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Abstract -- This paper presents the results of a study conducted
by the National Dispatch Center of Empresa de Transmision
Eléctrica S.A. (ETESA), Panama aimed at validating the accuracy
of QuickStab® calculations. The load-flow model used in the study
encompassed the Central American interconnected system. The
stability calculations focused on the actual network of ETESA. The
study scenarios included peak, medium-high and medium-low load
level conditions. A major line contingency was also evaluated. The
tools used for comparison included Siemens PTI’s PSS/E load-flow
and transient stability programs.

QuickStab® correctly predicted the stability limit in all the study
scenarios, regardless of how near or how far was the load-flow case
from the critical state. The transient stability simulations resulted in
instability in all the cases where the system MW load was higher
than the security margin computed by QuickStab®. All the security
margin cases were found to be stable.

The voltage stability conditions at each major load bus in the
system were also evaluated. All the buses identified as critical by
QuickStab® were validated as such by the practical experience of the
operating personnel. The study confirmed the already
demonstrated speed and precision of QuickStab® and pointed at
an invaluable tool for daily use in system operations.

1. BACKGROUND

he National Dispatch Center (CND) of Empresa de

Transmision Eléctrica S.A. (ETESA), Panama has been
using QuickStab® in real-time and off-line since 2001 to
monitor the risk of blackout caused by instability.

Although the operating reliability measures adopted at
CND have prevented major disturbances so far, nearly critical
situations have occurred, as it was the case on August 22,
2002 when the system experienced low voltage conditions.
The situation was quickly identified and successfully acted
upon by the system operator and security engineers. As shown
in [6], QuickStab® was used to assess the incident and
correctly determined that the system was indeed approaching
conditions that could have caused a blackout.

With the advent of the coordinated operation in Central
America, it is now felt that the impact of the MW transfers in the
region will have to be continuously monitored in order to detect
and prevent the risk of blackouts. Since operators and security
engineers must rely on the predicted distance to instability, CND
considered important to validate the accuracy of QuickStab®
computations by comparing them with results from simulations
performed with PSS/E load-flow and transient stability programs.

The computations were conducted at CND [16]. The load-
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flow model covered the entire interconnected system in Central
Anmerica, but the stability calculations focused only on the actual
transmission network of ETESA. The study assumptions were
based on the actual operating guidelines adopted at CND. The
load modeling options of QuickStab” were set to replicate the
way PSS/E represents the load in load-flow calculations. These
and other methodology aspects along with the detailed
description and analysis of the simulation results are presented
in the following.

II. METHODOLOGY

A. Theoretical Background

It is well known that near the stability limit of a power system,
voltages are low and load-flows may diverge [13]. But a non-
convergent load-flow does not necessarily mean that the system
is unstable. It was shown in [9] and [14] that the system load
where the load-flow diverges is just an upper bound, for it is
possible that one or several units get out of synchronism before
that point. Also, “for voltage collapse and voltage instability
analysis, any conclusions based on the singularity of the load-
flow Jacobian would apply only to the voltage behavior near the
state of maximum power transfer. Such analysis would not detect
any voltage instabilities associated with synchronous machines
characteristics and their controls” [9, pp. 1380].

However, running load-flows at increasingly high load levels
until they diverge is the only way to obtain a base case near the
limit of stability -- then, starting from this base case, voltage and
steady-state stability tools can be used to perform the assessment.

B. Approach

QuickStab” performs fast voltage and steady-state stability
calculations that are predicated on theoretically sound
simplifying assumptions [11]. Given a state estimate or a solved
load-flow, the program computes, in addition to several other
indicators, the total system loading and the MW generation
schedules for the:

o Critical state where voltages collapse and units may
get out of synchronism

o Security Margin state that corresponds to a user-defined
security margin, typically 15% below the critical state.

