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Chapter 2.
Recent Major Disturbances
2.1.

International blackouts

A short description of some the most important blackouts world-wide since 2003 is presented.

2.1.1. The North-Eastern
Canada in 2003

United

States

and

South-Eastern

In the afternoon of 14th August 2003, a major blackout
has affected eight states in the Midwest and the
Northeast of the United States and the Canadian
province of Ontario [24]. Over 50 million people were
without power supply and approximately 61.8GW of
load was lost, causing a huge economic cost.
Before the blackout, between 12:15 and 16:04, the
state estimator and real time contingency analysis tool
of the Midwest Independent System Operator (MISO)
was out of service and, obviously, without these tools
it was not possible to perform security analysis on the
relevant control area.

Fig. 2.1 – Simulated Satellite Picture
14/08/2003

At 13:31, First Energy’s (FE) Eastlake generation unit 5 tripped, which is a critical source of active and
reactive power for the Cleveland-Akron area, but FE operators did not perform a contingency analysis to
determine whether the loss of further transmission lines or generating capacity would put its system at
risk. At 14:02, the Stuart – Atlanta 345 kV line trips due to an overgrown tree.
At 14:14, FirstEnergy began losing its SCADA system alarms, but operators were not aware of the failure.
FE’s alarm system was only restored just before the blackout. Sometime after, FE’s EMS server fails, thus
operators did not know their system was loosing lines and voltage until perhaps 15:46. After 15:05, FE
lost three 345 kV lines in the Cleveland-Akron area under normal load due to contact with trees, causing
heavy loading on other lines in the system. Consequently, between 15:39 and 16:08, 16 138 kV lines
were lost, in the Cleveland-Akron area, due to overloads and ground faults. At 15:57:05 EDT, the
Sammis-Star 345 kV line also tripped due to overload. This event started a cascading blackout and, in less
than 10 minutes, more than 508 units at 265 power plants were lost. The northern part of the whole
eastern interconnection was split into five islands. The sequence of events is displayed in figure 2.2.
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Fig. 2.2 – Sequence of events [24]

Most services were restored in the United States within two days, with all services fully restored within
four days. Restoration was greatly assisted by the ability to energize transmission from neighbouring
systems and by some relatively large islands that survived the disturbance.
Like every major event, also the August 14th blackout had multiple causes and recommendations
associated with the event. The final report of the Task Force identified four groups of causes, namely:
−

Inadequate System Understanding

−

Inadequate Situational Awareness

−

Inadequate Tree Trimming

−

Inadequate Diagnostic Support from Reliability Coordinators

Summing up, the key issues raised in the recommendations included the need to improve governance,
regulation and enforcement, to improve system operator training, particularly in relation to managing
emergency events and avoiding future emergency events through more effective management of near
emergency conditions, to ensure that system operation is supported by effective diagnostic and
management tools and information, which facilitates real-time contingency analysis, system monitoring
and operational management, to clarify standards and operating practises relating to vegetation
management, and to improve coordination, communication and data exchange between system operators
and reliability coordinators at a local and regional level.

2.1.2. Denmark and Sweden in 2003
At 12:37 on Tuesday, 23rd of September 2003, the southern part of Sweden and the eastern part of
Denmark, including its capital city of Copenhagen, were blacked-out [25]. A combination of severe faults,
which were beyond the acceptable security criteria in operations, occurred in between 12:30 and 12:35.
Prior to the disturbance, several grid elements were out of service due to planned maintenance and works
(two 400 kV lines, four nuclear units and three HVDC links from Germany and Poland), but operating
conditions were stable within the acceptable security criteria.
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At 12:30, unit 3 in Oskarshamn Nuclear Power Plant shut down due to mechanical problems, thus about
1200 MW of generation was lost (this contingency is standard according to security criteria applied within
the Nordic Interconnected Grid). At 12:35, a double busbar fault occurred in a 400 kV substation on the
western coast of Sweden, representing a serious failure, where four 400 kV lines were disconnected, and
leading to the loss of two 900 MW nuclear units. This triggered power oscillations, low voltages and a
drop of the system frequency, initiating automatic under-frequency load shedding. The grid was then
heavily overloaded on the remaining south-east and south-central parts.
During 90 seconds the oscillations faded out and the system seemed to stabilize, but when the demand
started to recover, further stress was placed in the remaining 400 kV lines, lowering the voltage down to
critical levels. At 12:37, the situation developed into a voltage collapse in Southern Sweden and Eastern
Denmark. The restoration process began immediately, using the hydro power in Norway, northern
Sweden and Finland, which was fully available to pick up the recovery of the demand. Complete
restoration was achieved in a few hours. Around 6350 MW of load was lost, around 4500 MW in Sweden
and 1850 MW in eastern Denmark, which affected 4 million people.
This blackout was caused by the sequence of events, which led the system to conditions that were
beyond operating limits and prepared remedial actions. It is important to mention that the probability of
such a coincidence is extremely low. The investigations recommended the review of security standards
applied in the Nordic grid, grid reinforcements, the restructuring of some critical substations, the review of
the methodology and procedures of the out-sourced maintenance, the inspection and replacement of
critical components, operator training, the ability for house-load operation and black-start of large
generation units and communication procedures to inform the public, authorities and institutions [26].

2.1.3. Italy in 2003
On Sunday, 28th of September 2003, the sequence of events was triggered by a trip of the Swiss 380 kV
line Mettlen-Lavorgo at 03:01 caused by tree flashover [27]. Several attempts to automatically reclose the
line were made by ETRANS (Swiss TSO) without success. A manual attempt at 03:08 also failed, because
of the high power flows into Italy, which had created a too high phase angle difference in voltages
between line ends. The load of the tripped line was taken over by others, causing an overload in the
Swiss 380 kV line Sils-Soazza. According to the UCTE operational standards, an overload with the
magnitude of this one (110%) is acceptable for a short period during emergency situations.
At 03:11, a phone conversation took place between the Swiss coordination centre of ETRANS in
Laufenburg and the GRTN (Italian transmission system operator) control centre in Rome. ETRANS asked
GRNT to take countermeasures within the Italian System, in order to relieve the overloads in Switzerland
and return the system to a secure state. In essence, the request was to reduce Italian imports by 300
MW, because Italy imported at this time up to 300 MW more than the agreed schedule, which amounted
to 6400 MW on the northern border. This reduction took effect 10 minutes after the phone call. This
import reduction, together with some internal countermeasures taken within the Swiss system, was
insufficient to relieve the overloads. At 03:25, the line Sils-Soazza also tripped after a tree flashover,
which was likely caused by the sag in the line, due to overheating of the conductors. After losing two
important lines, the additional power flow in the remaining lines created unacceptable overloads on the
remaining lines in the area. Almost immediately, the line Mettlen-Airolo tripped because of high overload.
In sequence the remaining interconnection lines towards Italy tripped, isolating the Italian system from
the European network, taking about 12 seconds after the loss of the line Sils-Soazza. During these 12
seconds of very high overloads, instability phenomena had started in the affected area of the system. The
result was a very low voltage level in northern Italy and consequently, the trip of several generation
plants in Italy. Figure 2.3 shows the sequence of events in the Italian blackout.
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Fig. 2.3 – Sequence of events in Italy [27]

