          S = VI* 

* conjugate  

Power Factor is the ratio of the active 

power P to the apparent power S.  The 
power factor angle is usually represented 

by θ. A load with a unity (1.00) power 
factor has zero power factor angle and has 
zero reactive power. A load with a power 

factor less than 1.00 draws more current. A 
load with zero power factor has a power 
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factor angle of 90 degrees and has zero active power.  A load that has a 
lagging power factor absorbs reactive power from the interconnected power 

system; while a load that has a leading power factor ―injects‖ reactive power 
to the system.   

On the other hand, synchronous generators, when operating at lagging 
power factor, inject vars, and absorb vars when at leading power factor.  
(Mechanical engineers have a different convention for the use of the terms 

―leading‖ and ―lagging‖ altogether.) These conventions regarding the terms 
leading and lagging produce much confusion and misunderstanding.   

o For the purposes of this course, we will use the terms ―inject‖ and 
―absorb‖ when referring to equipment use of Q.  

At any instant, the sum of all real and reactive power in an interconnected 

power system is zero.  For the reactive 
power component:  

o Q produced = Q consumed 

Voltage magnitudes come from Q use in 
an interconnected power system.  High Q 

utilization leads to lower average voltage.  
Since Q use is directly related to system 

load, at peak load, Q use is high and 
average voltage is low.  And conversely, at 

light load, Q use is low and average voltage 
is high.   

Voltage Stability is a function of the 

availability of Q reserves.  The less reserve 
is available, the closer or more likely that 

the interconnected power system is voltage 
unstable.  The reserves are generally 
consumed by loads.  As a generalization, 

there are less Q reserves at peak load, and 
voltage instability generally occurs at peak 

load. 

1.4. Overview of Voltage Stability 

Voltage Stability refers to the ability of a 
power system to restore and maintain 
voltage at all buses in the system following 

a disturbance from a given initial operating 
state.  There are two aspects to voltage 
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stability.  The first is the short-term, immediate response stability, which is 
usually associated with transient stability.  This aspect applies to the first few 

angular swings following a disturbance.  The second aspect applies to the 
longer term response that may start from the first transformer tap step 

change up to several minutes following a disturbance.  This is also referred to 
as Post-Transient Stability. 

Voltage instability can occur in heavily loaded systems when reactive power 

available from power system equipment such as capacitors, transmission 
lines, generators, and static var devices are less than the demand from loads 

and the requirement to supply reactive losses.  Usually, these conditions 
arise following the sudden outage of a line or generator, or a combination of 
equipment.  But these conditions may also occur during high demand 

conditions where a large component of the load is small motors.   

Voltage instability therefore is the loss of 

the ability to restore and maintain voltage.  
This can lead to any one of the following: 

 A systemic low voltage condition 

 Voltage Collapse 

 Operations on the Voltage Ledge 

1.5. Voltage Collapse 

Voltage collapse is the sudden and 

precipitous collapse of voltage that occurs 
typically some minutes after equilibrium 
has been lost due to voltage instability.  

There are two forms as noted earlier: 

 Fast collapse occurs within the 

transient period.  An example of fast 
collapse is shown in Figure 1-1. 

 Slow collapse occurs within the post-

transient period or later.  An example 
of fast collapse is shown in Figure 

1-2. 

 

 



 

 

 
C101-06  
Applications in Voltage Stability Course Notes 
©Pterra, LLC, 2010 

1-6 Pterra Consulting 

 

Notes 
 

_________________
_________________
_________________
_________________
_________________
_________________
_________________

_________________
_________________
_________________
_________________
_________________
_________________
_________________
_________________
_________________
_________________

_________________
_________________
_________________
_________________
_________________
_________________
_________________
_________________
_________________
_________________

_________________
_________________

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1: Example of a fast voltage collapse. 

 

Voltage collapse can be classified by the 
cause, as follows: 

 Static – occurs due to increasing load 
and power transfers.  This is studied 
using nose curves and P-V curve 

analysis. 
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 Dynamic – occurs due to contingencies.  This is studied using 
contingency analysis and dynamic simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2: Example of slow voltage collapse taken 
from Tokyo event of 1987 (Source: TEPCO) 

 

Voltage collapse can also be classified by 
onset, as follows: 

 Fast - In the timeframe of 

milliseconds to seconds.  This can be 
indistinguishable from angular 

instability.  This type of collapse 
starts from a significant disturbance, 
such as a fault or generator failure.  