1) Accuracy Testing of the Critical State Predictions

If a load-flow calculation was executed with the MW
generation schedules computed for the critical state, one of the
following mutually exclusive outcomes must be expected:
(a) The load-flow solution was found critically stable, i.e., by
further increasing the load, the system would become unstable
(b) The load-flow solution was found unstable by QuickStab®



(¢) The load-flow diverged, in which case the generation MW
schedules have to be reduced until a solution is obtained.

The critical MW loading is not a fixed constant. It changes
depending upon the topology, reactive compensation and
voltage schedules in the base case. The critical MW is higher
if the base case entails high bus voltages and large amounts of
reactive sources, and is lower when voltages are lower and
reactive sources are fewer in the base case.

Therefore, the idea was to compare the stability limits
predicted from the base case with those computed for a load-
flow solution near instability -- and to repeat the procedure for
different system MW and voltage levels.

The first step of the procedure entailed solving a base case
load-flow, called Case 1, for peak-load level conditions. The
second step consisted of running QuickStab® to compute the:

o MW output of the generators for the critical state

o MW output of the generators for the security margin state
corresponding to a steady-state stability reserve of 15%.

The third step consisted of executing a load-flow
calculation with the generators’ MW computed by QuickStab®™
for the critical state in Case 1. If the load-flow would
converge, then:

o Run QuickStab® with the results of this “critical state
load-flow” -- it was expected that QuickStab® would find this
new case either unstable or critically stable

o Calculate new load-flows by maintaining the critical
state MW schedules and increasing the slack-bus generation in
small steps until the load-flow program diverges

o Run again QuickStab® for the last load-flow that
converged -- this case should be found unstable by
QuickStab®.

If the “critical state load-flow” would diverge, reduce the
slack-bus generation in small increments until convergence
has been reached, then:

o Run QuickStab® again -- this case should be found
either unstable or critically-stable by QuickStab®

o Reduce by 1% the total generation and run a new load-
flow, then execute QuickStab® -- this case should be found either
critically stable or stable but close to the stability limit.

Repeat Steps 1 through 3 for scenarios with lower MW load
and different levels of reactive compensation, e.g., medium-high
and, respectively, medium-low load levels, then:

o Calculate “security margin load-flows” by using the
generators’ MW schedules determined by QuickStab® for the
security margin state in the peak, medium-high and medium-
low load cases

o Run QuickStab® for the “security margin load-flows”
and compare the results.

2) Testing of the Security Margin Predictions

The security margin state corresponds to a “safe” MW system
loading, referred to as security margin, such that, for any system
state with a stability reserve smaller than this value, no
contingency, no matter how severe, would cause transient
instability [7], [4]. Just like the critical MW loading, the security
margin, which is expressed as a percentage below the critical
MW loading, is not a universal constant. It depends upon the

specific combination of topology, loads, generators and reactive
compensation, and must be determined and periodically
reassessed for each particular transmission system through
extensive transient stability simulations. The expected outcomes
of such transient stability calculations are as follows:

(d) For load-flow cases with MW loadings higher than the
security margin, at least one fault or contingency should result
in transient instability

(e) For load-flow cases at the critical MW level, all the faults
and contingencies cases should be unstable

(f) For load-flow cases where the system MW load is equal to,
or below the security margin, all the fault and contingency
cases should be stable.

Since transient stability calculations are time consuming
and require significant person power to prepare the data and
set-up the study cases, and, also, in order to keep the
QuickStab® accuracy testing effort to a reasonable level, the
following procedure was followed:

o Identify a small number of faults and contingencies
known a prior to correspond to the worst case scenarios

o Perform transient stability calculations for the base
case and security margin state load-flow solutions for peak-
load level conditions -- skip the critical state because, most
probably, all the faults and contingencies would result in
transient instability

o Repeat the procedure for the medium-high and
medium-low load level scenarios and, for these cases, run
transient stability simulations also for the critical state.

3) Accuracy Testing for Line Contingency Cases

The theory predicts that during line contingencies the
system gets closer to its stability limit -- when lines trip, the
overall system reactance increases and, accordingly, the
steady-state stability reserve decreases.