Separation of the UCTE network created a large generation deficit of nearly 6650 MW, which also caused
a fast frequency drop throughout the Italian system. After separation from the European network, the fast
frequency drop in Italy was temporarily stopped at approximately 49 Hz, by the primary frequency control
and the automatic shedding of the pumped storage power plants and part of the load. Subsequently,
additional generating units tripped. Despite the shedding of about 10000 MW of load in the Italian
System, the frequency continued to decrease and the system collapsed in 2.5 minutes after the islanding,
when the frequency reached the threshold of 47.5 Hz. The analysis of the UCTE system outside Italy after
the splitting of the network shows that the primary frequency control performed well, limiting the positive
frequency deviation. The early trip of some generation units by over frequency has also been observed,
consisting of either large centralised plants units or smaller decentralised units embedded in the
distribution system.
In Italy, the restoration process started immediately after the blackout. The northern part of Italy was
energised before 08:00, the central part around 12:00 and the remaining parts of mainland Italy at 17:00.
Sicily was fully energised at 21:40. A total of 27.7 GW of load was lost and about 57 million people were
affected. The Italian system is strongly dependent of external generation to feed the supply, which leads
to system’s weakness through insufficient interconnection capacity. As main causes of the Italian
Blackout, UCTE identified the following:
−

Unsuccessful re-closing of the Lukmanier (Mettlen–Lavorgo) line because of a phase angle
difference that was too high

−

Lacking a sense of urgency regarding the San Bernardino (Sils-Soazza) line overload and call for
inadequate countermeasures in Italy

−

Angle instability and voltage collapse in Italy

−

Right-of-way maintenance practices

The recommendations of the Italian blackout identified the need to perform joint operator training
programs, to improve inter-TSO operational coordination and communication, to clarify and harmonize the
application of the N-1 criterion, to improve day ahead congestion forecast (DACF) data, increasing the
number of areas involved and the frequency of calculations in order to assess the performance of the
forecasts, to extend the real time data exchange with the neighbouring TSOs, to determine on a UCTE
level a set of minimum requirements for generation equipment, defence and restoration plans, and
consequently improve the regulation and national grid codes, to improve load shedding control strategies,
to accelerate the ongoing Wide Area Measurement System installation program, to block the tap changers
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of distribution transformers in case of a severe voltage drop and, finally, to evaluate and improve
vegetation management.

2.1.4. Greece in 2004
On the 12th of July 2004, at 12:39, the south part of the Greek Interconnected transmission system
collapsed, after being separated from the rest of the system, losing about 4500 MW of load [28]. In the
last decade, the peak of the Hellenic system has migrated from winter to summer and the system became
prone to voltage instability due to the maximum power transfer from the generating areas in the North
and West to Athens metropolitan area, which means a big electrical distance between generation and
load. In addition, the combination, on July 12th, of the yearly peak load with the delay in planned new
upgrades and some outages due to failures and maintenance, were key factors to the blackout. The
voltage values in the Athens grid area were unusually low.
On the 11th of July, at 16:30, a generating unit
(125 MW) in Peloponnese was out of service,
causing further stress in the Athens grid area. On
the 12th of July at 7:08, unit 2 (300 MW) of the
Lavrio power station in the Athens area was lost
due to auxiliary UPS failure. The failure was
repaired, but due to further problems during
start-up, the unit was only synchronized at 12:01.
As the load was growing, reaching 9160 MW, the
voltages in Athens area were decreasing,
reaching 90% of its nominal value. At 12:12
Lavrio unit 2, still in the process of achieving its
technical minimum and on manual control, was
lost again due to high water level in the steam
drum. This event brought the system to an
emergency state, because the other generating
stations in Athens and Central Greece had trouble
in keeping up with the reactive power demand.
At 12:22, a load shedding of 100 MW was
requested by the Hellenic Transmission System
Operator (HTSO). The 80 MW shed manually
were insufficient to stop the voltage decline, so
an additional request was made to shed 200 MW
more. At this moment, the total load had reached
9320 MW. Figure 2.4 shows the affected area of
the Greek transmission system.

Fig. 2.4 – Affected Area [28]

Before the second load shedding command was executed, at 12:37 unit 3 of Aliveri power station in the
weak area of Central Greece tripped automatically. At 12:38 the remaining unit 4 in Aliveri (same size)
was manually disconnected. At 12:39, the system was split by the protection system of the North-South
400 kV lines and voltage collapse was now unavoidable.
The North and Western parts of the Hellenic system remained interconnected, but the excess of
generation changed the flow at the north interconnections from import of 900 MW to export 1100 MW
and the frequency of the UCTE interconnected system increased to 50.75Hz, creating disturbances in the
neighbouring systems. The restoration of the south system started at 12:45 and it was relatively fast, with
the support of the generating units of the North and West. After half an hour, all the main substations of
the south were under voltage. At 14:00, 1900 MW of load had been supplied. Because of generation
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unavailability, there were restrictions in supplying the whole load due to voltage constraints, but at 15:05
the first two units (Aliveri) were synchronized. The consumers were totally supplied at 17:30.
As main causes of the Southern Greece Blackout, HTSO identified the following:
−

Deterioration of voltage levels

−

Delay in system reinforcement during the period 2003-2004

−

Network operating conditions on the event’s day (outages and failures)

−

Inefficient and slow load shedding procedures

−

Generation units behaviour

The main conclusions and recommendations of the blackout were the installation of new generation in the
south, the reinforcement of the transmission system including excess reactive compensation also in the
south, the development of an automatic system for load shedding and new load management methods,
and the development of the ability to monitor the stability limits of the system.