A large voltage drop causes motors 
to stall resulting in an increase in 

reactive power consumption.  The 
lower voltage results in less reactive 
power from shunt capacitors.  
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Quickly, the low voltage condition becomes widespread.  During this 
period, the transient reactive reserve is insufficient.  Rotor angles 

separate, and the event becomes indistinguishable from angular 
instability. 

 Slow - In the timeframe of seconds to minutes.  This type of collapse 
follows the reactive power control processes at generating stations as 
these manage thermal loading of synchronous machines.  The actual 

collapse of voltage is rare since the onset can be corrected by other 
events such as load dropping or transfers being curtailed.  Or, the 

onset can reach an equilibrium point known as the Voltage Ledge. 

1.6. Steady-state Voltage Response of the Power System 

In the timeframe of minutes, the power 
system can go from one steady-state to 
another.  The change can come about from 

minor adjustments in load and generation, 
switching of equipment such as capacitors 

and transformers, or from planned and 
unplanned outages. 

The basic method for studying steady-state 

voltages in a composite generation-
transmission model is the power flow.  

The power flow is a numerical method for 
solving a set of system equations defined 
by Ohm‘s Law and Kirchhoff‘s Laws. 

The power flow is a snap shot of a specific 
condition assuming electric demand and 

supply and the interconnection of 
transmission elements.  It is possible to 
study a change in steady-states by using 

two power flows, one each for before and 
after the change. 

A power flow can have three results: 

 The solution converges and all the 

physical conditions are met.  From 
this useful information can be 
obtained about voltages and reactive 

flows that are meaningful to voltage 
stability analysis. 
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 The solution diverges.  The physical meaning of this result is that the 
system has a voltage collapse; i.e., that there is some place in the 

system where there is not enough reactive supply to maintain 
voltages.  Hence, even if the numerical results of a diverged power 

flow are not applicable for practical study, the fact that the system is 
in voltage collapse is useful in indicating the cause of collapse and, in 
certain instances, the location of the collapse.  A visualization of 

voltage collapse is shown in Figure 1-3. 

 

 

 

 

 

 

 

 

 

 Figure 1-3 

 The solution neither converges nor 
diverges.  This indeterminate result 

may indicate either a numerical or a 
physical problem.  For voltage 

stability analysis, it is important to 
qualify which is the cause for non-
convergence.  Figure 1-4 shows the 

types of convergence that may be 
encountered in solving power flows. 
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Figure 1-4 

1.7. Dynamic Voltage Response of 

the Power System 

The interconnected power system has 

inherent reactive reserves to respond to 
disturbances that may cause voltage 

instability.  The reserves can be continuous 
such as provided by synchronous machines, 
or switched such as from capacitor banks.   

The response of the system to a 
disturbance is reflected in the Voltage 

Response Curve (VRC). The form of the 
VRC indicates the level and type of reactive 
reserve the system has.   An example VRC 

is given in Figure 1-5.  VRC is unique to 
each system, being the result of a 

combination of the connected reactive 
resources and load composition.   

Criteria define acceptable levels of response 

to maintain voltage stability.  Dynamic 
response represented by the VRC is specific 

to each system, and the corresponding 
development of criteria has led to very 
specific regional criteria for voltage 

stability.  Dynamic voltage criteria specify 
allowable voltages that the power system 
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can withstand.  The example in Figure 1-5 shows criteria that are specific to 
the Western Electricity Coordinating Council. 

 

  

Measured in timeframes of a few milliseconds to minutes 

Steady-state criteria 

Specify allowable voltage range typically represent the allowable voltages 

that equipment can withstand 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-5: Dynamic response of the power system to 
disturbances (Source: WECC) 

 

1.8. Composite System Response 

The methodologies for analyzing voltage 
stability that exist today are best 
characterized as generation-transmission 

models; i.e., they are based on models that 
include generating and transmission 
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facilities.  However, as we shall see during this course, voltage stability is a 
composite generation-transmission-distribution characteristic. 

