» Grid Incident in Spain and Portugal
on 28 April 2025

ICS Investigation Expert Panel
Final Report

20 March 2026

% :p!’ 5
}iuufﬁ'
ur*'!" ) Tk

1”‘ H‘}‘} "'-‘IH

f b T" 1
aﬁtﬁ L"A A\




Preamble

This final report is prepared by the Expert Panel established to perform this tech-
nical investigation, in accordance with Article 15 of Commission Regulation (EU)
2017/1485 of 2 August 2017 establishing a guideline on electricity transmission
system operation (50 6L} and the Incident Classification Scale {1CS) methodology

The final report provides a factual, technical, and abjective account of the incident
to transparently infarm stakeholders and governance bodies. Its purpase is to
identify the causes of the incident and 1o recommend measures that strengthen
the resilience of the European power system. It aims 1o support transparency,
leacning and continuouws improvement in system operation acrass Europe.

The analyses, findings, and ecommendations contained in this final report
are based on data, documents, and other materials providad by the impacted
T50s and DS0s, as well as some generators and other third parties. While the
Expert Panel has exercised due care and applled its best effort in reviewing and
evaluating the information recelved, it does not independently verify, audit, or
validate the completeness, accuracy, or reliability of any external data sources.
Importantly, the report is not intended to assign liability or responsibility to any
party and shoutd not be intergreted as doing so in any Way.

This report has been prepared and agreed upon by the Expert Panel. Any
analyses, findings, and recommendations set out in this report reflect the Expert
Panel's technical assessment at the hime of writing and are without prejudice
to any investigation or enforcement action that may be taken by the competent
authorities.

The recommendations outlined in this report represent a comprehensive
sel of measures designed to enhance operational robustness, improve
cross-stakeholder information exchange, and contribute to maintaining a high
level of security of supply across the Eurapean power system. The monitoring
af the recommendations’ implementation pravided in this report does not fall
within the mandate or remit of the Expert Panel. While voluntary in nature, the
recommendations are intended to prompt and support concrete action 1o help
prevent the recurrence of similar events in the future, &ny respansibility for the
consideration, followe-up and implementation of the recommendations lies with
each addressee.

Finally, the recommendations may serve as a basis for future regulatory
development, inviting competent authorities to consider, within their respective
mandates, possible reqgulatory or implementation measures, with a view to
ensuring that the lessons learmned from this incident are duly reflected in the
applicable requirements and to establishing a framewaork aimed at preventing
simitar incidents in the future,
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1 MANAGEMENT SUMMARY

1.1 Introduction

Om 28 April 2025, at 12:33 Central European Summer
Time [CEST), the power systems of 3pain and Portugal
experienced the most severe and unpracedented
blackout that had occurred in Europe in the past 20
wears, with @ major impact on citizens and society as a
whale in both countries. & small ares in France near the
tpanish border also experienced disruptions for a limited
duration. The remainder of the Continental Europe
[CE) power system did not experiende any significant
disturbance,

The blackout occurred after an uncontrolled, rapid nse
in=ystem vollage and Loss of voltage control on a day
with multiple concurrent phenomena, atcelerated by

1.1.1

The incident has been classified as a scale 3 event - the
highest level in terms of severity in accordance with
the Incident Classification Scale [ICS) Methodology').
Consequently, pursuant 1o the same legal framework,
an Expert Panel was set up, which began investigating
the incident on 12 May 2025 to deliver the factual report
first and the final report thereafter. The reports were
prepared in ling with the IS methodology applicable at
the time of the incident.

In accordance with the 1ICs methodology, the Expert
Panel comprises representatives from both affected
and non-affected 1505, the &gency for the Cooperation
of Energy Regulators (ACER], national regulatory
authorifies (NRAs), regional coordination centres (RLCs],
and corvenors from relevant ENT20-E bodies, The Panel
is led by bwo experts from TS0s nof directly affected by
the incident: Klaws Kaschnitz from AFG [Austria] and
Richard Batog from Mavir (Hungary). Overall, the Expert
Fanel comprises 49 experts: 30 from ACER and NRAs and
1% from T50s, ROCs, and ENTS0-E bodies across Europe
[the complete List of Expert Pangl members i5 available
on the final page of this report).

rapid generation output reductions and disconnections,
leading to voltage instability and cascading generation
disconnections in Spain.

Following the inddent, the affected transmission sysiem
operatars (Ta0s) REN {Portugal) and Red Eléctrica
[Spain} immediately actiivated their respective system
restoration plans. In addition, RTE (France] initiated all
necessary proceduras and protocols to restore voltage
levels in the French electricity system, System restoration
in Portugal was completed by 00:22 on 29 April 2025,
ard in Spain, the transmission system was fully restored
by 04200 on the same day.

Expert Panel and Structure of Factual Report

oOne member from each affected 750 participated and
actively contributed To the plenary Expert Panel. In line
with the terms of reference, their contribution imeolved
providing input-and suggestions but not acting as the
primary authors of either the factual or the final reports.

Given the technical complexity of this incident and the
numercus aspects to be investigated, the Expert Panel
organised its work of analysing 1he data and drafting this
report across several areas (vollage control, osclllations,
otc.). Each area was assigned to a specfic subgroup of
experts reporting to the Expert Panel. Each subgroup
was led by a member of the Expert Panel who was not
affiliated with the affected TS0,

In these subgroups, additional experts from affected
Te0s participated and contributed via text suggestions,
figures, analyses, and! ol ather input. Their contribution
was assessed by the relevant subgroup of experts before
being submitted to the Expert Fanel. These measures aim
to ensure the neutrality of the final report

Trez BC§ Meinndodogy wat deyselopad porugant 10 Reguatgn (EC) Wn 7E4) 200 of ma Eurnpezn Paiiamess and ol e Cogncll af 13 ity 2009, a5 repasied bijihe
Sequlation (EU] 20190945, and updabed 1o Ml the phisSey e ancer fticle 1505] of the Commpsion Fegulston (EU) 0L 7 1485 of 2 Augusl 201 T estaishing

3 guiceling on 2ledncily ransmessian sysiem cparation [S0GL
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This fingl report builds cn the fadual report published by
the Expert Panel on 3 Dclober 2025, as foreseen by the
IC= methodology. For the sake of completeness, almost
all data presented in the factual reposd is also included
in the final report, s0 that the reader doss not have to
consult both reports in parallel. & limited number af
changes were made (o the data presented in the factual
repor, reflecting a deeper understanding of the matter.
Furthermaore, the final report also includes specific data
that were unavaitable at the time the factual repor was
published. Thewe data are included to ensuwre the highest
possible guality and correctness of the final report.

The structure of the final repart is similar to the factual
report, with bwwo majer differences: (1] a new Chapter 4
is added, presenting the detailed analyses performed

1.1.2

The IC5 methadology provides that an Expert Panel
established to investigate a scale 2 or 3 incident carries
out its investigation based on data reported by the
affected T80s, as Bsied in Annexes 1 ("Common data for
reparting”], 2 ["spedific data reparied for deperding on the
IES eriterion®) and 3 (*Additienal data fov the investigation
of scale 2 and seale 5 incidents"). The methodology also
indicates that the Expert Panel shall request additional
data and infermation deemed necessary Tor the
imnvestigation, including data owned by thind paries not
represented in the Expert Panel {e.g., distr bution system
operators (D50s) and generators), to be provided by the
affected and other relevant T505,

Data Collection

In accordance with this prowvision, the affected TS50 deliv-
ered the required data under the ICs methodology, The
Expert Panel also considered it necessary to requesi-and
coflect specifc data from D0 and signifcant giid wsers -
especially generatian facilities - in the allected coun-
fries. Furthermore, given that 050s did not seem 1o have
access 1o actual production data from small embedded
generators with a production capacity of less than
1 MW [tymically rooftop M), the Expert Panel contacted
cpveral manufacturers of B inverters to obtain such
datain an aggregated manner. Two of these companiss
delivered data in time for the Panel to consider. Finally,
the Expert Panel received several valuntary contributions
from various third parties (|.e., companies and a trade
association].

by the Experi Panel and identifying the roof causes of
the incident; and [ii} Chapter ¥ presents the conclusions
of the investigation and the recommendations of the
Expert Panel aimed at improving the performance and
resilience of the power sysiem across Europs,

This first chapter provides a high-level summary of the
report, following the same strscisre as the report itself,
It also includes a spedfic sub-chapter on data collection,
given that callecting complete and high-guality data
proved very challenging for this investigation.

In this report, all times are in CEST, which corresponds
to UTC+02:00, Furthermaore, when referring to 5Spain
and Portugal as relevant areas, this refers to cantinental
Spain and continental Portugal, respectively.

Data collection from D505 and significant grid users

Data and Information requested fram D505 comprised
information on the foilowing, among others:

# any disconnection of genarators before the
incident;

o the generaticn mix in the DS0 grid before the
incident;

» any voltage alarms or exceeded voltage
thresholds;

# |pad shedding;

» the restoration process

Data and information reguested from significant grid
users [generatars) comprised, among others

» 3 list of generation facilities in operation
on 28 April and any related power syslem
stabilisers,

» informaticn or generation trpping, including
fault recorder files, protection relay settings,
and schematic drawings;

# information on any identified malfunctions
related to oscillations;

soommunications with the 750 before the
incident:

o information on the black-start process related
o the restoration phase,

In lire with the 105 methedology and practices applied in
previous investigations, the task of collecting data fram
third parties was entrusted to the affected 1505
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In Portugal and France, the T50s collected the necessary
data and transferred it to the Expert Panelin a timely
manner. The following parties delivered data:

= 00 in Portugal: E-Redes

# Generators in Portugal: Akuo, Aguila, Axpo,
CWPOWER, Dos Grados, EDP-Produfdo, EML,
Energl Innovatian, Engie, EXUS, Galp, Iberdrola,
Powersun solutions, Necen, Frosolia, Vector
Renswables, Voltalia, Welink and WiseEnergy.

w50 in France; ENEDIS,

# Generators in France: EOF, EDF Benouvelable
and SHEM

Im Spain, collecting data from third pasties proved more
challemging, To facititate the provisicn of third-party data
[0 ihe Expert Paned, two inifial letters wera sent at the
end of May 2025 one from the Expert Panel leaders ta
the spanish 750, Red Electrica, on 26 May, and the other
from ENTSO-E to the Spanish autharities on 28 May.
Following these letters, Red Eléctrica ohtained consent
from 33 genaration {ompa nies’ and D505 to share all
relevant data at [is disposal with the Expert Panel, while
eight others delivered their data directly to the Expert
Fanel after being requestad by the Panel leaders,

Mare than 250 emails and lefters wore exchanged
between the Expert Panel leaders and the third parties
concerned between 28 June 2025 and 17 February
2026 10 hinalise the data collection pracess. Additionally
several meetings and workshops were organised with
third parties impacted by the incident [D50s, generators],
weith the aim to clarify the information submifted to the
Experi Panel.

Dverall, the following Spanish parties have delivered
data:

o D504 E-Distribucion, Electra Caldense, Electrica
Bermejales, Electricas Pitarch, E-Redes,
Estabanell, i-DE, Medina Garvey, UFD and
Viesgo.

% Generatodns (including contred centies): Acciona,
Alpig, Axpo, Cecow, Cepsa, Cogen-Enetgia, EDP
Espafia, EOP Renewables, Elawan, Endesa,
Energya-vM, Engie, Galp, Gamesa, Gesternova,
Gnera, Holaluz, Iberdrola, thereolica, lgnis,
Magnon, Mercuria Sostenible, Naturgy, Mexuas,
Morvento, Repsol, RWWE, Salca, samca, SEC
Hueneja, Total Energles and Wind o Market,

Consequently, the Expert Panel collected a significant
amount of data from D505 and significant grid wsers.
However, some data remakn missing, particularly for
generation trips that occurred before the blackout, which
prevented the Expert Panel from identifying the cause of
tripping for generation units due 1o missing of no fault
recordings. The concerned parties (namely, the owners
of those fadilities) all gied the lack of fault record data as
the reason they were unable to provide this information
to the imvestigation.