2.1.5. Greece in 2007
On the 27th of June 2007, a big forest fire in Parnitha Mountain near Athens caused a major disturbance in
the Hellenic Transmission System [29]. Before the incident, the total load of the system was 9630 MW,
the load in Attiki area was 3400 MW and in Peloponnisos area 940 MW. The total generation in the
affected area was 1425 MW divided between hydro plants (185 MW) and thermal plants (1240 MW). The
Greek System was importing 490 MW through the north border.
The forest fire was close to some OHLs that supply power to Athens and it was the cause for the one 150
kV line and one 400 kV line from Distomo – Koumoundourou trip, at 17:57 and 18:26, respectively. The
tripped lines remained open due to the forest fire. At 18:32, the second 400 kV line Distomo –
Koumoundourou tripped due to the fire and, simultaneously, the other double 400 kV line Acharnes –
Koumoundourou also tripped due to incorrect operation of the protection system at Acharnes substation
(which recognized the fault in the first protection zone instead of the second protection zone). Thus, the
affected area was connected with the rest of the system with three 150 kV lines and, within seconds, the
remaining lines tripped due to overload, isolating the affected area from the rest of the system.
Immediately after the disturbance, there was a loss of 1975 MW of consumption and 350 MW of
generation from the Ag. Georgios thermal plant that tripped. The frequency in the isolated area reached
51.5 Hz, but the rest of the power plants in the isolated area reduced power in order to bring the
frequency down to 50 Hz. In the north, the Greek Transmission System was exporting 830 MW. This
resulted in loss of power in part of Athens area and part of Peloponnisos, with the rest of Peloponnisos
operating in island mode, as shown in figure 2.5.

Fig. 2.5 – Conditions before and after the disturbance in Greece [29]
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The restoration process was initiated right away, following the loss of supply. At 18:35, the electrical
island was connected with the rest of the system, closing one of the 400 kV lines from Acharnes to
Koumoundourou. All consumers were supplied through the distribution system at 19:30. Most of the
power units in the affected area did not trip which aided the quick restoration of power to the consumers.
As main causes of the 2007 Greek disturbance, HTSO identified the big forest fire near Athens and the
protection relay incorrect operation. As a recommendation, it was identified the need to upgrade the
version of all the protection relays identical to the one with the incorrect operation.

2.1.6. Brazil in 2009
On the 10th of November 2009, at 22:13, due to extreme weather conditions with strong wind and high
lightning activity, a sequence of events caused a major blackout in the Brazilian Interconnected
Transmission System, also affecting Paraguay and Formosa Province in Argentina [30]. Before the
blackout, the Brazilian system was being operated with N-2 security criteria; therefore they were prepared
to cope with the loss of two circuits.
Figure 2.6 represents the Brazilian System divided in regions and the power flows between those regions.
It is possible to observe that Itaipu Binacional, which is a hydro power plant that belongs to both Brazil
(50% of the units working at 60 Hz) and Paraguay (50% of the units working at 50 Hz), was injecting
about 11 GW in the Brazilian system. The 60Hz level of Itaipu power plant is connected to Foz do Iguaçu
substation. Three short-circuits caused the almost simultaneous disconnection of the three 765 kV circuits
between Ivaiporã (which is connected to Foz do Iguaçu) and Itaberá substations, cutting the flow in this
transmission corridor that was connecting Itaipu and “Sul” area to the “Sudeste/Centro-Oeste” area (see
figure 2.6). Due to the steep decrease in the voltage, first the 500 kV interconnections between Ibiúna
and Bateias substations and then 4 units of Itaipu 60 Hz were disconnected, causing the voltage collapse
of 3 Brazilian states. Afterwards, the HVDC links that connect the 50 Hz part of Itaipu to the Brazilian
system were also disconnected, followed by the 9 units of Itaipu 50Hz, causing a blackout in Paraguay
and Formosa Province in Argentina. The cascading sequence continued, disconnecting several extra-high
voltage (EHV) lines and power plants in the “Sudeste/Centro-Oeste” area. The operation of several
islanding protection schemes and the controlled opening of 230 kV and 500 kV OHLs prevented the
spread of the disturbance to several regions that in the end were only partially or not at all affected, such
as the “Sul” area. Several states in Brazil were without energy supply, the load interruption totalized
24436 MW and the average restoration time was 222 minutes.

Fig. 2.6 – Conditions before and after the disturbance in Brazil [30]
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At the time of the Brazilian system disturbance, Paraguay was importing around 1000 MW from Brazil and
400 MW from Argentina. The Paraguay system was supplying 45 MW to a northern part of Argentina
called Formosa Province which normally has a radial connection to Paraguay, being isolated from
Argentina’s system due to voltage constraints. The disconnection of the 50Hz part of Itaipu power plant
caused the blackout of 1000 MW in part of Paraguay and Formosa. The other part of the Paraguay system
kept on importing 400 MW from Argentina, but 2 minutes later there was a failure on the interconnection
circuit, not related to the previous event. As a result, Paraguay was now fully blacked out. Due to the
prompt restoration of some Itaipu units and the reconnection of the interconnection with the Argentinean
system, Paraguay and Formosa Province were restored in less than 1 hour.

2.1.7. Other blackouts
There are many other blackouts that are worth mentioning since 2003 in addition to the ones described in
this work up to now. The previous selection includes the most representative and important ones,
although it is worth to make a short description of some of the smaller blackouts, which also had impact
internationally.

2.1.7.1. London 2003
On 28th of August 2003, at 18:20, a combination of events led to an electricity power supply failure in
south London. On this day, scheduled maintenance was underway on one circuit from Wimbledon to New
Cross and one from Littlebrook to Hurst. At 18:11, operators in the Electricity National Control Centre
received a Buchholz alarm indicating that a transformer, or its associated shunt reactor, at Hurst
substation, could fail, potentially with significant safety and environmental impacts. Under National Grid
operating procedures, a Buchholz alarm is serious enough to warrant the isolation of equipment and
reduced security is acceptable for “switching time”. The switching sequence began at 18:20,
disconnecting the transformer in a safe way, but leaving Hurst supplied by only one feeder (Wimbledon
via New Cross). Unexpectedly, a few seconds after the switching, the automatic protection equipment on
the number two circuit from Wimbledon to New Cross operated, when interpreting the change of power
flows, due to the switching, as a fault, which revealed an incorrect setting on the backup protection relay.
This disconnected New Cross, Hurst and part of Wimbledon from the transmission system, causing the
loss of supply of 724 MW, which represents 20% of London consumption, 410.000 customers and the
interruption of parts of the underground and NetworkRail system. Restoration began at 18:26 and power
supplies from National Grid were fully restored at 18:57. After the blackout many actions were pursued by
National Grid, among them an urgent survey of all installations as a further check on the integrity of the
automatic protection equipment and the examination of all aspects of the management of the protection
systems, so as to eliminate, as far as possible, the risk of incorrect installation or operation of automatic
protection equipment, which was the main cause of this incident [31].

2.1.7.2. Barcelona 2007
On 23rd of July 2007, a major disturbance affected the city of Barcelona in Spain and affected 350.000
consumers. The chronology of events is the following:
1. At 10:53, a 110 kV cable of Jardi-Collblanch line fell over the 220 kV busbar 1 in Collblanch
substation, causing a busbar fault. The busbar protection system acted immediately, opening all
circuit-breakers connected to busbar 1.
2. Immediately afterwards, the cable touched the 220 kV busbar 2 in the same substation, again
with the busbar protection system operation, tripping all the grid elements connected to busbar 2
and causing a blackout to Collblanch substation.
3. Three seconds later, the 110 kV cable of Jardi-Collblanch touched the 220 kV Collblanch – Urgell
line, tripping the other circuit-end that was still connected.
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4. Almost instantaneously, the 220 kV Badalona – Margall also trips, producing a blackout also in
Margall and Urgell 220 kV substations.