 

 

 

 

 

 

 

 

 

Figure 1-6 

Hence, understanding the response of the 

distribution system, including individual 
customer electrical loads, is necessary to 

understanding voltage stability.  This also 
helps us in interpreting the modeling and 

results of analyses based on just a 
generation-transmission model. 

One consequence of the interaction 

between distribution and transmission-
generation systems is the Voltage Ledge.   

1.9. The Voltage Ledge 

The dynamic characteristics of power 
system equipment acting through the 

transmission network in response to 
voltage events can lead to new conditions 

that have no precedent or comparative 
experience.  One such condition is the 

Voltage Ledge. 

The Voltage Ledge is an equilibrium state 
where dynamic effects that would drive 

Generators

Generation Transmission Distribution

Composite 

Response
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down voltage are balanced by effects that recover voltage.  Examples of 
effects that drive down voltage: 

 Loads that have low voltage tolerance that allow them to recover to 
their normal demand level at lower terminal voltages, such as 

variable speed motors, or thermostat-controlled loads 

 Motor loads that stall, causing an increase in reactive demand 

Examples of effects that recover voltage are: 

 The natural response of loads to decrease power demand as 
terminal voltages decrease  

 The dropout of contactors due to low voltage, most notably in 
motors, such as air conditioners 
and pumps  

The combined effects of the above, as seen 
from the transmission system, produce an 

equilibrium characterized by voltages 
holding steady at the transmission level, 
somewhere in the .9 to 1.0 per unit range, 

while distribution voltages experience 
widely fluctuating and damaging voltages.  

This condition may remain in place over an 
extended range of transfers and load levels, 

and thus prevail over possibly several 
hours.  The net effect is a sort of voltage 
"ledge" as seen from the P-V curve where 

transmission voltages appear to be 
"normal."  Please refer to Figure 1-7. 

The Voltage Ledge can be visualized on the 
nose curve as a flattening or Ledge near 
the voltage collapse point.  In practice, the 

power system can operate on the Ledge for 
extended periods without ever going into 

collapse.  Any effort to increase load while 
in this state is matched by voltage-
dependent effects that reduce load, thus 

maintaining the equilibrium. 
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Figure 1-7: The Voltage Ledge as visualized from the P-V Curve. 

 

When operators attempt to add reactive 
power to the region operating on the 

Voltage Ledge, the VARs may be absorbed 
without noticeable change in condition.  

Most of the significant phenomena occurs in 
the distribution system.  The transmission 
system appears normal, and within voltage 

criteria. 

1.10. The Rest of the Course 

Hopefully, this introductory section has 
given you a flavor for what to expect in the 

rest of the course.  The rest of this 
document is divided into the following 
sections: 

 Analytical Methods 

 Voltage Response of Equipment and 

Systems 

 Voltage Response Criteria for 
Stability 

 Countermeasures to Voltage 
Instability 
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 Case Studies 

 Exercises 

We wish you the best in participating in this course.  Please do ask questions 
to get the most out of this learning experience.  If you do have questions 

after the course is done, you can email us at training@pterra.us. 

Supplementary course references are also available at Pterra‘s sites for 

 Technical Articles: http://www.pterra.com/Pterratechnicalarticles.htm 

 Tech Blogs: http://pterra.us/blog2/ 

 

1.11. Review Questions 

1.11.1. What is voltage 

instability? 

___________________________________ 

___________________________________ 

___________________________________ 

___________________________________ 

___________________________________ 

1.11.2. What is voltage 

collapse? 

___________________________________ 

___________________________________ 

___________________________________ 

___________________________________ 

___________________________________ 

 

mailto:training@pterra.us
http://www.pterra.com/Pterratechnicalarticles.htm
http://pterra.us/blog2/
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1.11.3. What is the difference between a fast and slow 

collapse? 

_____________________________________________________________ 

_____________________________________________________________ 

_____________________________________________________________ 

_____________________________________________________________ 

1.11.4. What is the Voltage Ledge? 

___________________________________ 

___________________________________ 

___________________________________ 

___________________________________ 

___________________________________ 

 

 

 

 