If the procedure for testing the accuracy of the critical state
predictions were repeated for a contingency case, one should
except that the critical MW in the contingency case would be
lower than the critical MW in the base case, i.e., the
contingency case would have a smaller steady-state stability
reserve -- and the same is true for the security margin, too.

In order to verify the accuracy of QuickStab™ predictions
for a contingency case, the complete validation suite was
executed by starting from a load-flow base case that simulated
a major line contingency at the medium-high load level
scenario.

III. LOAD-LEVEL SCENARIOS

The validation suite that was used to compare QuickStab®
calculation results with PSS/E load-flow computations
included the following load-level scenarios:

o Maximum Expected Demand — in this scenario, all the
shunt capacitors are on-line, the shunt reactors are disconnected,
and a small unit that normally is not needed to generate MW is
brought on-line to generate MVArs. These reactive
compensation sources ensure that the highest possible MW load
can be met without risk of voltage collapse



o Medium-High Demand — in this scenario, several
steps are taken to reduce the reactive compensation: 15
MVArs in capacitor banks

3

MW (pink in Figure 1). The security margin for Case 4 was
evaluated at 842 MW
o Case 5 -- The MW

are taken off-line; 40
MVArs in shunt reactors are

reconnected; and the 1200

Cases Developed for the Maximum Expected Demand [MW]

generation in Case 5 was
set at 861 MW, which
corresponds to the 15%

machine used to generate
MVArs is not activated.
These provisions in the load-
flow set-up emulate the
operating  procedures  at
lower MW levels where the
amount of reactive i
compensation is reduced to - Loed Flizy = PEEIE N
ensure that the system Stabilty Lirit- QuickStab 1018
4 = Security Margin - 861

voltages would not violate QuickStab
the higher limits

o Medium-Low Demand
— this scenario is similar to

1000
800
600
400 4
200 4

o Load-Flow - PSS/E ® Stability Limit - QuickStab = Security Margin - QuickStab

security margin predicted
for the Case 1. The
steady-state stability limit
computed by QuickStab®
was 997 MW (shown in
pink in Figure 1).

2 3 4 5
1007 995 583 861 B. Medium-High Demand
1007 1005 995 997 Scenario

0 850 B42 828

Figure 2 illustrates the
simulation results for the
Medium-High Demand
scenario. Three cases were

the Medium-High scenario,
but at a further reduced MW
load level and 15 MV Ars less in capacitor banks.

IV. RESULTS

A. Maximum Expected Demand Scenarios

Figure 1 depicts the results of the simulations performed
for the Maximum Expected Demand scenario.

Five cases were developed and analyzed as follows:

o Case 1 — 957 MW base case calculated with PSS/E
(shown in blue in Figure 1). QuickStab® predicted that
instability, i.e., the critical state, occurs at 1018 MW (pink in
Figure 1), with a security margin of 15% at 861 MW, and
calculated critical MW schedules for the critical state and
security margin MW schedules for the security margin state

o Case 2 — PSS/E diverged with the critical MW
schedules from Case 1. The slack bus generation was then
slowly decreased, while maintaining all the other MW
generation schedules unchanged, until convergence was
obtained at 1007 MW (shown in blue in Figure 1).
QuickStab” evaluated this case as unstable (red in Figure 1).
The concept of security margin does not apply when the state
is unstable, and, therefore, it was not calculated

o Case 3 — A new PSS/E load-flow was run by reducing
the slack-bus generation by approximately 10 MW. The case
converged at 995 MW (shown in blue in Figure 1). For this
case, QuickStab™ determined that the system is stable with a
stability reserve of 1% -- the new limit of stability calculated
at 1005 MW (pink in Figure 1). The security margin for Case
3 was evaluated at 850 MW

o Case 4 — The MW generation in Case 4 was further
reduced to 983 MW (shown in blue in Figure 1).
QuickStab”™ determined that the system is stable with a 2%
stability reserve and predicted instability to occur at 995