2.2.

European emergency situations

2.2.1. French blackout and Iberian islanding in 1999
The storms of December 1999 in France caused major blackouts and devastating damage from the French
perspective, but from the Iberian perspective it was an emergency situation, because Iberia was
separated from the rest of the UCTE interconnected for 1 hour, 51 minutes and 17 seconds. Hence, from
the author’s point of view, this disturbance can be described as an emergency situation.

Fig. 2.7 – Damage from the storms in France [32]

The French TSO (RTE) in reference [32] mentions a storm of unprecedented violence with devastating
effects. The wind hit with incredible strength, reaching maximum speeds between 150 and 165 km/h, and
in some places (coast, Orly, Vatry), the speed exceeded 180 km/h.

About 8% of the transmission network was out of
service after the storm, but only 0.4% of the total
length of the network was destroyed. Also 0.4% of
all the towers of the transmission network were
partially or totally destroyed. On the evening of
27th December, 3.9% of the substations supplying
power to distributors and industrial customers
were disconnected.

Fig. 2.8 – Storm effects on the French System [32]

Several tens of thousands of persons were mobilised, not to mention emergency services and help
provided by volunteers, to put the overall French power system back into operation as quickly as possible
and 91% of the 184 customer HV/MV substations were restored until 31st of December. The remaining
substations were connected on 5th of January 2000, except 4 substations whose customers were restored
through MV network. This short description helps us to imagine the extent of the damage in the French
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electrical power system. Additional details about the final repairs and reinforcements of the grid can be
found in reference [32].
At the moment of the Iberian separation, the frequency dropped, as shown in figure 2.9. Before, Spain
was importing power from France and suddenly Iberia was supplying a part of southern France. Due to
the limited transmission capacity between Spain and France, representing an important bottleneck to the
Iberian system, the islanding can happen easily during an emergency situation. The Iberian Power System
was synchronized with the UCTE Interconnected System at 21:44:09.
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Fig. 2.9 – The Iberian frequency evolution

2.2.2. Poland in 2006
On the 26th of June 2006, a voltage instability incident occurred in the Polish Transmission System [33].
According to the day-ahead operational planning, the security criteria were fulfilled, concerning the load
forecast, the programmed outages for maintenance and the generation capacity reduction. However,
forced outages and an actual load higher than expected, due to unusual hot weather, created the
necessary conditions for voltage instability with the risk of collapse. Through interconnection links, the
Polish System had planned to export 1300 MW to central Europe and to import 300 MW from Sweden.
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Fig. 2.10 – Generation overview in the Polish system at 12:00 [33]
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Before 12:00, voltage values in 220 kV and 400 KV busbars were inside the acceptable range, although
close to the lower limit. Within one hour, the load increased due to extremely hot weather and the
increased active and reactive power demand caused a voltage decline and the exhaustion of the reactive
power reserves in power plants. The peak load occurred at 13:00, reaching 18722 MW (ca. 600 MW
above the forecast). During this period, voltage values at 220 kV and 400 kV busbars were below the
acceptable limits, although lower voltages were within normal limits due to the on-load tap changing
action. After 13:00, the voltage continued to drop, despite the fact that all the available generation was
producing as much as possible in terms of active and reactive power, creating an emergency situation.
Around 13:08, unit 3 in Ostroleka power plant tripped due to inter-generators oscillations protection. Two
minutes later, unit 2 in Ostroleka also tripped, because of low water level in the drum due to intergenerators oscillations, rendering the whole power plant unavailable. Afterwards, at 13:09, unit 7 in
Konzienice power plant and 2 units in CHP Bialystok tripped, due to internal protection and low voltage in
the 110 kV, respectively. At 13:12, 3 units in CHP Starachowice also tripped due to low voltage in the
110 kV. At 13:13, the outage of the DC link to Sweden (importing 300 MW) occurred due to low auxiliary
voltage. The described events resulted in deficit of active power (1000 MW) and reactive power
(600 Mvar) within the Polish System, further voltage decrease and increased power flows from South to
North of Poland, causing overloads.
The remedial actions taken by the Polish TSO to bring the system back to a secure state were:
−

Starting-up of a hydro unit in Zydowo, in order to recover the auxiliary voltage in Slupsk HVDC
substation. Thus, it was possible to import from Sweden, starting with 200 MW at 14:31 and
increasing gradually up to 600 MW at 15:43.

−

Load shedding of 110 MW between 13:58 and 16:04 and switching off the 220 kV Ostroleka-Elk
line, in order to recover the needed auxiliary voltage to start up the units in Ostroleka power
plant. The synchronisation of unit 3 was made at 15:27 and unit 2 was also connected at 17:37.

−

The TSO gave instructions to local power plants, which were not centrally dispatched, to increase
generation in order to improve the reactive power balance.

Around 16:00, the Polish system was operating in a normal state again. The main causes of this
emergency situation were the exceptional high demand, the forced outages of important generation units,
the large amount of forced reduction of generation capacity during the morning, lack of reactive power
injection, incapacity of generation units to operate under low network voltage and too late recognition of
the emergency state by control room operators (consequently, not taking remedial actions on time).
While analysing this event, the Polish TSO understood that in case of significantly high demand the Polish
power system has a too small margin for secure operation and there is a risk of voltage collapse. The
need to install local reactive power sources, to monitor voltages and reactive power margin and to
perform the supervision of the 110 kV level was identified, aiming to take the necessary remedial actions.

2.2.3. UCTE network in 4th November 2006
The description of this incident is presented in detail on the references [2], [34-36]. The consequences of
this rare disturbance spread all over the UCTE interconnected system (now Continental Europe Regional
Group of ENTSO-E) and have involved many countries and many international entities in the analysis.

2.2.3.1. Basic description
On the evening of 4th November 2006, at around 22:10 (21:10, in Portuguese Time), the UCTE
interconnected system was affected by a serious incident, which had its origin in the North German
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transmission grid and led to the splitting of the UCTE synchronously interconnected network into three
areas (West, North East and South East).

Fig. 2.11 – UCTE system split into three areas [2]

As shown in figure 2.11, Area 1 and Area 3 had a generation deficit, while Area 2 had an excess of
generation. In Area 1, where the Portuguese system was included, the load shedding plan was activated
by all Transmission System Operators, taking immediate action to prevent a Europe-wide blackout,
according to the UCTE security standards. With the load shedding, it was possible to mitigate quickly and
effectively the imbalance between supply and demand. The amount of load and pumps shedding can be
observed in figure 2.12.