Other contributions

In addition to the raw data collected from 7305 and other
parties, the Expert #anel also considered the following
additional matarizl:

# Ex-post evaluationseporis submitted by Spain
and Portugal to the European Commission,
prepared pursuant to Arficle 17 of Regulation
[EL) 2019/941 of the European Parliament
and of the Council of 5 June 2019 an risk
preparedness in the electricity sector,

» several spontaneous submissions, including
letbers, reparts, preseniations and other
technical documents from various parfies!
AELEC, E.DS0, Endesa, Eurelectric, Iberdrola,
Red Eléctrica and LUFD.

» Spanish government repart published on
17 June 2025,

» Red Electrica repart required by the Spanish
regulation [Operational Procedure PO 9)
published on 18 lune 2025,

» Presentations gliven by E.D3D, EU D50 Entity
and Euteieciric during the joint workshops of
the System Operations European Stakeholder
Committee {50 ESC) and of the Grid Connection
European Slakeholder Committee (GC ESC),
chaired by ACER, which took place on 18 July
and 13 (cicber 2025

While the investigation is primarily based on the raw data
and information collected at the Expert Fanel’s request,
the Expert Panel also comsidered these additional
external documenis in preparing the final report,

2 pewrabon conirol cenire: m Spee, all geneaton Do e with posern sgealor greaber has 18R et sencd reak-bme mborraion Bo e 750 onsadenng
that a very hgh numberof f3clFies meatthi citeraan (araund 4,200, an addakons] eole s een establhed based on Operanona) Procedune 8,2 and RD
FI5 2014, ramehs e geparalion conliol ceniie, The gensvsticon contiol centre aclsas anintersediory befeesn generation fadbtie and P 150 cortal venlie
10 send real-time meaganersants 30 the T80 and In e giher direction 1 send 0 geneation faclties 1he mlarancs poeser values mgoined by the TS0
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Treatment of confidential information

The collection of data regquired for the purposes of
this investigation and the drafting and elaboration of
the factual and final reparts by the Expert Panel have
been performed in Lline with the 1C8 methodology
and the confidentiality requirements established in
bath the European and relevant national regulatory
framewaorks. To safeguard confidentiality while
upholding trantparancy, the Expert Panel has adopted
a balanced approach, underwhich any data provided by
the affected 1505 linked 1o individual genaerators andfor
by third parties and classified as confidential has been
ananymised,

1.2

During its investigation, the Panel has determined that
the incident began at 12:32:00 on 28 &pril 2025, Chapter
2 of the report therefore covers the pencd prior to that
time, starting at 0,

Such classification is based on the due justification of
the sensitive nature of the specific data by the providing
party to the Expert Panel, The anonymisation measures
applied are withoul prejudice 1o the integrity of the
data analysis conducted by the Expert Panel, ensuring
confidentiality while presendng the evidential value and
rbustness of the data provided,

In Light of this, this report mentions the technology
of individual power plants and, If applicable, the
region where they are located instead of their names.,
Furthermaore, absolute values of their active or reactive
power infeed are replaced by per-unif values,

System and Market Conditions Before the Incident

The day of the incident was a typical spring day in Spain,
with mild termperatures and mastly sunmy weather. The
system’s solar photoveltaic generation was similar to
previous days, while wind generation was more variable
but within the ranges ohserved in previous days,
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The moming hours of 28 April 2025 were characternised
by an increasing generation of renewables, which led
[ lawwer prices on the day-ahesd market and 10 Spain’s
gxports reaching 5GW in total. From approximately
0%:00, the voltage variability in 3pain began to Increase,
albeit without significant fluctuations, until shortly
after 10:30, when the vollage in a parl of the 400 kY
transmission network briefly approached - but did not
pxceed - 35 kW

A

With the exception of one node (Dlmedilla), the voltages
inthe 400 kY network remained below &35k during the
periad before the incident, Dscillatory behaviour was
naoted inthe moming, bt no significant oscllations with
amplitudes above 20 mHz2 were detected until 12:03.
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Figure 1- 2 illestrates voltage evolution in the main 00k transmission substations { pitot nodes] in Spain from 900,
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During the observed tifme penod, the vollage levels an the 400 kY pebwark in Parfugal remainad within the normal
range of operation [ZA0KY 1o 420 kV], which differs from the ranges allowed in Spain.
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An analysis of the gepgraphical distribufion of generation and consumption in Spain reveals that electricity produdtion
imthe soulh-west of the country was very high relative to consumption in that region. This results in high electricity
transit flows from the southwest of Spain to the surrounding areas.
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Figase 1-4: Geographical distrbution of B generation and consumplion inSpain at 1232

Durning the half hour preceding the blackout, two
main periods of oscillations - power, voltage and
frequency swings - were observed in the Continental
Europe Synmchionous Area (CE SA), the Tirst af which
took place from 12:03 fo0 12:08, The analysi: indicates
that this oscillation had a local character classified as
canverter-driven instability phenomenan primarily
affecting the Spanish and Porfuguese power systems
with a dominant freguency of 0.63 Hz.

The secand ascillation ocourred between 12:1% and
12:22 as an inter-area oscillation, with a dominant
freguency of 0.2 Hz, corresponding to the East-Cenire-
Wesl ontinental mode.
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Ta damp these ecillations, the operatas in the cantral
raams of the relevant T80 ook several mitigating
measures, such as reducing exporis from Spain 1o France,
coupling internal power Lines in the South of Spain, and
thanging the operafing mode of the high-voliage direct
current {HVDC) Link between France and Spain. While
thase measures effectively mitigated the oscillations,
their nature led 1o an increase in voltage inthe |beran
powwer system,

AL 12:32:00 the vollage of the herian power syslem
al the GO0EY level was below 420 kY and no notable
oscillation with amplitude higher than 20 mHz could
be observed. The evolution of the system and market
conditions up to ihis point is explained in further detail
in Chapter 2.
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1.3

System Conditions during the Incident

After 12:32:00, the voltages at numerous nodes rose, a5 shown in the Figure 1-&.
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weas ohsaneed in same nodet

Around 1.2:50, several generatars changed their active
power autput. From 12:32:00 to 12:52:48, concurrent
with the voltage rise shown in Figure 1-4, the active
power output of large Renewable Energy Sources [RES)
generators [higher than 5 MW] in Spain decreased
by approximately 500 MW, The RES power plants
maintained a fixed power factor, meaning that changes
in active power also affected the generators’ reactive
powwer output,

Additional events {mainly generation-related)
occurred fraom L2:32:00 anwards. Bebween 12:52:00
and 12:32:57, 208 MW of identified distributed wind
and solar generating units in northern and southern
Spain axperienced either a fast downwards change of
pperating point of a unit without a ramping restriction,
or a disconnection of the unit due to unknown reasons,

In the same pericd, there was an ingreass in net load in
the distribution grids of approximately 317 MW, wiich
tan be attributed partly ta disconnections of small
embadded generatons <1 M (mainly rooftap PV and
partly to an increase in voltage-dependent load as a
result of a woltage rise, The exad reasons for some of
these events are not known,

3 deeSeclion 4.3 for furiher esplanation:.
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Figaee 1-7: feepsof major generalion disconmsSan events in Spain undil 1223510

From araund 12:32:20, 3 particularly steeprise in local
voltage occurred at a substation in the area of Granada
[see the nearby PMU coloured in black in Figure 1-6].
some milliseconds after 12:32:57, a 400/220kV
transformer in the same substafion tripped due to the
activation of an overvoltage protection inthe 220 kv s:de
of the fransformer, which connects saveral genaration
facilities { photovoltaic, wind and therma-saolar] to the
transmission grid, just before the disconnection, the
ransformer was injecting T35 MW into the grid and
absorbing 165 Mvar of reactive energy, and the voltage
at the 00 kY level was 417.9 kY. This event created an
additional step change involtage [see Figure 1-&).

The next event consisted of two sets of wips, resulting
iman additional loss of 727 MW of PY and thermo-solar
facilities connected o two 400 kY fransmission
substations in the area of Badajoz. A the first substation,
an evacuation line tripped at 12:33:1&.443 due to
the activation of the overvoltage protection. The
positive-sequence voliage level af the time of this frip is
estimaled at 4324 k¥ via Indiredt e2leulations due fo the
lack of high-resolution voltage data 2t the connection
point. In the second substation, the trip octurred at
12:33:16.820 due to overvoltage protection.

12:32:57
355 MW
PU thermo-solar, wind

S

Alter that, ceveral trips between 12:33:17 and
12:33:1B.020 occurred, leading to the disconnection of
wind and sclargeneration in Segovia, Huelva, Badajoz,
sevilla and Caceres, for 3 total of 928 MW, 5ome of
these frips owurred due o overvoltage protection, but
the Expert Panel was not able to establish the cause of
most of these trips, The analysis carried out by the Expert
Panel indicatas that the overvoltage protection settings
at some generation units were set below the voltage
limits established in accordance with the applicable
reqguirements.

Figure 1-8 illustrates anincrease in voltage beyond
435 kY during this sequence, excluding the 0.5 GW
generation schedule changes. The figure therefore
shows 317 MW net load increase assumed at 12:32:00,
S08 Mw fast downwards change of operating point ar
tripping due to an unknawn reason between 12:32:00
and 12:32:57, and identified trips from 12:32:57
onwards until 1.2:33:18.020, adding up to more than
2.5 BWintotal),

A
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Mo generafion frips were absenved in Partugal and
France within the 12:52:00-12:33:18 fimeframe.

Some generation units wWers consuming reactive power,
which reduced the voliage, However, the disconnections
of these units without adequate compensation for the
loss of reactive power absarption by other resources
capable of controlling reactive power led to increased
voltages not only in Spain but also in Portugal.
Furthermore, the frequency decreased,

Between L2:33:13 and 12:33:21, the voltage in the
south of Spain increased sharply, and conseguently
also in Portugal, The overvoltage triggered a cascade of
generation losses, causing the frequency of the Spanish
and Portuguese power systems to decline.

At 12:33:19, the power systems of 5pain and Portugal
started losing synchronism with the rest of the European
system.

Between 12:33:1% and 12:33:22, the automatic load
shedding and system defence plans of Spain and
Portugal - implemented in accordance with Commissian
Regulation 201772194 of 24 Nowvember 2017
establishing a netwaork code on eleciricity emergency
and restoration (NC ER] - were activated, but were
unable to prevent the collapse of the Iberian power
oystem.

At 12:55:20.4735, the AL interconnection to Moroooo
fripped due to underfrequency. Al 12:33:21.535, the
AC overhead lines between France and Spain werne
disconnected by protection devices due to a loss
of synchronism, preventing the propagation of the
perturbation intethe CE power systam.,
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From that moment on, the Spanish and Poruguese grids
operated inisland mode. After this AC separation of the
Iberian Peninsula, the power imbakance continued to
growy, leading to 3 further decline in frequency,

Finally, al 12:33: 23,940, the electrical separabion of the
Iberian system was completed by tripping the HYDC ines
that were still transmitiing power from 5pain to France
[due to the comstant power mode setting at the time].
All system parameters of the Spanish and Portuguese
electricity systems collapsed.

Figure 1-10 illustrates the evolution of the frequency
and voltage in Spain {substation of Carmona) and the
frequency in the rest of CE {subsiation of Bassencourd,
Switzerland] during the incident.