Figure 1 Expected Maximum Demand

analyzed as follows:

o Case 1 — 798 MW
base case load-flow calculated with PSS/E (shown in blue in
Figure 2). QuickStab® predicts that instability occurs at 909
MW (pink in Figure 2), with 15% security margin at 766
MW, and calculates the MW generation schedules for both
the critical and the security margin states

o Case 2 — The PSS/E load-flow was executed with the
critical MW schedules predicted by QuickStab® in Case 2
and converged at 906 MW (shown in blue in Figure 2).
QuickStab”™ evaluated this case as critically stable (red with
a salt-and-pepper pattern in Figure 2). The security margin
of Case 2 was evaluated at 765 MW

o Case 3 — A new PSS/E load-flow was executed by
increasing the generation in small steps at the slack bus,
while maintaining all the other MW schedules unchanged,
up to the point where the load-flow would diverge. The last
converged load-flow was obtained at 931 MW (shown in
blue in Figure 2) and evaluated by QuickStab® as unstable
(red in Figure 2). The security margin does not apply when
the state is unstable and was not calculated

o Case 4 -- A special case was derived from the Case 1
by including a small machine that did not generate any MW
in the base case but was allowed to pick-up some load
during the case worsening calculations performed by
QuickStab® in the search of the steady-state stability limit.
The idea was to simulate the real operating conditions
where, in order to operate the system at higher load levels,
the actual practice is to bring this small generating unit on-
line to generate the MVArs needed for reactive
compensation. As shown in Figure 2, starting from a 798
MW case, QuickStab® correctly predicted a higher stability
limit, i.e., 937 MW vs. the 909 MW in Case 1.



C. Medium-Low Demand Scenario

The Medium-Low Demand scenario calculation results are
shown in Figure 3. The following four cases were analyzed:

o Case 1 — 742 MW
base case load-flow
calculated with PSS/E
(shown in blue in Figure 3).
QuickStab®  predicts  that
instability  (critical  state)
occurs at 881 MW (pink in
Figure 2), with a security
margin of 15% at 742 MW,
and calculates the MW
generation schedules both for
the critical state and for the
security margin state

o Case 2 — The PSS/E
load-flow was run with the
critical MW schedules
predicted by QuickStab® in
Case 1 and converged at 881
MW (shown in blue in Figure
3). QuickStab”™ evaluated it as
critically stable (red with a

salt-and-pepper pattern in Figure 3). The security margin was

computed at 737 MW

increasing  the  slack-bus
generation in small steps until
the load-flow calculations
diverged. The last converged
solution was at 913 MW
(shown in blue in Figure 3)
and was evaluated as unstable
by QuickStab® (red in Figure
3). The security margin does
not apply when the state is
unstable and was not
calculated

o Case 4 -- This case
was supposed to be created
with the MW schedules
computed for the security
margin in Case 1, but since
the security margin in Case 1
was already 15%, Case 4 is
identical to Case 1 and is

shown in Figure 3 for reference only.

D. Major Line Contingency Case

Figure 4 illustrates the calculation results for a major
line contingency case simulated for the Medium-High 1
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the critical MW schedules
predicted by QuickStab®™
in Case 2 and converged
at 890 MW (shown in
blue in Figure 4).
QuickStab®™ evaluated this
case as critically stable
(red with a salt-and-
pepper pattern in Figure
4). The security margin of
Case 4 was evaluated at
751 MW

o Case 3 — A new
PSS/E load-flow was run
by increasing the
generation in small steps
at the slack bus, while
maintaining all the other
MW schedules
unchanged, up to the

point where the load-flow would diverge. The last

converged load-flow was obtained at 902 MW (shown in
o Case 3 — A new PSS/E load-flow was solved by blue in Figure 4) and evaluated by QuickStab® as unstable
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Simulations

(red in Figure 4). The
security margin was not
calculated

Case 4 -- This case was
built with the MW
schedules computed for
the security margin in
Case 1. The stability limit
computed by QuickStab®
was 895 MW (shown in
pink in Figure 4), with a
15% security margin of
739 MW (green in Figure
4) which was identical to
the load-flow case loading
(blue in Figure 4).