Fig. 2.12 – Load and pumps shedding by TSOs [2]

Immediately after the frequency drop, some generation units tripped, thus increasing the imbalance
between demand and supply in the area. The most significant part of the generation which tripped were
small power units, but they are numerous and not directly controlled by TSOs. About 40% of the total
power which tripped during the incident was generated by wind power units. Moreover, 60 % of the wind
generation connected to the grid at 22:09 tripped just after the frequency drop. Similarly, 30% of
combined-heat-and-power in operation just before the event, tripped during the frequency drop. In the
Western area, a total of about 10.900 MW of generation tripped.
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In the origin of this incident was the manual disconnection of the double-circuit 380 kV Conneforde-Diele
line (E.ON Netz), at 21:38, to allow the crossing of the ship “Norwegian Pearl” under the overhead lines.
Before, at 21:29, according to E.ON Netz, a load flow calculation made by E.ON Netz did not indicate any
violation of limit values. Based on an empirical evaluation of the grid situation, E.ON Netz staff assumed,
without numerical computation, that after switching of the Conneforde-Diele line the N-1 criterion would
be met in the system. Around 21:30, TenneT and RWE TSO confirmed to E.ON Netz that the flows
between Germany and The Netherlands were high, however since TenneT and RWE TSO grid would be
secure, TenneT and RWE TSO gave its agreement to the switching operation of the Conneforde-Diele
lines.

Fig. 2.13 – E.ON network in Germany [34]

At 21:41, RWE TSO informed E.ON Netz about the safety limit value of 1795 A on the line LandesbergenWehrendorf (an interconnection line between E.ON Netz and RWE TSO). However, at this point of time
the current on this line was still under the given limit, and the N-1 criterion was still met in the internal
RWE TSO network.
Between 22:05 and 22:07, the load on the 380 kV line Landesbergen-Wehrendorf increased by 100 MW
exceeding the warning value of 1795 A for RWE TSO. At this point, it is important to mention that,
according to E.ON Netz, dispatchers were not aware of the settings in the protection system in
Wehrendorf (RWE TSO substation) and therefore the dispatchers did not take into account the correct
values for their evaluation of the situation. This triggered an immediate reaction of RWE TSO that called
E.ON Netz at 22:08 with the request for urgent intervention to restore safe grid operation. E.ON Netz
made an empirical assessment of corrective switching measures without any load flow calculations for
checking the N and N-1 criterion. E.ON Netz expected that coupling of the busbars in the substation of
Landesbergen would result in a reduction of the current by about 80 A. This manoeuvre was done at
22:10 without any further coordination with RWE TSO due to necessary rush, and it had the opposite
consequence.
At 21:10, following the tripping of the interconnection lines between E.ON Netz – RWE TSO Wehrendorf –
Landesbergen and Bechterdissen – Elsen, a cascading sequence happened (see details in figure 2.14).
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Fig. 2.14 – Time sequence of the cascading tripping in Germany [2]

The preparations to reconnect tripped lines started immediately after 22:10, but due to the huge
differences in frequency values, successful switching on the lines required extraordinary measures. There
were several unsuccessful attempts to re-close the open lines. Finally, at 22:47, successful
resynchronization took place first on the 380 kV line Bechterdissen-Elsen. Further lines were switched-on
very quickly and after 6 minutes (at 22:53) already nine 380 kV and four 220 kV lines on the border
between area 1 and area 2 were in operation in Germany and in Austria. The restoration sequence was
finally finished in Germany, at 23:24, with 17 transmission elements re-closed. The resynchronization
sequence was finished, at 23:57, when the last 400 kV line between Croatia and Hungary was switched
on.
The very rapid splitting of the interconnected system could not be stopped once the cascade tripping of
the lines had started. Due to the good performance of countermeasures activated at UCTE level in the
individual control areas, a Europe-wide blackout has been avoided.

2.2.3.2. Main causes
The three identified main causes for this incident were:
−

Non fulfilment of the N-1 criterion - after manual disconnection of the double-circuit 380 kV
Conneforde-Diele line (E.ON Netz), the N-1 criterion was not fulfilled in the E.ON Netz grid and on
some of its tie-lines to the neighbouring TSOs.

−

Insufficient inter-TSO co-ordination – the initial planning for switching-off the double-circuit 380
kV Conneforde-Diele line scheduled for 5 November from 01:00 to 5:00 was duly prepared by the
directly involved TSOs (E.ON Netz, RWE TSO and TenneT). However, the change of the time for
this switching manoeuvre was communicated by E.ON Netz to the other directly involved TSOs at
a very late moment; it was also not sufficiently prepared and checked in order to ensure the
secure operation of the system in this area after the switching-off. No specific attention was given
by E.ON Netz to the fact that the protection devices have different settings on both sides of the
Landesbergen-Wehrendorf line although this information was critical due to the very high flow on
this line.
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−

Non performance of a study - when E.ON Netz was coupling the busbars in the substation of
Landesbergen, expecting a reduction of the current by about 80 A. Current that actually increased
with the manoeuvre.

Summing up, the critical factors identified in the UCTE report were the generation behaviour (significant
amount of generation units tripped due to the frequency drop), the lack of control of the embedded
generation, the uncontrolled reconnection of generation, the limited range of action available to
dispatchers for handling grid congestions, the TSO/DSO coordination in the context of defence and
restoration plans, the coordination of the resynchronization process (several unsuccessful attempts to put
tie-lines back into operation and to resynchronize the three different areas with only a partial view of the
status of the whole grid) and the training of dispatchers (joint simulation training with neighbouring TSOs
has to become a common practice).
Additionally, the ERGEG recommendations are summarized in the need for an improved legal and
regulatory framework to minimize the risk of future interruptions and in the implementation of measures
by TSOs in order to assure secure and effective coordination and cooperation among each other.
With this European-wide incident, UCTE has the responsibility of assuming an even more preponderant
role in the operation rules, in order to prevent incidents like this one. The supply of more than 15 million
European households was interrupted by this disturbance.