The evolution of the Rate of Change of Frequency [RoCoF)
inthe momenis before the blackout indicates that RoCoF
inthe area remained within the absoliste range of LHz/s
up until 12:33:20.550, when the frequency was already
around 49Hz, After that, the absolute value of RoloF
exceeded 1 Hz/s, indicating that the system conditions
had already degraded.

Compared with the blackouts in Spain and Portugal,
France was marginally affected by the incidemt. In
addition to a loss of approximately 7MW of toad, one
nuclear povwer plant tripped due to the incident.

The evolution of system conditions from 12:32;57 unfil
the blackout is explained in further detail in Chapier 3.
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Mcomprehensive description of the spitem conditions duing the incident 15 available in Chapler 3.
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1.4 Technical analysis

Chapter & of the report presents detailed technical
analyses of the phenomena and actions that preceded
the blackout, 10 understand the precize causes of the
incident, All these analyses are based on the factual data
tollected and presented in the relevant chapter of the
report. Based on the results of the technical analyses, the
Expert Panel established a root cause tree describing the
key factors that ultimately ied 1o the blackout.

1.4.1 Voltage control

The first area of technical amalysis concemns voltage
control, which was an important aspect of this intident.
Thie voltage contral capability of a syslem depends on
many factars, including the reactive power capacity of
the system and the design of the voltage control scheme
at all voltage levels [including TSO-operated integrated
nebwork components and the requirements applicable
(o the resctive-powei-related behavicur of third paries,
particularly generators),

The analysis identifies several factors that contributed to
the detenaoratian of system conditions on 28 April 2025,
particularly in the sudden voltage increase observed
from around 12:32:00 onwards. They included the
following, in no specific order of impartanoe;

= Switching of network components for voliage
control, such as shunt reactors, was undertaken
manually,* which required a certain amount of
decision-making and processing fime,
- Some shunt reactors had been previcusly

disconnected due tolow voltages during the
oscillation episodes up 1o 12:24

While the root cause tree analysis describes the role of
each element in the free and the relationship betwean
them, the detailed explanation of the elements is
providad in the technical analysis,

It shiould be noted that these techmical analyses focus on
the spanish system, as the facts described in chapters 2
and 3 indicate that the blackout originated in Spain, not
in Portugal.

# According to the requirements applicable on
the day of the incident, the RES generators
followed a fixed power factor for reaclive
power provision, thereby nat cantributing
effectively to the voltage control of the system.

- The fixed power facior mode means
that generators absorb reactive power
prapartionally to active pover, and do nat
respond 1o valtage fluctuations,

# Regarding conventional synchronous power
plants, the analysis shows that the reactive
power autput of several generaters reached
Q-reference less than 75% of the samples
[per hour], The reactive power cutput was not
aligned with the T30 expectations based onthe
requirements under the applicable Operational
Pracedure 7.6°.

& TreeEspeart Pared fas nobcomeeshensively assesad the approach across ol 1500 Nevenheles, savaral 150 paicipating inthe Panel ndicailed that they only
Ky mamial ol of shunt eaddes while ATE indicaled tray hase o htisd appoach Ceomteation of mamasl 2nd aunematic conirgd],

§ Thes 6 WAIMGCAIL [ore p e 00 iy porential demgganons o the requiemenas, whioh e Eipen Panel 6 sl compeaene 10 335635, The soope of this imeaganon
dAnd The mearaiate of (he Coper Pans ] do rof popeide i weith amg authoniby or inbeidion o sberme e apii sble egivstion oo detemmine liabiities fof
- OmMplance with legd requirements. The anakysi & based on &% SCADN data
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w The applicable Qperational Procedure 7.4

concerning reactive power pravision by
synchranous generators did notingdude explicit
specifications concerning dynamic behaviour,
and there were no economic consequences if
the requirements regarding voltage control
were ot met,

# The design of valtage control of some local

generation networks {(extensive grids behind
thetransmission grid comnection point, shared
by several generation portfolios) was not
aligmed with system needs,

- This also contributed to some of these facil-
ifies discannecting when the voltage at the
connecton pont was sithin Limits,

# Due to Spain's wider operating voltage range

of the 400 kY grid compared to the rest al
Eurcpe, the margin bebween the allowed
operating voltage limit and the voltage at
which generators are allowed to disconnect
was very small or non-existent,

Together, the reactive power assels in the system were
not able to address the sudden voltage rise. The reac-
tive power absorption s1atus of three 2561 groups
it shown in Figure 1-12. The figure aggregates, by
asset group, the total reactive power capacity In the
Spanizh system on the day of the incident, as well as
the actual reactive powwer absorption at the moment
of the incident. However, it should be noted that these
cateqaries of assets have different static and dynamic
reactive power characteristics: on the day of the ingi-
dent, conventional synchronous machines (here; PD
7.4 generators) denamically contiolled vollage locally,
inverler-based assels (here: a large share aof the colusmn
RES) contributed with reactive power according 1o
fized power factor, and figxed reactive power assets
[here; shunt reactors) were manually swikched by the
TS50 o maintain static voltage.
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The Expert Panel also assessed the voltage fluctuations
that occurred on certain days prior to 28 April 2025,
in particular on 22 April. On this day, the voltage
reached very high values shortly after 19:011, leading
to some disconnections but not to a3 cascade of
overvollage disconnections, as the system conditions
and configuration an that day differed from those on
28 April. Im particular, the system did not experience
ary significant episode of oscllation, ether local ar
inter-area, on 22 April.

1.4.2 Oscillations

The second area of technical analysis concerns the two
episodes of pscillation that ocourred during the half-hour
preceding the blackout and are described in Chapter 2.
To perform the analysis of these phenomena, the Expert
Panel [iy developed a simulation maodel of the CE power
system that can represent the osciliatory behaviour
of the system and (ii} used available data from a large
number of PMUS located in the Iberian Peninsula and in
the rest of the CE synchronous area.

Regarding the first oscillatory episode at 0.63 Hz, the
data analysis shaws that this mode is mainly located
in the tberian Peninsula, rather than in the rest of the
European system, with higher activity in a specific area
of Spain between Carmona and Almaraz, It also reveals
that this mode is not naturally present inthe system. The
Expert Fanel notes that, inthe immediate vicinity of the
node where the highest amplitude was observed [ jointly
with the highest power oscillations), an inverter-based
povear plant is cannected, clastified as an existing
generator under the applicable requirements in Spain.
The analysis concludes that this oscillation is a converter-
driven forced asciliation,

The second oscillatary episcde at (.2 H2 was 3 classic
inter-area osciliation of the East-Centre-West mode in the
Comtinental Europe Synchronous Area. The modal anal-
ysis af the frequency measurements shows a significant
participation of the Iberian Peninsula oscillation,

States of peaciive pavwer aaeets In Soath Spain al 12:35:00
L]

a0

A1

et we poeves cagdeity (MWL)

RESDEnembn
wed power Eachor|

| PO T4 gererates | " Shankipachons

W Atuad reactive pmderabsonpiion  m Eemaining tapadty
Figuee 1-1¢; Capacity* of the different cabegorass af reactive power maelsin
Eounh Spain at 123300

together with the centre of BEurope, and the eastern part.
The cawses of this second oscillation are the combination
of different elements that enable the phenomenan.
specific conditions prevailing in the [berian peninsula
created the preconditions fo the triggering of the
oscillations: the high transmission angle [around S0°
between Carmeona and 5. Liogaia), some lines out of
cervice, the abeence of power system ctabilisers at some
Large units, and the insufficient damping of the devices
already installed. The simulaticns carried aut also shiowe
that the 0.635Hz oscillation mode can contribute to
exciting the 0.2 Hz inter-area oscillation mode, along
with otber factors.

The Expert Panel also assessed the effectiveness of the
measures taken to dampen the oscillations, It concludes
that the measures applied during the first ascillatary
episode [0.63 Hz), which were not designed {o damp
oscillations in this frequency range, had a minor, but
neverthelass positive impact on the ascillation. On the
other hand, the analysis confirms the electiveness ol
the operational measures applied during the inter-area
oscillation (0.2 Kz).

Finally, the analysis identified several measures
fo improve the damping of forced and inter-area
oscillations, respectively and showed that the measures
taken had z positive impact on damping oscillations

-] for expianation of 1he asediss, seg Tull Figue node ia Section 4.1.2
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1.4.3 Analysis of the flows between 750 and DSD grids in Spain

The Expert Panel conducted a specific analysis to identify
the main influencing factors explaining changes in
fiows between the fransmission and distribution
grids {hereafter TS0-D50 flows], particularly afier the
psciliations and during the oritical time period fram
12:32:00,

Changes in T50-0D50 flows and load result from
complex inferactions among variows factors within the
distribution and fransmission grids, Changes in distribu-
tiongrids [e.g., activation of distribution grid-connected
units providing balancing services, induding automatic
frequency restoration reserves [aFRRs) and manual
frequency restoration reserves (mFRRs]) can influence
TSO-DE0 flows, which in turn can impact voltage and
regional flows 2crass the ransmission systedm,

There is also feedback from the transmission grid 1o
the distribution grids, e.0. voltage-dependent loads or
possible disconnections of small embedded generators
due 1o voltage vanations on medium- or low-voltage
D=0 feeders.

The analysis indicates that;

o the changes In the tofal T50-D50 exchange
can anly be slightly linked to aFRR or mFER
activaticns;

» basedon the data provided by two Pé-inverter
manufacturers, the changes in folal TS0-050
flowws can be partially linked to discennections
of small PY installations {<1 MW connected to
loww-vollage grids due o aclivation of aver-
voltage inverter protedtion.
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The data shows a correlation between the proportion
of inverter irips and penods when the valtage rises on
the tramsmassion grid and wihen T50-D50 flows increase.
Furthermore, the data provided by one of the two
Py-imverter manufacturers also allowed to estimate the

total amount of disconnected generation”, This amount
i5 highly dependent on the actual number of tnps and
an the tetal time between the discannechion and the
recannsction of the disconnected imverters,

1 Tre= rnehedology ueed, dedcibed in chapler 4.5, i based on seseial @aamplions amsd smadifcalions in e abience of feriien mforme®on, These faglar should

ihesetnn e raken il apiound wihen Igespreting the rsulis
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» Because the voltage dependency of Loads (s
an inherent progerty of power systems, it can
also be linked to a certain extent 1o the load
increase in the distribution grids {and hence
to the changes in T30-050 fows]. Indeed, a
correlation is obsernved between a simplified

1.4.5 System defence plans

The system defence plansin Spain and Portugal were
automatically triggerad by the drop in frequency in the
final stages leading wp 10 the blackout, They were unable
to prevent the system's collapse, despite the fact that
their activation proceeded as designed

The technical analysis af the system defence plan
assesses several areas and factars using models suitable
for analysing the frequency and voltage stability
phenomena, respactively,

The frequency stability analysis includes

# stmulation of a perfectly executed load shed-
ding and hydre-pump plant disconnection;

# the effect of inertia on the frequency variation;
# the role of VDL power reversal made

In particular, the analysis af the impact of inertia indi-
cates that, even with significantly higher inertia values,
the loss of system synchronism swwould not have been
avoided, considering the sequence of events, This canbe
explairted by 1he rapid reduction in synchronising 1orque
in the |berian Peninsula {due 0 cascading generatar
tripping] that led the system to rapidiy reach the point
ofno return.

load model and D50 measurements. However,
detailed models, more comprehensive
data on load composition, and additional
representafive measurements from DS0%
would be needed to accurately model the
behaviouwr of TSO/DE0 interfacing points

Furthermone, analysis shows that the rapid infervention
on the HVYDC interconnection between France amd
Spain aimed at restoring the iherian Penintula’s system
balance could have worsenad system behaviour due 1o
fast transient phenomena,

The second part of the analysis focuses on valtage
stability, &fter the validation of the simulation madel, the
analysis assestes the sensilivity regarding the following
aspects;

o the affect of differant parameteds [ cros-border
exchanges, TS0/050 exclianges, genaration
changes, connecting transmission lines,
connecting/disconnecting shunt reactors} on
violfage variations;

» the rele of voltage requlation from conven-
tinnal generaton;

» the rofe of valtage regulation from additional
synchronous condensers,

# the role of The defence system.

The simulations demanstrated that, at the time of the
incident, the voltage of the Spanish power system
wias sensitive to any varlations - whether related to
exchanges with Portugal, France or Marocog, T30-to-050
flows, or generation- resulfing in significant voltage
fluctuations,
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1.5.5 Managemaont of voltago-ralatod alarms

Grren e numnerous vedage luctuationa Bisl precsded the
Blackoa®, as delaied in Chaplder 2, the Expert Pare] ool dened
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From the tree, it can be seen that the fast voltage increase, which led to the tascade of overvoltage disconnedions in
Spain and ulimately 1o the blackoul, occurred due to the combination of numerous factors, and particularly (the order
im this tist does not reflect any particularranking in terms of criticality).