E. Transient Stability

The following transient stability calculation scenarios were
evaluated for the Expected Maximum Demand, Medium-High

Demand scenario. Three cases were analyzed as follows:

o Case 1 — 799 MW base case load-flow calculated

Demand and Line Contingency Case:
Major generating unit trip in the Western area

Major generating unit trip near the major load centers

2
with PSS/E (shown in blue in Figure 4). QuickStab® 3. Allunitsofamid-sized power plant out of service
4

predicts that instability occurs at 885 MW (pink in Figure

Major transmission line trip



The results were similar in all the cases and are synthesized
as follows:

o Actual State (Base Case), corresponding to the “Case
1’ conditions described in the previous sections -- the system
withstood the fault scenarios

Another series of calculations consisted in evaluating and
ranking the major load buses in the order of their stability
indices. This was done by using the bus-level voltage stability
analysis feature of QuickStab®.

1 and 2, but become unstable
for the faults scenarios 3 and

Contingency Cases at Medium-High Demand [MVY]

This evaluation,
however, was qualitative,
rather then quantitative,
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the corresponding base cases 300 1
. 2 4
-- the system withstood all 10 4
the fault scenarios o<

o Critical State,
corresponding to the critic
MW in the -corresponding
base cases -- all the transient
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because CND doesn’t use
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conventional voltage
stability analysis software,
so there were no tools
available that could be
used for comparison.

The results of the bus-
level stability analysis were
found consistent with the
current observations of
operations personnel -- all

stability simulations resulted
in instability.

V. ANALYSIS

The results of the simulations were fully consistent with
earlier testing of [5], [15] and many years of practical
experience with Paul Dimo’s approach to voltage and steady-
state stability assessment [2], [3], [4], [11].

In all the scenarios, QuickStab® accurately determined the
stability limit, regardless of how near or how far was the base
case from the critical state.

As predicted by theory, the stability limits computed for the
peak load conditions were higher than those at medium-high
and medium-low load levels. Indeed, in system states with less
reactive compensation, we expect that the voltage would
collapse at MW levels smaller than the maximum MW
loadability of the same network where significant amounts of
reactive compensation were added.

In all the cases evaluated, the input load-flow model
represented the entire Central American interconnected system
but the stability calculations were performed only on the area
corresponding to the transmission network of ETESA.
Accordingly, QuickStab® computed MW schedules only for
the generators situated in the ETESA area. These MW values
were then used in PSS/E to create new load-flow cases, but all
the other load-flow data remained the same. The accuracy of
the calculations therefore confirms the validity of the multi-
area approach used by QuickStab® to assess local stability
aspects within large interconnections.

The outcome the transient stability simulations confirmed
the usefulness of the concept of security margin. In all the
cases evaluated, the system was stable when the transient
stability simulations were run at the security margin MW
loading, but became unstable in various fault scenarios when
the MW loading was higher than the security margin MW.
Furthermore, all the transient stability calculations performed
at critical MW loadings resulted in instability.

Figure 4 Major Line Contingency Case

the load buses identified as
critical by  QuickStab®
were already known, from
experience, to be critical.
The ranking of generators as “seen” from the load buses being
analyzed was also consistent with what operators and
engineers knew from practical experience.

Finally, a note about the computational speed. For practical
purposes, all the simulations performed with QuickStab®
converged instantly, which was expected both because the
program is intrinsically fast and because the network area
evaluated for stability encompassed only about 200 buses, out
of approximately 1000 buses in the load-flow model of the
Central American interconnected power system.

In order to evaluate the performance of both system-wide
and bus-level voltage and steady-state stability calculations for
a large network, a 3289 bus power transmission system was
modeled and analyzed. The system-wide calculations
completed in 1 second, and the bus-level calculations
converged at the rate of approximately 1 second per bus, on a
PC equipped with Intel Pentium 4 running at 2.8 GHz.