2.2.3.3. Portuguese perspective
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The Portuguese system was part of Area 1, where the frequency dropped abruptly, reaching 49Hz,
because of the generation deficit. Figure 2.15 presents the relationship between the frequency (in Area1)
and the load shed/connected.
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Fig. 2.15 – Frequency and Load Evolution on 4th November 2006

In figure 2.15 it is possible to observe the frequency’s sharp drop until 49Hz, followed by a quick recovery
of more than 0.2Hz, which is explained by the load shedding and the primary reserve contributing to
frequency support. Then again a mild decrease caused by generation trip and non-coordinated load
restoration and finally a marked recovery with the secondary and tertiary reserves.
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2.2.4. Island operation in Jutland- Funen in 2007
On 29th of May 2007, at 09:49, a current transformer exploded in the Wilster 380 kV substation in
Germany [37]. The protection system saw this event as a fault in the two substation’s busbars and
therefore tripped all circuit breakers connected in the substation. Consequently, the 380 kV lines to Audorf
were disconnected in one of the circuit-ends.
At this time, around 1100 MW was being exported from Denmark to Germany and the 380 kV/110 kV
transformer in Audorf tripped due to overload (there are no more 400 kV links between Western Denmark
and Germany). Consequently, also the 220 kV connections between Denmark and Germany tripped due to
overload. This was the beginning of a cascading sequence of events, involving the tripping of the
220/110 kV transformer in Flensburg, the 220/150 kV transformer in Ensted, the 220 kV lines between
Ensted and Flensburg and between Kassø and Flensburg and finally the 220 kV lines between Audorf and
Flensburg. As a result, at 09:50, Western Denmark and Flensburg were in islanding operation mode with
an increase of the frequency value, which stabilized at 50.3 Hz after a couple minutes. The frequency in
the UCTE interconnected system decreased to 49.95 Hz, due to the loss of the imported power through
the disconnected tie-lines and loss of generation.
The synchronization of the Western Danish System with the rest of UCTE was accomplished by E.ON Netz
when connecting the 380 kV lines between Audorf and Wilster. The frequency deviation between the two
systems was approximately 300 mHz before Western Denmark and Flensburg again were synchronous
with the rest of the UCTE. According to E.ON Netz, the 220 kV grids could not be connected until about
20 minutes after the fault occurred due to a relatively large phase difference. The UCTE system was fully
re-established at about 11:00.
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2.3.

Recent Portuguese disturbances

The Portuguese blackouts description is based mainly on the internal reports, such as [38-40]. The 9th of
May 2000 incident was presented at CIGRE Workshop on Large Disturbances [41].

2.3.1. 9th of May 2000
“A simple incident with serious consequences”, this was the definition of this incident cited in REN’s
internal publication.

Fig. 2.16 – Stork nests located in the affected overhead line

On the 9th of May 2000, at 22:17, a short-circuit occurred in one of the two 400 kV overhead lines which
establish the connection between Recarei and Rio Maior substations. The short-circuit was single-phase to
earth and tower number 327 was identified as the origin spot. The incident’s initial cause was a stork
whose nest was located over the affected phase. Figure 2.17 shows the stork’s nest and the electrocuted
stork on the ground near the tower.

Fig. 2.17 – Short-circuit origin location and Electrocuted Stork
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The clearance of this short-circuit should have
been made by the tripping and consequent
opening of the appropriate circuit-breakers,
which are located at each circuit-end of the
faulty overhead line, but the lack of operation of
Rio Maior circuit-breaker occurred, caused by a
bad indication of the line disconnector.
In spite of the opening of Recarei circuitbreaker, the short-circuit remained fed by Rio
Maior.
The protection system at Rio Maior had operated
correctly, but the described fault in the circuitbreaker, has provoked the operation of the
breaker failure protection. The breaker failure
protection issued trip orders to all the circuitbreakers connected to the busbar where the
fault was located, but the 400 kV busbar coupler
did not open because of wrong cabling. The
other circuit-breakers did not open because the
current caused by the fault did not reach the set
limit for tripping.

Fig. 2.19 – Incident’s Location in the network

Thus, the short-circuit remained fed by all the
overhead lines connected to Rio Maior substation
(4 400 kV overhead lines and, through the 2
autotransformers, 6 220 kV overhead lines), that
consequently tripped at the opposite circuit-ends
(as shown in figure 2.18).
The opening of the overhead lines connected to
Rio Maior provoked a zero voltage situation at
the substation and the interruption of the North
–South corridors of 400 kV and 220 kV.
The remaining 150 kV overhead lines of the
North–South
corridor
tripped
almost
immediately, after the 400 kV and 220 kV lines,
due to overload, ending the cascading
phenomena and creating an isolated south island
(represented by the yellow circle in figure 2.18).

Fig. 2.18 – Incident tripping scheme
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At the moment of the incident, the production in
the southern area was mainly ensured by the
power plant Central de Sines (CSN) with
approximately 900 MW of production. The total
load in the south was about 1700 MW, which
implies the existence of a strong transit from
North to South (800 MW) before the incident,
due to favourable Hydroelectric conditions, as
shown in figure 2.20. In the North part of
Portugal the production was 3600 MW in total.
The favourable hydroelectric conditions due to
the presence of an abnormal amount of rain in
the previous weeks caused an asymmetry in the
generation pattern.
The generation deficit in the South island,
created by the cascading trips, originated a
collapse (frequency and voltage), causing the
South power plants to trip.

Hydro power plants
generation

800 MW

Lisbon

3 x 300 MW

Fig. 2.20 – North-South power transfer

With all the substations located in the south of Rio Maior without power, the service restoration was
initiated 3 minutes after the beginning of the incident by an automatic device in one of the affected
substations. About 20 minutes later, most of the EHV overhead lines that feed directly consumption
delivery points were connected. The restoration process was completed after 1 hour and 10 minutes, with
the exception of one substation, where the restoration process took 2 hours and 21 minutes due to
telecontrol problems. In the meantime, the suitable remedial actions were performed by control room
operators in order to ensure the system balance and to maintain the voltage within the acceptable range.
In this incident, 1900 MW of consumption was lost and approximately 5 million people were affected. This
incident has emphasized the importance of maintenance and commissioning procedures, operator
training, network reinforcements and the need of the new interconnection line with Spain, located further
south than the existing ones, which was put into service at the end of 2004. The new interconnection line
would have prevented this major event, because it would have been able to compensate the unbalance
between generation and consumption in the south of Portugal.
In chapter 5, it is possible to observe through incident’s statistics that every year storks cause tens of
incidents in the Portuguese transmission system, which normally goes unnoticed.

2.3.2. 6th of September 2001
On the 6th of September 2001, at 15:42, a major disturbance in the Portuguese transmission system
occurred and interrupted the energy supply to the South of Portugal. The incident started with the trip of
Palmela – Sines 2 400k kV overhead line, because of a single-phase to earth short-circuit caused by the
insulators’ cleaning process in Palmela substation, as it is possible to observe in figure 2.21.
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The overhead line was being operated in a special exploitation regime justified by the live line work, thus
it didn’t have the automatic recloser active and both circuit-end breakers remained open.
Simultaneously with the opening of Palmela – Sines 2
overhead line, the opening of Palmela – Sines 3
overhead line only in Palmela substation occurred,
caused by the incorrect operation of the circuit-end
protection system. This overhead line was also operated
in a special exploitation regime justified by the same
reasons as the previous line. The cleaning action of
insulators in several towers was being performed. The
simultaneous loss of both 400 kV overhead lines, which
connect Palmela and Sines substations, provoked a
change in the power flows. The flows that were being
carried by those lines to the North (around 1200 MW)
caused serious overloads in the 150 kV overhead lines
and, consequently, they tripped. With the 400 kV and
the 150 kV overhead lines disconnected, the Portuguese
transmission system was separated in two parts:

Fig. 2.21 – Cleaning under voltage

-

North of Sines substation, which was interconnected to Spain.