» two oscillatory episodes occurred in the
hall-hour preceding the blackoul: first, a
[forced) oscillation of 0.63Hz, and second, an
[inter-area) oscillation of 0.2 Hz:

o the reactive power output of several conven-
tional generators reached J-reference Less than
75% of the samples [hourly);

#» The framework for conventional generators’

reactive power output did net include

specifications for dynamic behaviour and thers
Wefe N0 ecanomic consequences if the reactve

- The power system experienced convert-
er-driven instability that interacted with
other generators in tha same area;

power oulpul was not aligned with the 75 % - There was an absence of PSS at some large

rule, units and insufficient damping by the existing
# the RES power plants followed a fixed power ones;
factor;

» A certain proportion of small Py units [ =1 M)
experienced voltage-related disconnections by
activation of inverter protection;

# the design of voltage control of local genera-
tion networks { behind conmecticn point) is ot
aligmed with the system needs;

% there was no limitation on ramging for gener- » Spanish 400 KV grid is operated at 3 wider

voltage range than in other EU countries,

ators with fied power factar, : pi :
o enabled by specific provisions applicable to
# shunt reactors are operated manually, requinng Spain:

decision-making and processing fime,

= geeording to data provided and estimations
performed, many overvoliage disconnection
pratection settings diverged from applicable
requirements aorwere nat aligned with system
needs;

» the system entered an operating point whede,
by design, its defence planwas unable to inter-
rupt the cascade of owervoltage disconnections
and prevent the total collapse of the Spanish
and Portuguese power systems.

Maore explanation on the roof cause tree is provided in
Chapter 4.6,
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1.5 Restoration Process

Followsing the incident, each sffectad TS50 immediately
activated their respective system restoration plans,
implemented in accordance with the applicable require-
ments, as well a5 any other relevant procedures and
protocols for restoring the electiicity system's voltage.

Power system rastoration in some regions of the Portu-
guese and Spanish wystems was facilitated, among other
measures, by activating power system resources, such
as black-start processes in certain power plants, and by
leveraging exisling interconnections with France and
Marocen, as schematically illustrated in Figure 1-14.

§ mresin 1esha oot on aneat wasie
wealedith Iop-down restartion
‘o Franoe ard Mamoos:

& AP A

o [esieinanes

@ Soulhem area

@ Failed urseroes dul dar blards

Faled dilareds were re-eregived top-down
e a righbaur rana whas pesiible

= L5 '
oy LT e

Fhgase 1-Lh: Mappinsg of the main mélestones of the restoration prooess i Spaks asd Pertugal
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In Figure 1-1&, the green and blue circles represent
islands energised *bottom-up” from black-start
facilities [zome affer mulliple attempts] and eventually
synchronised with a "fop-down" re-energised part of
the grid [arrows in magenta, green or light blue). The
magenta circles indicate islands where bottom-up
restoration failed. These areas were re-energised Llater
from one of the "fop-down” re-energised grids, from
gither France [L-400 %V Argia—Hernani energised at
12:43 and L-400 kY Baixas—Nic enargised at 13:35) or
MDnCCo,

At 15:04, the interconnection between Spain and
Marooco was energised, buf symchronisation had to be
repeated at 14:34% after tripping a1 15:27.

At 1507, all Spanish nuclear power plants confirmed
theal theiy had extarnal supply for thedr auxiliany services.

At 18:34, the L-220 kY aldeadavila—Pocinhao 1 inter-
connectar between Spain and Porfugal was energised,
and the Porfuguese transmissian arid received voltage
with continental ireguendy again, In the meantime, twa
black-start [slands could be Builf wp in Porfugal.

Bt 19232, by switching on the 1-400 kv almaraz—, kodrigo
line, the southern zone caonnected with the Moroccan
system could be synchronised with the northern rane
connected to CE 54,

At 00:22 and around 04,00 an 29 April 2025, the trans-
mission gqrid restoration was completed in Partugal and
Spain, raspectively. Tharefore, thanks to comprehanshe
restoration procedures, fallback strategies, and the full
commitment of cperators from 150, D505, producers
and other parties, the Spanish system was fully restored
within 1& hours, while the Portuguese system was back
online within 12 hours after the blackouwt

MNevertheless, the Expert Panel identified several
izzues that impacted the restoration procass, including
difficulties in starting black-start units or maintaining
stable islands, problems with the voice communication
systems of several DE0s and significant grid wsers,
and insufficient obzervabllity of facilities involved in
bottom-up restoration scenarios of distribution grids.
Chapter 2 of the report includes several recommenda-
tions to address these issues.

More details an the restoration process are described in
Chapter 5.
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1.6 Operational Planning

Thie rasults of the variows tasks perfarmead by the RCCs
before the incident indicate thatthe grid was caonsidered
secure and no major issues were detected inthe affected
area during the operational planning phase, The
pulage planning coordination [OPC) task conducted by
SEleMe CC and Coreso to assess outage incompatibilities
for transmission elements revealed na violations of
W-1 criteria (o flow congestions and no voltage out of
range] tar the [Berian Peninsula ransmitsion neteork.

1.7
and Between TS0s

Dureng and after the blackout, communication between
T50% and synchranous area monitors [Swissgrid and
Amprion) supported crisis manmagement and restara-
tion coordination, Exchanges via direct calls, ENTA0-E
Awareness system [(EAS) notifications, and email
enabled the situational awareness, alignment on
cross-border actions and prigritization of restoration
steps. Key operational measures included adjustments
in cross-border exchanges and HVDC intercannection
modes b support grid stability,

1.8
ICS Methodology

The Incident Classification Scale [IC5]) Methodolegy has
been developed in accordance with Regulation (EC)
Mo 714/2009 of the European Parliament and of the
Council of 13 July 200%, as repealed by the Regulation
[EUY 20197945, and updated to fulfil the objectives
under Article 15[5) of the Commission Requlation {EU)
2017 FL4B5 of 2 Augusl 2017 estaldishing a guideling an
electricity wansmission system operation [30 6L} The IS
methadalogy aims to provide a realistic view of system
stales during incidents, The incident classification criteria
are ranked by priority, with the higheast-pricnty criterion
determining the ingdent scale. The methodology stipu-
lates that every incident classified asscale 2 or 3 must be
imvestigated by an Expert Pangl

Theshart-term adaguacy (5TA) analysis, Lad by Nordic RCC,
confirmed that the avallable production capacity could
meet the expected consumption. The coordinated
security analysis [C34] conducted by Coreso revealed no
significant operational security risks, and the grid was
deemed N-1 secure. The comman grid model (C6M] and
coordinated capacity calculation (CCC) processes did not
reveal any unsafe grid situation,

The RCC analysis conducted befare the incident and the
operational planning procedures applied in Spain are
described infurther detail in Chapler &,

Communication of Synchronous Area Monitors

Unaffected 7305 actively shared information and offered
suppart throughout the incident. The synchronous area
maonitors streamiined information flow, enabling the
affected T50s to foows on urgent operational needs.

Thiz structured, timely communication framework
helped manage the incident and restore system stability
acrass the atfected regians, as described in Turther detail
in Chapter 7.

Classification of the Incident Based on the

On 28 april 2025, the scale 5 of incident severity was
metin spain and Portugal as the result of both loss of
demand in the [berian Peninsula 2nd the tokal absence of
voltage, In France, the highest scale of incident severity
reached was scale 1 - violation of standards on voltage -
due to the high voltage experienced due to the incident.
Consaquantly, the Expeart Panel was astablished based
on the requirements of the applicable legisiation.

Additionally, the incident met the RCC investigation
threshold described in the RCC Post-Dperation and
Post-Disturbances Analysis and Reporting methodalogy.
[his prompted the ACC investigation subgroup to initiate
an RCE investigation. Further explanations can be found
in Chapter 8.
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1.9

The blackout that affected Spain and Portugal on
28 April 2025 was the most sever2 and unprecedentad
incident in the European power system for more than
20 years. The investigation conducted by the Expert
Panel Lo establish the most accurate sequence of events
possible, to understand the root causes of this incident,
and to identify all the factors that contributed to it was
also exceptional imterms of its complexity, scope and the
nature of the events that led 1o the blackout.

This final report of the Expert Panel’s investigation
highlights that ihe blackout is the result of multiple
interacting factors, The incident evalved throvgh
a sequence involving a combination of voltage
fluctuations and oscillatory phenomena, leading
to widespread generation disconnections in Spain,
particularly inverier-based resources, followed by 4
cascade of overvollage disconnections and culminating
inthe toss of synchranism of the Iberian system with the
Continental Europe Synchronogus Area.

Thie ragl cause tree provides a comprenansive piclure
of the causas, their relation and the sequence of vents
Despite the correct activation of the system defence
plans, the nature and magnitude of the tascading
events led to & full collapse of the Spanish and
Portuguese systems within seconds. After the blackouwt,
the restaration process began immediately and was
completed im 12 hours in Portugal and 16 hours in
Spain, thanks 1o comprahensive restoration procedures,
lallback strategies and the full commitment of operators
from Ts0s, D505, producers and other parties.

After analysing all the data at its dispasal, establishing
the sequence of events, and identifying the causes and
other factors that contributed to the incident, the Expert
Panel's wiork has focused primarily on deriving clear,
actionable recommendations 1o reduce the likelihood
of similar events and strengthien the averall security and
resilience of the European grid. The recommend ations
are grouped into two calegories:

[1] those direcly Linked 1o root cavses of the incident,

[if] those ot directly linked to the root causes of the
incident,

In addition, the repart contains several other proposals
identified as *areas for iImprovement” at the end of
rertain chapters,

Conclusions and Recommendations

These proposals are notincludad among the recomimen-
dations, as they do not have a direct or indirect Link 1o
the incident. Mevertheless, they have been identified as
potentially useful for further consideration, The report
also revisits past recommendatians from previous
ICS inwestigations that remain relevant to this event,
highlighting the imporfance of implementation and
long-term follow-up. Inaddition, the Expert Fanel notes
sevaral broader areas where further work by ENTS0-E
and third parties could enhance system secufity.

Finallw, the report contains a list of observations
concerming the applicable reguirements, In ling with
the scope of the investigation and the mandate of the
Expert Fanel, these pbservations donot aim 1o interpret
the applicable legislation or determine liahilities
for non-compliance with legal requirements. These
obsarvations have been included without prejudice o
arvy tnauinies and for follow-up actons carned aut by the
competent national authorities,

Uitimately, the recommendations outlined in this
chapter represent a comprehensive set of measunes
designed to enhance operational robustness, iImprove
crosi-stakehalder information exchange and help
maintain a high level of secunty of supply across the
European power system. &5 such, they aim to ensure
that the lessons learned from this exceptional incident
are duly reflected inthe applicable requirements on both
European and national levels.