VI. CONCLUSIONS

The study fully confirmed the already demonstrated speed and
precision of QuickStab”. The excellent results obtained during
the simulations point to a fast and reliable tool for real-time and
off-line voltage and steady-state stability analysis.

VII. REFERENCES

[1]  Barbier, C., Barret, J.P., "An analysis of phenomena of voltage collapse on a
transmission system", RGE, special edition CIGRE, July 1980, pp. 3-21

[2]1 Dimo, Paul, "Etude de la Stabilité¢ Statique et du Réglage de Tension",
R.G.E,, Paris, 1961, Vol. 70, 11, 552-556

[3] Dimo, Paul, "L'Analyse des Réseaux d'Energie par la Méthode Nodale des
Courants de Court-Circuit. L'Image des Noeuds", R.G.E., Paris, 1962,
Vol.7pp., 151-175

[4] Dimo, Paul, "Nodal Analysis of Power Systems", Abacus Press, Kent,
England, 1975



(5]

[6]

7]

(8]

(9]

[10]

Erwin, S.R., Oatts, ML., Savulescu, S.C., "Predicting Steady-State
Instability", IEEE Computer Applications in Power, July 1994, pp. 15-22
Gonzalez, L.A., “Post-Facto Analysis of a Near-Blackout Event”, ™
International Workshop on Power Control Centers, May 26 — 28, 2003, Orisei,
Italy

Moraite, G., Ionescu, S. Feldmann, S., Chenzbraun, I., ‘Problémes
Soulevés par la Stabilité Statique des Réseaux Bouclés”, Conférence
Internationale des Grands Réseaux Electriques a Haute Tension, CIGRE
Session 1966

Navarro-Perez, R., Prada, R.B., "Voltage Collapse or Steady-State Stability
Limit", in Proceedings of the International Seminar on Bulk Power System
Voltage Phenomena II, pp. 75 — 84, (Edited by L. H. Fink, 1993)

Sauer, P.W., Pai, M.A., "Power System Steady-State Stability and the Load-
Flow Jacobian", IEEE Transactions on Power Systems, Vol. 5, No. 4, Nov.
1990, pp. 1374-1383

Savulescu, S.C., Oatts, M.L., Pruitt, J.G., Williamson, F., Adapa, R., "Fast
Steady-State Stability Assessment for Real-Time and Operations Planning",
IEEE Trans. Pow. Sys., Vol. 8 T-PWRS, No. 4, Nov. 1993, pp. 1557-1569

[11]

[12]

(13]

[14]

[15]

[16]

Savulescu, S.C., "Fast Assessment of the Distance to Instability. Theory and
Implementation", in Real Time Stability in Power Systems, Edited by S. C.
Savulescu, Springer, Norwell, MA, 2005

Venikov, V.A. "Transient Processes in Electrical Power Systems", Edited by
V. A. Stroyev, English Translation, MIR Publishers, Moscow, 1977

Venikov, V. A., Stroev, V. A., Idelchick, V. I, Tarasov, V. L, "Estimation of
Electrical Power System Steady-State Stability", IEEE Trans. on PAS, vol.
PAS-94, No. 3, May/June 1975, pp. 1034-1041

Vournas, C.D., Sauer, P.W., Pai, M.A., “Relationships between Voltage and
Angle Stability of Power Systems”, Electrical Power and Energy Systems,
Vol. 18, No. 8, pp. 493-500, Elsevier Science Ltd, 1996

*xkkk EPRI, "Power System Steady-State Stability Monitor Prototype",
Final Report EPRI TR-100799, July 1992, and "Power System Steady-State
Stability Monitor", Final Report EPRI TR-103169, December 1993
Vergara, J. S., “Resultados de las Pruebas de Validacion de QuickStab”,
Congreso ALTAE 2005, IEEE Seccion Panama, July 28, 2005