-

South of Sines substation, which was an isolated island.

In the isolated island, shown in figure 2.22, the generated power (1262 MW) exceeded the consumption
(486 MW), creating an imbalance in the affected area.
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Fig. 2.22 – Separated network scheme in 6/09/2001

The Southern area was isolated for 4 minutes and a half, but a stability loss of the thermal power plant in
this area made the collapse inevitable. The entire network in the South of Sines substation was without
energy supply. The control room operators followed all the phases of the occurrence. The interconnection
flow between Portugal and Spain suffered a deviation of 760 MW to compensate the lack of generation in
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the North area, but this deviation was corrected in just about 11 minutes, according with UCTE
requirements.
The restoration process in this incident started immediately after the blackout and all substations were
connected after 35 minutes. As every major disturbance also this event was accurately analysed and
recommendations were made in order to improve the power system performance and to reduce risk of
operation, such as the special exploitation regime (used for live line work) cannot be implemented
simultaneously in two overhead lines that have a circuit-end connected to the same substation. Once
again, the importance of maintenance and commissioning procedures was emphasized. The need of the
new interconnection line with Spain, which was put into service at the end of 2004, was again obvious in
this incident.

2.3.3. 2nd of August 2003
On the 2nd of August 2003, at 14:17, another major disturbance in the Portuguese transmission system
occurred caused by several forest fires in the southern part of Portugal.

Fig. 2.23 – Forest Fires under overhead lines

First, the 400 kV overhead line Palmela – Sines 3 tripped and, after one minute, the trip of the second
400 kV overhead line Palmela – Sines 2 occurred. Both disconnections were caused by forest fires.
Obviously, the simultaneous outage of the 400 kV lines provoked the change of the flows in that network
area. The excess of generation in relation to the consumption in the southern area was 700 MW and it
was transferred to the northern area through the 150 kV overhead lines. The power flow on the 150 kV
overhead lines caused serious overloads and, consequently, immediate tripping, creating two independent
areas in the Portuguese transmission system, namely:
−

North of Sines substation, which was interconnected to Spain.

−

South of Sines substation, which was an isolated island.

The instability of the isolated island caused by the lack of balance between generation and consumption
has led to the trip of all the power units of Central de Sines (generation in the southern area), causing the
collapse and blackout of the entire southern area.
Central de Sines is a slow thermal coal power plant and it took some time before being able to generate
again, which meant that without the possibility of connecting the 400 kV Palmela – Sines overhead lines,
the consumption connected in the south area was limited to the capacity of the 150 kV corridors that
connect the northern to the southern area.
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The restoration process in this incident started immediately after the blackout and it was completed at
15:12. Unfortunately, the forest fires that originated the first blackout were still active, causing many trips
in the vicinity overhead lines.
At 15:39, both 400 kV overhead lines between Palmela and Sines tripped, causing a 350 MW generation
deficit instead of an excess. This deficit was the difference between the generation of Central de Tunes
(fast power plant in the south) and the consumption already connected. Thus, to mitigate the mentioned
deficit and the existing overload in the 150 kV overhead lines, it was necessary to perform load shedding
at the Distribution level, following REN instructions, in order to prevent the repetition of their
disconnection.
The load shedding process took into account the consumption evolution, continuously controlling the
power flow on the 150 kV overhead lines. At 18:51, the first unit of Central de Sines was connected, but
the 400 kV overhead lines remained out of service. At this point, a very slow connection of consumption
was initiated. Approximately at 19:45, the second unit of Central de Sines and both 400 kV overhead lines
between Palmela and Sines were also connected. From this point on, the entire load was promptly
supplied. This incident was classified with a force majeure cause.

2.3.4. 23rd of December 2009
On December 23rd at dawn, Portugal faced extremely severe wind conditions, affecting two localized areas
[42], namely the regions of Centre-West and Algarve. This meteorological phenomenon is called explosive
cyclogenesis.
In spite of the 27 damaged pylons, placing 6 circuits out of service, including two double and two single
OHLs, plus one circuit under construction, there was no supply interruption caused by the transmission
grid, which is extremely meshed. Only on the distribution network level, there was energy not supplied
due to further damage in the distribution network.
This is an exceptional phenomenon that occurs rarely and there is no memory of anything similar in the
last 60 years in the Portuguese transmission system. However, there was a similar phenomenon, more
than one decade ago, that caused less damage affecting only a few towers of a double circuit that was
also affected by this disturbance. Figure 2.24 shows the destruction caused by the strong winds.

Fig. 2.24 – Illustration of the destroyed pylons in the PTS on the 23rd December 2009

In the Centre-West region, the 4 circuits that were out of service have affected the connection between
the north and the south of the country, creating the need for a different generation pattern than the one
being used, in order to operate the transmission system, fulfilling security criteria. At that moment, the
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generation pattern was mainly composed by hydro power plants in the north and their output was
reduced in response to the disturbance, starting more units in the south. In the Algarve, it was necessary
to start local gas units during peak load periods.

06:00

05:50

05:40

05:30

05:20

05:10

05:00

04:50

04:40

04:30

04:20

04:10

04:00

03:50

03:40

03:30

03:20

03:10

220
200
180
160
140
120
100
80
60
40
20
0
03:00

km/h

Figure 2.25 shows wind measurements at the moment when this phenomenon occurred. The
Meteorological Institute estimated wind gusts of 220 km/h.

Fig. 2.25 – Wind speed measurements at the time of the incident

Six weeks after the disturbance, the first damaged OHL was returned to service.

2.4.