The monitoring of the implementation of the recommen-
dations provided in this chapter does not fall within the
mandate of remit of the Expert Panel. Any responsibility
for the consideration, follow-up and implementation of
the recommendations Lies salely with each addressee,

Strengthened coordination among Ta0s, D505, 56U and
other stakeholders is essential to effectively managing
com plex system events Like this one. Sustained efforts
to enhance operational practices and information
sharing will help maintain the security of supply Tor alt
COMSUMETs.

Al recommendations are detailed in Chapter % of the
report,
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2 SYSTEM AND MARKET CONDITIONS
BEFORE THE INCIDENT

During the night spanning from 27 to 28 April, the Iberian power system operated
narmally with voltages in Spain in the range 399 -424k\. This chapter presents the
systerm and market conditions an Monday, 28 April 2025 for the period between
2:00:00 and 12:32:00. For the purpose of this report, itis considered that the incident
started at 1.2:32:00.
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2.1

2.1.1

In this section, all planned oufages with an impact
on neighbouring systems are presented by the T30 as
defined in methodologies for coordinated operations, in
accordance with Commission Reguiation (EU] 20171485
[see Section 2.8.1 for the detailed list af RTE, BE, and REN
oulages).

Information on Topology

Planned and Unplanned Outages

There were no unplanned outages with an impact an
nefghbours’ systems an either RE, REN, or RTE's grid.
Therefore, the figure below presents the location
of planmed outages with an impact on neighbours’
systeme. Planned outages withaut an impact an neigh-
bowuring systems are Listed in Tables 2-9, 2-10 and 2-11
insection 2.8.1

=l Hage— = =P § = B
T LAE TS e S i
i
o = i T
T = g o el
Figwie 2-1: Locaban of planned unmeailable elements with an impea on reighbounng syabms
Mote: The figure shiows [in blue colowr) all transmission
elements with an impact on neighbouring sysiems that
were in planred maintenance on 28 April between
12:00 and 13:00.
A
e
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From the planned outages with an impact on neighbouring systems, two notable border tie lines
were out of service:

o Brovales—Aalgueva 00 kv The Erovales—algueva 400 kY (5pain—Paorugal] tie fine
[ Spain—Portugal border] was put into service on 29 Apnil, following the interrup-

» Biescas—Pragneres 220kY ticn of this outage, initially planned to terminate on
(Franca—Spain border) 3 May.

Table 2-1 below provides a list of works and manoewwres from RE befween 9:00 and 12:32,

HOGE ELEMENT 20N COMMENTS

1530 | SE 220 K SERRALLO '

0¥3 SE 220KISTA. ELVIRA

D¥:1 | SE 220U ACECA pos PRADILLDS

w21 §E 220 ki TORRELLANG

OES | SEADDKUADEADAVIA 18P

0%-57 SE A0 U ERLISITA

0552 | 1-220 PRADO SANTD DOMINGD-VILLIVICIDSA

o552 SE 220KUVILLAYICIOSA pos ACI e

053 | SEAD0 KU GUILLENA: L/ COULECTOR 1

Lt SEAUCRVPALDS A-2and M2

1115 | L- 220 KW VILLARHCIOSA - LULERD - LEGANES

1138 SE 220K &ECA: 522-1 Switeh

118 SE J20KUSS, REVES: L/ PS, FERNANDD split with L/ | cenmen Topological manoeure 2t 1 REVES 22044 1o swsid mverioad oa
ALCIBENDAS 1220 k¥ LOECHIES — S, FERNARDA post cantinq ercy at £C-400 kY

ALMARAZ -, RODRIGO/ALDEATENILA - ARKALIELD

Table 23 List of weorks and opologice marceuvess from RE

Throughout this document, the following geographic zones are defined:

w South: Andalucia {excepl Almeria) and Extremadura

» Cenire: Madrid and Castilla—La Mancha [ except Albacete]

w East: Comunidad Yalendana, Murcia, Albacete, and Slmeria
o Morth: Pais Vasoo, Navarra, La Rioja, and Aragon

o Moarth East: Cataluha

% Morth West: Galicia, Aslurias, and Cantabria y Castilla Ledn
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2.1.2

Topological actions for voltage control

This section Lists all manual topological actions taken for voltage control by 15305 (see sedtion 2.8.2 forthe detailed list
of open lines and RE zonal SCA0A Images at 12:25], The situation from 9:00to 12; 32 is depicied in Figure 2-2;

F

= = , i
i Ly - —
3 i S .- =
E = il T - T ey LT
[ A i 1 ol
REE I~ i R T
i = P o - :

o
) ~00ku shurt feactoe
O 220k shumt raactor
B0 KV LbRiE(Toe L0 E
w720 KV Line, Tie line

Figase 2-2: Ferian scenaiio: Dpen lines znd feactances in Portugal andin Spain from 200 unlil 12:32

Far context, shunt reactors and lines are connected
or disconnected manually based on decisions of the
operatars in the RE and REM control rooms. Connecting
lines decreases system impedance, This aclion increases
damping, and cn the other hand increases the reactive
power production in the system and hence increases
voltage. Disconnecting lines has the opposite effect.
Connecting shunt reactors increases reactive power
consumplion in the system and thus decreases vollage.
Disconnecting shunt reacion has the oppasite effect.

Additicnally, in the table below a list of manoeuies
from Red Eléctrica before 12:32 is provided. For every
manoeuvre, or group of manoeuvres, that it is done in
the controd room, the decision to perfarm the manoeuvre
i< taken either based on the experience of the operator
or based on a skatic power flow simulation performed
right before, to check the expected impact of the action
onvolages and loads of elements
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L sl | | v pone
-0 unE 1400 ¥ ALMARAZ— AN SERUAN 1 SINTTCH W SOUTH
002 HUNT REACTOR VALDECARALLERDS 400 REA2 | SWTTCH DFF SOUTH
[1}3arF] S4UNT REALTOR ANCHUELOREN 1 SWITCH 08F [EXTRE

e IINE REACTOR MINGLANILLA 400 REA L SWeTTEH 0eF
054 HUNE REALTOR LFIORAL 400 REA 1 WTTEH DBF

o2 InE L-h00 kY BRAZATCIRTAS - MANZANARES 1 | IWITCH O CENTRE
013 N L-220 k¥ GURAEA - VILLANUEVA 1 SWTTEH o RORTH

vt une L-400 KV SALLENTE - CALDERS IITCH O WORTHERST
013 HUNT REACTOR RUEDA 00 REAZ SWITCH DFF
b5-14 SHUNT REALIOR BELINCHOR 400 BER 1 { CWITZH 0SF ;

[y FHLUNT REALTOR - VITORIA GO0 BEAZ FWITTH DN MOETH
0525 SHUNT REALTOH Elm’ﬁh;]ﬁ_ﬁi_li SNITCH DRF SOUTH

e NI REACTOR DAODRIGO 400 REAL SWITCH O6F WUTH
o5-24% SHUNT READIOR ARRRUELD %00 BER 1 | SWITCH 08F ADLTH
0= LUNT REACTTR HEEMVENIDR ADK RER L SWITCH 6T SOLITH
v . SHUNT REACTOR | MORALEIA &DD REAL | SWITCH OFF CENTRE
05l SHUNT REALTDR B, ORI0L S0 RES S SWITCH 0FF SOUTH
0932 HINT REACTOR MORALEI 220 REA 12 | STTCH D6 CENTRE
0554 SHUNT REALTOR ALMARKT 00 REK 3 SINITEH 08F EDOLITH
04 HUNTREACTOR VALDECABALLERTS 406 REA T SWITCH DFF SOUTH

e HUNE RLALIOR IROVAIESDOREA] WITEH 06 o
0949 UNT REACTOR | EALMARAZ 220 REA 1 SWITCH O6F ST
pE52 DHUNE READTOR MAGALLGH 400 AEA S DWITEH 0¢F ROETH
054 U L4000 K ALMARAZ - MORATA 2 | SHITCH 0 CENTRE

R ung L-400 KV BROVALES- 54N SERVAN | | SWITCH DFF SOUTH
Team LIUINT REACTTR GLILLERS 408 REA 2 | SWTCH 06T SOUTH
1606 SHINT REACTIR CARRA 400 REA | PITCH DFF SOUTH

_1tﬂ (1] 1-5&00 k¥ ARCDS - 0. RODRIGA 2 | ONTICH D8 SOUTH
1018 SHUN? REACTOR 3. ORHIL 220 REA 1 SWITEH OFF SOUTH
1819 SHUNT REALTOR MIEALER 220 REX]S | SWTICH 0EF CENTRE
i SHUNT REALTDR OUMEDILLA 400 KBS 1 SWITCH DEF
1gc22 DUNT REALIOR 'JII:L:WIEII]EH. PPORERZ DNTTEH DEF (ENTRL

e SHUNT REACTOR AOICAMORA 400 REA 1 SHTTCH OFF
R ure | L-220 KWACHCA-PICON L CENTRE
WeR SHUINT REALTOR MAGALLON 420 REA L STTCH 06T RORTH
182 SHUN? REACTOR PINILLA 500 REA ) SWTTCH DFF A
%82 | GuNIREACTOR 0% REVES 400 AEAT | owite oeF (ENTRE
1483 une L-&D0 k¥ BROVALES-GLLLENA 1 | STTEH oW SOUTH
1888 WD K20 KV STA LLOGALG—BADCAS | RAISE THE SETPOINT T0 413KV | o E
1435 Uk L-400 k¥ GLADAME ~WALECABALLERTS | SWITCH oW 0T
1859 SHUNT REALTOR m ADOIEA S - CNTTEH oA ROETH
1ical SHUNT REACTOR GLIADAME &00 REA 2 ITCH 0 SOUTH
144 HUNE REACTOR MNILLA K00 REA 1 SWTTCH O
1Eca0 SHUNTREALTOR MIRALEWN 22N REA LS FWITCH Dl ENTRE
pliat HVCE T30 KU STA LI0GAE-EAmAs | AEDUCETHE SETROINT T0 409 kY SETRNINT
lecks SHUME REACTOR RUEDA 400 REA 2 SWTTCH N RORTH

A
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hoat | et | e | Maenean

Lichd {OKDEMSER ]ﬂln.EEI]E[HI:II:HI UNTTTH 06F

1445 HUNT REACTOR | VALDECARALLERDS 400 REA2 | SwrcH oW

1ec50 nﬂl.lﬂﬂm CABRA 400 REG 1 |5-1TEHH

1840 SHUNT REACTOR &ﬁﬂéﬁllﬁﬁéﬁl | SWTTEH 08

18l mmwsum REDUCE I'I'[EEEI'F'DHT'I'D Gild ey !ﬂ;iﬂ

pTe | saluNT REALTOR | URLDECABALLERDS 400 REA 2 | SWITCH 0eF

ey SHUNT REACTOR | CENTMENAT O RER D SWTTCH OFF

1059 | HNDE 320 W STA LLOGUA-BANAS | RASSE THE SETPOINT 10 410k | sEmom

110 HUNT REALTOR | Guapans sonreaz SITEH D

1101 SHUNT REALIOR | CHBRS& SO0 REA L | SWITCH 0#F

e SHUN? REACTOR | LA SERNA 400 RERZ SWITEH 08

_ii:H 1]"3 L-i-ﬂﬂk]'[ﬂ.!ﬂﬂ..l.-ﬂ._—;[;ﬁ-l | SNTTTH DM

143 . GUNT REACTOR BEGUES 400 HEA L SWITEH 06F

1105 SHUNT READIOR REQUERA 400 REAT | SWITCH 08F

wn s womas s

1 SUNT REACTOR | GUADEME 220REAS | SWATCH 06T

1104 SHUNA REACTOR | Escarnom 220 ea | swrchosT

11 TN REATOR | MORMEMZZORERIZ | STTCH D6

1144 suMIMEAON 000 | PALDSZZOREAT | owtien o6

1100 HUNTREACTOR | RUEDA 400 REAZ | SWITCH DFF

114 | otz Reacion MALALS 400 RER1 W e st
um UNT REACTOR MAGALLON Q0 NEA 2 | SWTTCH 06F ROETH
11:07 | SHUNZ REACTOR | RUBI 400 RERY | SWiTCH O6F NOMMEAST
107 UnE | L4000 kY ABUAYD - KBANTD | SWITEH 0 _
11:07 unE | LS00 KV GUADAME -(ABRA 1 | SWITCH O SOUTH
1134 11 [ L4400 KV PIRGR - T80 | SWTCH oM SOUTH
128 HVOC 52049 STA, LLOGAUA-BADUS | RATSE THE SETPOINT 10 413 kY SETPOINT ;
_lii SHUNT REALIDR FINILLA 00 REX] | ONTICH 8F

ptE" e L-+00 k¥ MONTEARENAS—MUDGRRA 2 SITEH O

11:10 SHUNT REALTOR CABRA 400 RER L ADLTH
10:00 SHUNT REALTDR GUADRME 220 REAL SDUTH
1501 | IV 20 K0 STA. LLOGALA-BADAS 'i REDUCE THE SETPOINT 10 40% kY

FTE SHUNT REACTIR LA SERNA 400 REA 2

- s

1114 HVOC 520 0 STA, LLOGAA-BADAS | REDUCE THE SETPOINT 7D 405 kY

o uE L-400 KV ARCOS-CABRR.

1148 ST REACTOR ] AUDILODBEA]

120 | une | 1600 k¥ PIERDLA-VANDELLOS

1532 SHUNT REALIOR | ELUARA 230 REAE

-li_'ﬂ SHUNT REALTOR -I:EF-IFI-I'I_E-E':-' AL

1143 BIINE ALACTOR ESCATRON 220 AEA L

114 SHUNT REACTOR. | SENTMENAT SD0REA1

11547 HUNE REACTOR GURDAME ADUREA 2

1147 SHUNT REACTOR MIKGLANILLA SCOREA ]

11:48 SHUNT REACTOR | RUEDAS00 RERZ

1148 | HVDC 320 1 STA OGNS -BAAS | REDUCETHE SETPDINTTO 401 kY
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HoQE FLEMENT | mans | MavENENT
11:48 SHUNT REACTOR EALMARAZ 220 REA] SNTTEH 0
1148 SHLUINT REALTIR MORALE 220 REA12 | swoH oM
1350 S4UNT REALTOR PALLE Z0 REAS SWITCH oM
ETET VD 320 kW STA LLOGAIA-BADUAS. | RASSE THE SETPOINT T0 ALE kY SETROINT
1159 HUNE IEﬂ'ﬂ:ﬂ GUADRME 800 REA 2 LWTTEH H-F
-!:Z_i.l BUNT FI-E-EIIJFI I':.ﬁlHHHP.E-':r'.:.::"J fEal | DWITCH DeF
10 N L-220 KV CPLATA- VILLAVERTE BA10 2 SWTTCH o
10 SHUNT REACTON VILLAVICIOSA DO REAL SITCH 09
1204 SHUNT REACTOR GLIALAME 220 REAS SWITEH DFF
1205 HVEE T2 BV STA. LLOGALS - BAIAS RATSE THE SETPOHET 10 412 KW { CETR0IKT
1205 SHUNT REACTIR RUEDA 400 &4 2 SINTTEH DEF
107 1]"3 L-500 k' GRAIDTA-VILLARING 2 SNTTTH DM
uw I L0 kY . CLIZMAN- GLILLENA 1 SWITCH 0
1207 (1], 1=500 k¥ PRLMAR - [ARAIL | SWITTH ey
EE LUNT REACTTR ARRGON 400 2ES 1 SWITCH 6T
18 |7 . L-400 KV LA ROBLA- MUDARRA | SWTEH oW
1208 e L4000 kN PALMAR - ROCAMORA 2 STTEH 0
1215 une L-400 k¥ MORATA- YILUAWKIOSA | STCH O
1217 SHUNT REALTOR CRBES 00 REA ] SWITCH 0#F
1221 SHUNTREALTOR PENAFLOR 400 REA 1 TWTTCH DFF
-:I-..E_ZI. unt - Lli.-a'-ﬂﬂmﬂﬂ.l—ﬂlm'.ﬂl IH_TIHH
12 kg L-A00 kN PINILLA - ROCAMORA | SWITEH 0
13 DHUNE READTOR PRILER 230 READ DWITEH 0¢F OUTH
1324 SHUNT REALIDR MORATE 450 HEA & SWITCH 0sF ENTRE
125 N L4400 kV GUADAME - CABRA 3 SIWTTEH DM SOUTH
1225 U L-400 KV TOR DESILLAS - GALAPAGAR SWTTCH O (ENTRE
1726 HUNT REALTR VITORIA &0 REA 2 PHIICH D WORTH
1237 SHUNT REALIDR PEREFLOR 400 RELL | ONTICH D8
1227 SHUNT REACTOR GUALWME 220 REA S SWITCH 0%
Tt-ﬂ SHUNT REALTOR GLUADEME &00 REA 2 CNTTEH oM
124 SHUNT REALTDR MCERALG 450 HEA & SWTTCH O
152 ITWTR] 520 kW STAL LLOGALS - BADGS RECUCE THE SETPOINT F0 4 ky [ TADINT

Table 2-2 List of waorks ared manceuvees from RE forsobiane contral
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Tahle 2-2 provides a list of topological actions - shown in Figure 2-2 - taken for wolfage coatrol by BEN;

[e=—=__________—Hs ;... a——————,. |
Slaut Saka an lime

Elrmen| fypr Swrthod-off elemen nane
Lite Fanhoid-Feqoem 400

Lima Padui i~ 1awira D0

Lise Fereetia o Blents o - Fatoiis 03
Shiind Reacior R0 -5, Feora LB Myar

Shund Reaclor 31 -5 Castelo Brantn 79 Myar
Shiuind Reacior AR5, Portimad 180Mw
Shumd Rearcinr ESi =5 Pediziva TED Myar
Shunt Reacior - PR -5 Paramn 120 M
Shued Reacior - FSE-5. Armamar TR0 M
Shunt Reacioi FiE -4, Fanhies LE0 Mvar
Shusd Reacion Fi2-5. Palmele LB My

Table 2-3: List of maniml fopadageal achions tzken for voltage mniad by REN

2.1.3 Grid Topology Snapshots at 12:00:00 and 12:32:00

The following two figures provide a view of the grid
topolagy in Spain at the time instants of 12:00:00 {Figure
-3 and 12:32:00 [Fiqure 2-4]. The Rgure shaws all the
lirves that are connected in that time instance.
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The lines that are disconnected (either due to planned
maintenance ar due to voltage cantrol] are shown an

Ened date and fime
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2R #3533
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Figae 2-3: Grid topaiogy in Spain at 1200080
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FRgate 2-4; Grid poeeaacsdy in S0ain at 12320

2.1.5

The purpose of demand and generation forecasts is
to provide the maost aocurate information possible to
support essential security analvses - such as adequacy
ass@ssments and N-1 contimgency evaluations - and
ensure the secure pperation of 1he power system

Affected TS0s publish rensywable ganeration and elec
tricity demand forecasts, both are carried out in-house,
incorparating external weather forecasts. In the case
of renewable generation, RE further enhances internal
farecasting models with data provided by external
suppliers,

Concerning the STA process, forecasts on demand, avail-
able generation, and all necessary inputs are provided
each O-1 foradequacy analysis. in order o ensure cormed
dalivery, they are sent at 3:00 and again at 8:00. Mare-
over, a manualcheck of the correct deliveny is performed
daily. Concarning the farecasts far the STA procecs, a ima
lag - as mantionad in chapter 5 - was defected in the
files sent to 5TA, starting from the date of the hour shift
from CET fo CEST {30 March)

Demand and Generation Forecasts

This bug was detected at the beginning of April and was
correcied in May, It only affected STA forecast input files
and had no operational impact related fo the real-time
incident of 28 april

Concarning M- L contingsncoy svaluations, the time lag
had no impact an 28 April.

Thie fallowding figures show forecasts estimated by 1505
two days in advance, one day in advance, and the latest
available onthe same day at 10:00, 11:00, amd 12:00:

1] Demand forecast, estimated as geperation
minus pumping, minws exchangeswith
other systems

@ 21 Wind forecast
» 3] PViorecast
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2.1.4.1 Spanish Demand Forecast

Demand forecast is generated by combining several  as exogenous variables, along with real-time demand
proprietary models developed by RE, which use temper-  data.
ature, solar radiation, and labour days demand patterns

25,000

270

00

500 - )
2400 - n
25,000 ' \—
a1 | (i

-~ B B RN N DL RIRRE AR
A0 I i | 1 18] &

o0 1h -1 Lt 1x:0n 12E% fLise]]] I L1 1515 L 1L&s FEHII 1S

W Aeal gnergy |MW| W Feserast 067 W) B Fererasd 040 MW B ForecasiB:00 [MW] B Fospcast 00 ()
= Forecant 100D | M| W Faeecas] 11-00] M)

Figase 2-5: Spanich demand ferecast

2.1.4.2 Partuguese Demand Forecast

F ]

15,000

500 - i
a0 - - ]
300 - 1
£l - [
i : ‘ 1

wibn 15 W30 L h ] FLHHI] 1&Ls 1o 1045 11703 11:15 13 1145 1200 1E1E

W Real energy [Mi| B Faenlasi -7 W] B Farecasd 00 D HW] B ForecasiBiD0 [MW] B Fosecasd 9:00 [MW]
B Forecant DOCOD [MW] 1 Foeecast 1100 { W]

Figae 2-6: Porluguess demand fewecast
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2.1.4.3 SpanishWind Farecast

The renewable generation potendial forecast - defined
a5 the maximum expected renewable generation based
on weaather conditions - produced by BE combines its
proprietary forecasting models with data from various
external providers. For wind generation, forecasting
maodels use wind speed and direction at a height of
100 meires as exogenous variables,

Subsequently, RE refines the abovementioned forecast
by applying constraints such as the unavailability of
renewrabie instailations and netesosk Limitations, which
help approximate the potential forecast to the expected
actual production. Finally, the forecast is adjusted for the
initial time horzons using real-fime renewable genera-
tion data received wia telemetry by RE,

5,0
TY- | —

4000 — |

900 15 w30 L 1o 1815 3o

m fieal enegy (M|
W Faresad 1000 [Mw)

Figase 2-7: Spanesh wind lorecast

B Fgeerasd D2 [MW]
W Faepgasd 1100 W]

RE corrects these forecasts in thelr initial horzons using
the fatest actual production value recelved. At 08:00,
production increased unexpectedly, prompting an

2.1.4.4 Portuguese Wind Forecast

® Terecast 040 (MW

1045 1174 11715 11:33 1145 12 el

B Forecasiiong (MW i Forecast 9:00 |MW]

upward correction of the forecast, However, at 09:00,
production dropped again, whereby the upward correc-

tion made at 0800 resufted in an errar

]

2,500 F

W fizal enoigy [MW] W Faancand O-2 [MW]

00 15 w30 P45 lxan 1225 JLig ]

B Farerasd 0-1 5 M)

1045 1120¢ 1115 IL:# 11:&5 o0 1S

W Forccasi8:00 [MW] W Forocasd 9:00 [P]
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2. 145 Spanish PV Forecast

The aforementioned renewable generation potential forecast alse applies to photoveltaic (PY] generation, in this
rase, madels incorporate global radiation, cloud cover, and temperature.