Discussion

First, it is important to mention that many blackouts have as their initial cause force majeure events, such
as forest fires, lightning, storms and hurricanes, which are unavoidable, although their consequences can
be mitigated. Hence, blackouts cannot be completely avoided, but we can be better prepared to face
them.
Recently, disturbances have become more frequent and the need to evaluate their risk more urgent.
Whenever an incident occurs, after an accurate analysis, it is crucial to be able to learn, to identify the
improvement points and to perform the changes that are needed. So, many fundamental lessons are
learned from it, which helps to avoid repeating the same mistakes.
After a major disturbance, most of the TSOs normally gather a task force to issue recommendations and
actions that should be quickly implemented, aiming to improve the power system performance in terms of
reliability and quality of service, which is a continuous goal. Finally, this can be seen as a risk avoidance
procedure.
After analysing the presented blackouts, it is possible to identify many similarities in the initial causes and
in the recommendations that are presented by the investigation committees. At this point, it is relevant to
point out the following question: What lessons should we have learned by now with all these blackouts?
For instance, according to North American Reliability Council (NERC), the August 14th 2003 blackout in the
USA and Canada had many similarities with previous large-scale USA blackouts, including the 1965
Northeast blackout that was the basis for forming NERC in 1968, and the July 1996 outages in West USA.
The common identified factors included: conductor contacts with trees, inability of system operators to
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visualize events on the system, failure to operate within known secure limits, ineffective operational
communications and coordination, inadequate training of operators to recognize and respond to system
emergencies, and inadequate reactive power resources.
Also in the blackout of September 28th 2003 in Italy, vegetation management was pointed out as an issue
to be handled in order to prevent cascading events. Asset management is required for a reliable
performance and this includes equipment maintenance practices, adequate commissioning procedures
and environmental related actions, e.g. stork nests (as is the case in Portugal) and vegetation
management.
Forests fires are also a very serious problem, which affects especially the Southern European countries. In
the described incidents, it is possible to find two, where the initial cause was forest fires (2nd of August
2003 in Portugal and 27th of June 2007 in Greece). These kind of natural disasters go beyond the TSO
responsibility, so a national plan is needed to avoid or mitigate their consequences.
The Brazilian blackout in 2009 is an example of how extreme weather conditions can cause severe
disturbances, so that even when systems are operated to withstand an N-2 loss of components it may not
be enough, because an N-3 event can always occur. This disturbance also illustrates how it can spread to
neighbouring systems and how special protection schemes that force the system separation (islanding)
can help prevent even worse consequences in such large interconnected systems.
The 4th of November 2006 disturbance, which is the most significant disturbance in the UCTE synchronous
interconnected system, can be considered a case of success, despite many improvements that were
identified as necessary. The consequences of cascading were limited, because prompt and automatic
actions were taken by all affected TSOs, according to the ENTSO-E Operation Handbook policies [6].
Although the whole European system was facing an emergency situation, in the restoration process, each
TSO acted according to its own internal rules without any special coordination or knowledge of the other
control areas within the split system. Hence, some attempts of resynchronization failed.
Improved coordination, communication and data exchange between TSOs is a crucial point, which has
appeared in the recommendations for three of the described blackouts (14th of August 2003 in USA, 28th
of September 2003 in Italy, 4th of November 2006 in UCTE and in 10th November 2009 in Brazil).
Coordination among TSOs in large and interconnected transmission systems is essential in every operating
state. Although there is still a need for better coordination and communication, it is worth to mention that
several mechanisms have been developed to improve day-ahead information exchange, such as DACF1 in
the ENTSO-E Continental Europe interconnected system, where System Operators make available a
snapshot of their system’s forecasted operating conditions for the next 24 hours.
Everyone agrees that effective coordination and communication are vital for a successful and secure
system operation and, therefore, reduce risk exposure. Mutual understanding and coordination facilitates
real-time operation and response to emergency situations in one or more control areas of the
interconnected system. The interaction and cooperation among neighbouring TSOs has to go beyond dayahead information exchange, so coordinated real time security assessment and operation is required. And
it will provide an important platform, helping operators to be aware of the overall system security beyond
their borders. For example, between the Portuguese and Spanish TSOs, real-time information is
exchanged within SCADA, allowing operators to monitor and assess, in terms of security, the relevant part
of each grid from the neighbour’s point of view.
Again in the 14th of August in USA 2003, 28th of September 2003 in Italy and 4th of November 2006 in
UCTE, it is possible to identify as common denominators the inappropriate estimation and understanding
of the situation in the interconnected system and bad operator decisions when dealing with an emergency
situation, which further increases the disturbance development.
1

DACF data sets are AC load flow calculation input data sets given in the UCTE format and corresponding to the forecast state of the
transmission grid (topology, loads and generation pattern) at a determined time stamp of the day-ahead.
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Automatic load shedding has proven to be crucial every time that load and generation are imbalanced,
especially on the 4th of November 2006 disturbance, where it played a preponderant role to avoid a total
blackout in one of the areas. The improvement of load shedding strategies has appeared as a
recommendation in the 28th of September 2003 Italian blackout and in the 12th of July 2004 Greek
blackout, because of the need to balance load and generation after an islanding situation. After the 4th of
November 2006, this recommendation became crucial not only at national but also at international level,
because it has to be part of the European defence plan, which is another step to avoid risk.
In the same line of thought goes the review of operational standards and security procedures, which
again appear as a recommendation in several of the described blackouts, because this is an issue which
must be clarified and harmonized through the UCTE Operation Handbook [6].
Every time some equipment fails and causes an incident, one of the actions resulting from the incident
analysis is to check that equipment in particular as well as all the others of the same model that are
installed in the system. In this way, it is possible to avoid the repetition of the same failure in the grid. It
is also important to have accurate commissioning and testing procedures that will help to minimize the
risk of misoperation.
One of the most frequent recommendations deals with operator training. Operator training using
simulators is one of the best ways to provide control room operators with the skills to deal with
consequences of unforeseen disturbances that put the system in an emergency situation. In most cases,
the impact of a blackout’s damage can be reduced by operators taking the right decisions and actions at
the right time. The Portuguese TSO has a Dispatcher Training Simulator since 2001 and it was after the
9th of May 2000 incident that the need and benefits of operator training became more clear and urgent.
More attention was also focused on emergency training since the 2003 international blackouts. This topic
will be further developed in this thesis in section 4.9.
Finally, the need to improve real-time information and the development of new support tools, mentioned
also in many of the blackouts, is one of the biggest motivations for this research work. Having the
experience of working at the back office of a control room for the last nine years, the author knows that
operators appreciate every tool, no matter how simple, that can support their work. Furthermore, having
a security indicator and being aware of the system’s security margin is extremely useful to them, as in the
example presented in reference [5]. This appreciation and usefulness gives meaning to the development
of an online risk assessment tool to be used in the control rooms of the Portuguese TSO.
Following the analyses and discussions presented in this chapter, it is probably easier to understand that
blackouts are normally the result of a combination of events with different causes. Of course, there is
always an initial cause, but in most cases that cause is followed by other unforeseen events. The
performance of a power system is dependent on a diverse set of features, beyond the unavoidable natural
causes already mentioned. Among those that can play a crucial role in the power system’s performance, it
is possible to identify the control room operators, the SCADA and EMS system, the hidden failures and
protection system malfunctions, the asset management policies and strategies, the additional existing
support tools, the national grid code and operating procedures. All these topics are going to be further
developed in this thesis.

2.5.

Conclusion

In this chapter several disturbances that happened throughout the world are described. They have
increased the awareness of TSOs for these major events. Following their analysis, many improvement and
corrective actions were taken by several TSOs; new procedures were also developed and implemented.
The presence of adverse conditions increases the risk of major disturbances and the security analysis
should take them into account because of the increased probability of multiple events.
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