0 w15 +50 TS 13:00 1815 1430 LIS 11:1md 11:15 Hi 1145 12:00 1%

W Beal enengy |M#| W Fesecaad O-2 | MW B Forecasd D-L0HW] B Fooecasd B:00 M) 8 Forecssd 9:00 M)
W Foreraad 10C00 M| W Focecasd 1100 ] HW]

Figeee 2-0: Spamish P horesas] | PV invlaliabions « 1 MW nol consdensd |

2.1.4.6 Portuguese PV Forecast

w00 W15 30 Wk 100 k5 1430 1IC&% 1130 11:15 113 1L:E5 FENL ] 115

W Real energy [PR| W Fodecasi -2 [MW] W Fgrecas 0-1 [HW] W ForecasiBion |Pw| 8 Fogecadd 9:00 |Mw)
B Faredai110:00 (W] W Fosecas] 1000 [ Hw)

Figesie 2-10: Portuguese Py Radecast
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2.2 Market Conditions

2.2.1

After the day-ahead markel, the prices for delivery
before 9:00 setiled at low values in Spain and Portugal,
in comparisan io France, &fter 9:00, the prices dropped (o
near O MWH in the RE price zone,

Day Ahead Prices

2.5
2.3.1 Load Patterns
2.53.1.1 SpanishTotal Load

Fequre 2-12 below shows the evolution of the total load
on the Spanish netwsork from 9:00 (0 12:32 on 28 April, a5
well as the tofal load on a similar day (24 April). The 1otal
load is calculated as the sum of the cutput of all gener-
ation unils With a capacity greater than 1MW connacted
to the transmission or distribution netwerk, adjusted for
net eledricity exchanges with the neighbouring T50s,

A

Dy Ahsad pracss (1MWh]
1hg

E B B
..--"'";

; L

[on Lan | an bsnland si| en| v | an | on | 1an] sl azal

Fradee — Portugal — Spam ——

Figuee 211 Day-ahead pices

Active Power Flows Before the Incident

Hence, it does not include the demand direcily supplied
by smaller generation units connacted o the distribution
network, Effectively, if small generation units disconnect,
the total lnad as defined here will increase.
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Figmee 2-12: Total boad in Spain on 26 and 28 Aprl bebwaen w00 and 12:32

This figure shows that three significant temporary total
load increases accurred on 28 April But nat on 24 April,
namely fram 11:07 to 1110, from 12:07 to 12:15, and
from 12:25 10 12:29. There is no distinguishabie diredt
cause explaining these patierns, although it cam be
nhserved that these three increases in [nad oocurred
after three oscillations that took place at 11:06, betiwveen
12:05 angd 12:06, and between 12:19 and 12:22, respec-
tively, as described in defails in Seclion 2.5.6.

Figure 2-13 shows the power flows between trans-
mission and distribution networks aggregated across
continemtal Spain on the same days (24 and 28 April],
Itis caleulated as the sum ol the adctive power of all
transformers 400,132 kW and lower and 2200132 kY and
lovwer connected to the distribution,

FS Transmissian-Distrihution &{TVE Powsr Ao

14,005
(R4 1H]
L'
E 1za00
11440
10,000
L] nam TOniE 3o

®24th apri
& X5 Apra
s T
1100 T30 T OH 1230

Figee 2-13: Spanish peninmia's raesmission-disinbuton fioes on 24 and 28 Apol betwesn 3000 and 12:32 (Source: RE SCADI)

The patterns absemned in the previous graphs are also
wigible in this figure, possibly Indicating that the total
load increases are due 1o temporary disconmedctions of
small generation units {=1 MW] connectsd to the distri-
bt on nebaworks.

Chapter 4.5 provides a more detailed analysis of the
TE0-050 flowes and disconnection of small PV units
conmected to low voltage grids.

As areqglonal example, Flgure 2-14 presents the power
flaw in the Madrid area.
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Figae 2-L4: Madid's tansresion-dsteibution Moves on 24 and 28 Kpril befviesn 9:00 and 12232 |Source: RE SCADA)

Al the substation level, the active poveer flow throwgh wo ransformers in parallel 2207132 kv at "T5 1-Madnd”
[lcated in Madrid)is shown in Figune 2-15 below a5 anexample, comparad 10 the <ame pefiod on Tharsday, 2% April.

Byoitage 255h Apel BUnRLos JEth Agull ® Fow 2E8Th Ao ®Fow 28t &pil
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Figae 2-15: VoHage and hotive power thiough B two 2200132 K tansformers 3t °T5 1-Madrkd” bebaeen 9:00 and 12:32

£
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2.3.1.2 Portuguese Load

Concerning the Poruguese system, Figure 2-16 provides Mo unusual behaviour regarding Porfuguese demand at
a pom parison of the demand with a simitar day (24 april].  the tramsmission network was observed on 28 April prior
to the incident.

=
$ 5000
4,500
i
3,500
(T Ot O SO 1T T 15T 1L SO V1T D VS 1 1 | O 2 T v LR P55
time (LT
— PTioad-BhApil == PTload-28ApE  ree- Linear{Plcad - M Apil) oo Liestar {PT Load - 28 Apil)

Figate - Lh: Compar o of Porfuguese demand malution an 28 Apnil compared .24 Apnil Balveees 9200 and 1250 {Seweis: REN' tnal-lime SCAQA mussurements|

2.3.2 Production Patterns

2.3.2.1 Spanish Generation Mix
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Figaee 2-17: Spanish generation mix on 28 Aprd nom 2003 1o 12:30 (Peiastallations < EMW notconsidered]
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28 April wias a typical spring day in Spain, with mild  This behaviour of remewahble energies is characteristic of
temperatures and sunshine. According to Figure 2-18,  this time of year, where favourable weather maintains
the system's solar photovoltaic generation wias similarto consistent solar energy production, while wind gener-
previous days, while wind generation was more variable  ation can fluctuate due to changes inwind speed and

but within the ranges observed in previous days, direction,
MW
25,000 RN ]
h T L I i aas nane
20,040 ' A . E f
N izaks
15840 l 1 , |'
I Il.hhl |
A ’

Y

N RPN

!. .l',\&f’:"s’ﬁ I|,_| | ILJ\"‘T-} | |I|'1"'II| "

pET ] 1&Apdil 21 agii & Apii 2 ApiL 24 april

=

10,630

= il = Solar = SolarFy-Wind

Hpue?. -18: Em'F'I.'nnmd pmdmrﬂun mﬂmm'u mellsui-pan pnu{tu Iha- nmientiFl.' mdﬂnmrlﬂwnut :rmuem:li

2.3.2.2 Portuguese Generation Mix

Porluguese gesecslion mix on 2685 Agvil

PN

TS 10dn IR L] L1030 LIA5 i1 11115 11:39 1LkS L2:0n 1215 1X3D

mOGE W EEierediis @ Buf-of-lBe-iwei W Wind o Dthes répewables @ Solai @ Impoid

Figaee 2-19; Foriuguee geneiation mix on &4 Bpeil from 9:50 o 1230

In Partugal, the temperature and wind speed were  Wind generation increased in the preceding days dus
relatively modarate on 28 April, withi littile cdoud cover  to pericds of higher wind speeds, causing slightly mare
and no precipitation obsenved. According to Figune 2-20,  variability in this fype of generation, Howewer, these
the photovoltaic generation of the Poriuguese system  fluctuations remained within the typical range for this
remained stable and showed minimal vanation during  time of year,

the days leading up to 28 April.

Wi

-\.hq::l
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2.3.3 Cross-Border Flows

Figure 2-21 shiows physical Tlowes through the Spain's Furthermaore, the load curve is presented for reference.
interconnections with France, Porfugal, and Morocce  The source (5 Red ElEcinica SCADS with a four-second
frizm 906 fe 1.2:52, a5 well a5 the total amount, resalutian,

RES o R @ ES-a T =S o b sl [P} & E5 Lol
50

W EIE

1008

L " nex 1B

Ospillation Osclllation
11:08 12:03-12:06

Figase 2-21: Spanish lad and physicl Sews Through B5—FR, E5—PT, a0 £5- MA between 9:00 and 12:32 |source: RESCADA]
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Figure 2-21 above shows the behaviour of the total load
and the exchanges across the three Spanish borders, as
well as the sum of these exchanges. Coinciding with
the total Ioad increases described above, a reduction
of approximately 1,000 ¥W in the exchange through
interconnections is abserved during the pericd betwean
11:07 and 11:10, declining from 4,800 MW exparting
to 5,800 MW exporting [approximate values), and the
deviation continued for several minutes, This defay can
be explained by the carrection value of the International
&rid Control Cooperation [1GCC), a real-time process
of imbalance retting between 7505 that aims to avoid
simultanenus actrvation of automatic frequency restora-
tian reserves {aFRR) in opposite directions, This process
corrects the input of the invelved frequency restoration
processes accordingly. It can be seen as a transfer af
imbalance between 1505 when they are in opposite sign
[upresardsdovemwarnd direction).

The IGCC flow during this period increases up to the
maximum value of 1,000 MW (the available cross-border
capacity limit),

The same behaviour is also ohserved just after the two
subsequent total load increases desonbed above. At
12:07, the value of the export programme with France
is 2,000 MW, while the actual exchange with France
is around 1 500 MW (see figures in Section £.4.4], At
12:10, the programme does nol change, and the value
of the export exchange with France (s around 870 MW,
Including the interconnections with Portugal and
Morocoo, this means that the peninsular system reduces
its exparts by 400 MW (from 4,600 1o 4,000 M&).

ALLZ: 24 the value of the export programme with France
is 1,000MW, while the actual exchange with France is
Bé6 MW, At 12;28, the programme does notchange, and
the value of the export exchange with France is 190 MW
[see Figure 2-23}. Including the interconnections with
Portugal and Morocoa, this means that the peninsular
systerm reduces its exports by 513 MWL

Figure 2-22 below focuses on the window from 12:00
toi2:32.
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Figae 2-22: Phissal Sows through E5— FR, E5-PT, and E5-MA bebween 1200 and 1232 {sournce: BE SCADA)
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2.3.4 Scheduled Commercial Exchanges

The cross-border programs are implemented with 10-minute ramps [starting 5 minutes before and ending & minutes
after the start of the 15 minutes period), except when an ungent measure i required, such as in the case of a counter-
trading fof security reasons.
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Figeee 2-23: Commeniial schedule and physicat Now theough the ES-FR bomder {soune: RE SCRI)
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Figuer 2-24: Commens3l schedule and physicat flow Sheough the E5=PT Border |source; RE SLADA)
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Figase 2-25a Cosmmential schidube and physical Tiow throegh the E5- MA boides (souite: RE SCAD|

Figure 2-25b shows the aFRR demand in Spain thraughout the timeframe.
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2.4 Inertia

In order to estimate the 1otal inertia of the iberian
Peninsula power system, the following procedure was
applied.

For a system comprising M rotating generators, the total
stored kinetic energy (KE] is:

N
Ek.in= E Hg:misgnn,l

i

Where:

@ His the inertia constant of the i-th generator;

» 515 the rated apparent power of the i-th
generataor

. EJ:’.I ngn,i . ngs + E?I e Silll.ret'te-ls.j

The equivalent inartia constant i$ givan by

N
_ EI' Hgm.i Sg.um
s

H

Inverter-based resources such as batteries, wind, and
photoveltaic systems do not confribute to system inertia.
Thermal solar and certain ather remewable sources have
a nan-zerpinertia constant

With reference to the rated apparent power of inverter-
based resources, itis assumed that their energy contri-
bution is approximalely equal 1o the active power P
imjected into the system. We can assume that the rated
power of stafic generation is approximately equal to the
actual delivered active power.

Under these hypothesis, the equivalent inertia of a
system whare Minverter-based resources are connected
and operating is:

N
E.I' ngn,j o P

h E?r S!?I."—'ﬂ-i +ET5in'renm'sJ

The scientific literature [1] [2] 3] [&] [5] (6] underlines
that the total inertia of the grd must consider the load
contribwtion, namely the effect of rotating machines on
industrial and domestic loads. It is worth underlining
that inertia caleulation i€ allectad by significant uncer-
Lainly, mainly far the Tollowing reacons:

» The equivalent total inerfia is a lineansation of
a process affected by several non-linearities.

» The rated inertia of generatars, turbines,
and other rotating parts is estimated and nal
precisely calculated in several cases,

# Theloads confribution canvary in 3 wide range
depending onthe type of loads, aggregations,
etfr.

N M
Er’ Sgen.l +Ej Sin-.-e-rth

fccodingly, the final value for the tofal inertia will be
expressed as a plausible range, rather than a single
numaoer,

The total systam inartia can thus be expresied as:
Hmr= Heq 5 Hlna-dg

Where the inertial contribution by loads is expressed in
the same reference basis of the system,
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Table 2-4 summarises the main calculated parameters
for each electrical system {Spaln, Portugal, and the total
Iberian Peninsula) immediately prios to the incident at
12:30.

| Poigal | arian Poniuls
KEMMS) | o) | REwe | ()
WS | 210287 | DB | 245295 | NS | 221271

Tahle; -4

The calculztion of inertia for days preceding the incident
will be implemented in the final report.

The following figures focus on the Spanish network and
chow for each day from 1 Jlanuary until 2B Bpril 2025

o the minimum numbear of conventional units
coupled to the network [ =30 MW];

# the mumber of conventional unifs coupled
to the network [=30MW) in the time pericds
10:00-13:00, 11:00-1L2:00 and L2:00-15: 00,

o the total installed power of the connected
conventional units, each time at the howurwith
the towest number of coupled units; and

» the total installed power of the connected
conventional units, in the time periods 10:00 -
11:00, L1:00-12:00 and 1200 -13:00.

Minirreem nember of comventional anBs cou pled sac h day (> I0HW)
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Figae &-26; Minimem number of comwentional wrets = 36 MA | coupded %o the Spanish network each day from 1 Banuary o 28 &geil
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2.5 Oscillations

2.5.1 Stability Main Concepts
Pawer system slability phenomena classification
imvatves different branches:

% Frequency stability

= Woltage stability

# Rotor angle stability

The rise in the number and capacity of inverter-based
resources (1.3, generators, batteries, HYOC links) recently
required the infroduction of iwo new familes of dynamic
pheacmena;

# Resonance stability

w Comserter-driven stability

Figure 2-34* schematically depicts the different classifi-
cations of poweer system stability.

Asubcategary of rotor angle stability is small-disturoance
angle stability, defined as the ability to maintain synchro-
nism under minor disturbances, Small-distuwrbance angle
stability can be further divided into non-oscillatory insta-
bility [a corsequence of a lack of sufficient synchronising
torgue} and oscillatory instability [resulting from 3 lack
of sufficient damping tergue ). Minor disturbance rator
angle stability problems [including ascillatory stability)
tan be either local or global,

POAWER SYSTER S TABILITY

L
Resonanie Coreeier-
stahility driven stabiliy

Robor angle
stabifity

ol i e HEQUeEnty
siahity stakbility

Figase 2-34: Classiicalion of povier system slability

Focusing on the oscillatory stability, we can distinguish between different cases, First, depending on the geographical
and electrical topological scope, oscillations can be categorised into:

# Inter-plant oscillations; In the same power
plant, units osciilate against each aiher.

o Local ascillations: In a power system, a single
generation unit escillates against the rest of the
system.

# Inter-ared oscillations: In @ power system, 3
cluster of gensratian units in ane part af the
systerm oscillates against a cluster of gensratian
units in another pait, covering a wide exten-
sion of the grid.

1 Slabiity definftcen and daractensation of dynesec Setdnd in spalemd seih igh peiebalion of pieser secrone rdedaced lechnokagees, |EEE Prwer amnd

Enesgy S0t Teh Rep. PESTRTY, May 2020
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Yecond, depending an the arigin of osciliatony behaviour, asciliations can be;

@ Forced:® Where the oscillation signal is intro-
duced into the power system by a certain
sopurce, For example, a controller in 3 power
plant might maifunction or be improperly
funed. The frequency of such ascillation will
depend on the driving source. The foreed oscil-
Lation could be also-generated by the interac-
tion between invertar based generators and
canvantional generators/invertar generators,

2.5.2

Inter-area oscillatory stability problems are caused
by the interaction among large groups of generators
and have widespread effects. They invelve oscllations
between a group of generators in one area and & grous
of generatars in ancther area. in general, the frequency
range depends on the system topology and size, The
inter-area oscillations that commonly ocour in the Conti-
nental Europe [CE]} system are charactensed by three
different modes that physically represent the continu ows
conversion of kinetic energy af rotating machines into
patential energy and vice versa. Figure 2-35 shows the

Inter-Area Oscillations

Easi Cepter Wesi mode (021 Hi |

North Soutn maode (0,350 Hz)

» Matural: Whiere the power system is susceptible
to various infrinsic oscillatory modes due toits
characteristics, such as topology, generators
etc. (such as the 0.15 - 0.30 Hz modes in the
Continental Europe grid explained below, ar
01,3 - 0.9 Hz modes in the Nordic grid®). These
gscillation modes are usually sufficiently
dampad and charactersed by iow amplitude
and energy. They are permananity visible inthe
system due to the continuous presence of small
perurbations owing to normal cperational
events [manoewuvres, change of topology, load
or generation change of path, etc )

geographical displacement of modes with an equiva-
lent spring mass mechanical analogy to better explain
the physics of cecillation. The typical range of inter-area
oscitlatory modes in the CE system 50,15 - 0.30Hz2.

It is worth underlining that in a large power system,
additional oscillatory Trequencies are present with
characteristics that are spedific 1o a certain CE system
geographic area and not dominant in the dynamics of
large parts of the system. [onsequently, they are not the
object of the present investigation.

East West mooe (0,15 Mz}

Figase 2-35: Iader-aiea modes representation weth egusabant spiing mass mehanical analogy

From an aperational perspective, osollatory instability
is detected when the main system variables (frequeancy,
woltages, angle differences, etc.] exceed a limit ampli-
tude jointly with a weak damping for a minimum refer-
ence ime window.

& EEE PESPERIPPES Tk Fone on iered Js0ikancns

3 IR i, RN diened], comy SCiR NER arigle i SO TET FRETSOR FE DS
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As mentioned above, intrinsic oscillation modes are
always active in the grids, bt stable in terms of ampli-
tude and damging. Regarding the inter-area oscllatory
stability of the CE 34, worldwide technical literature
and continupus monitoring and studies performed by
ERTS0-E ewperis have identited the following lactors as
impartant:

» High power flows between two areas of the
system from the peripheral parts of the systerm
directed to the centra [and consequenily signif-
icant transmission angles spread)

o Increased system impedance due folines open
[i.e, mainienance, voltage contral, etc.]

# Underexcitation of generators,

o Poweer ascillation stabilisers not effective to
damg the csciliations.

o Loads as "natural dampers” not sufficient to
smoath the oscillaton.

2521

With reference 1o the |berian Peninswla, a significant
nscillatory activity was experienced on 1" December
2014, when a 400 kY line was unexpectedly opened at
11:18, triggering a 0.15 Hz ascillation with 0. 140 Hz as
the maximum amplitude of recerded frequengy. The
2014 report® concluded that the control rooms [RTE
and RE) reacted promptly [twa minutes after the ascil-
lation detection], reducing the export flow from Spain
to France, The report also concluded that as dynamic
stability limits get closer to static limits, N-1 power flow
analyses might need to be complemented with dynamic
assessments close to real time.

Focusing on HVDC behaviour, after 1 December 2014
event, some studies were carned out to investigate the
maximum improverment of stability that could be given
by the Llogaia—Baixas HYDC, which led to the following
conclusions:

# |11 wras cancluded that the Power 0scilla-
tlon Damping (FOO) functionality of the
Llogata—Baixas HVDL (the functionality affects
bath the active and reactive power of the HYDC)
should always be operative. However, the POD
functionality of this HVDC alone is insufficient
o stabilise inter-area oscillations between
the Iberian Peninsula and CE, due to the grid

In addition, weak confrol schemes or failures in gener-
ator control systems can also have an impact, since
forced oscillations may couple with inter-area modes in
different ways;

# farcing oscillatory frequency is very near (o
the interarea natural frequency, the interarea
mode can be excited and amplified

# forcing oscillatory frequency is not coincident
with interarea natural frequency, 5o the
interarea mode is excited transiently or guasi
permanently butwith a smatler amplitude

Histarically, the therian Peninsuia participated fo East
Central West mode and East West mode ina frequency
range between 0.15H2 and 0.2 Hz. When higher
oscillatory frequencies are detected, itis in general
passible - based an signal analysis techniques - to eval-
uatewhether these oscillztions have local or inter-area
characterisiics.

Dscillatory Stability Protocol Adopted Between RTE and RE

configuration (meshing and Load distribution]
near the terminals af the link.

# Itwras also concluded that when stability needs
to be improved [i.e. damping of inter-area
ascillations needs to be increased), the active
power control of the link should e changed
apcordingly, the active povwer control mode of
the link should be changed from the defaull
hybrid mode® [which emulates the AC line
dynamics and is typically used involtage source
converter HVDCs ) to constant power mode,

At present, a specific protocol exists between RTE and RE
that autlines all actions to be performed by the control
ronm Operators to increase damping of inter-ares oscil-
lations, The relevant part of the protocol regarding logic,
conditions and remedial actions is showen in Figure 2-36.
Examples of remedial actions including sefting the
HYOL Link to constand power mode, increasing the actve
poer Mo through the HYDC, increasing grid meshing,
and reducing the active power export from Spain to
France, It is important to underline that the protocol is
focused on oscillatory phenomena in the inter-area
frequency band 0,15 ... 0.3 Hz.

4 nitpasdteepublicdomnloads. entoe.eud oleen-doo ments SOCH20demmiends /Aeglonal_Gmups, Confincmal_Eunogs 2317

[E_inkes-area pscdlefions Dec 15 2016 FQOLC VT pdf

i Improusment Of ma cacllann bendwor of 1he HWRC link et eén Spain and France®. 20l GRE #ans sesion
-] Hyrad o aion impdlag thal active pooser T g BT = P, + K- 40 vaith iypicaly P, = 0, K is acenstant and & 5 angla Dabween the emmma ks of the link,
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Inter-area oscillations Risk management

RE ar RTE identifies a constraint on inter-area oscllations when the damping measurement is Loweer than 3%, when it is lower than 5%
and amy af the followwing lines are open: Heonani-Argia, Argia-Cantegrit o Vic-Baigas 400V or when real fime osciltations with an

amplilude largar than 20 mAz mosciliation medes bebween 0.1 He and §.35Hz se deleded and the amplitude 15 not reduced ing tew
seronds, The next diagiam summaises the deosion making.

fII:I. f<i%

yes

£= 5% and any of

these lines opened: e |
L-400 kY Hemand -Angia

L-400 kN Argia-Canteqrit

=400 ki U= Balias

| L+ 81

Fmode 1 + up to 16W increasement
in PSP if possible

Dacillations with an amplilude lasges
than 20 mHz detected in frequency
modes belween 0.1Hz and 0.35 He
at beast in one Spanish or French PMLL

The ampliude yes
i reduged ma

e seconds,

no |

»

implemenl any
preyentive
remexdial

actions fedt

Expected® £ in
Pmode3 5%

Increase PSP1 GIN

WES

yEs [Fﬂht Experted flow
|

impdement them

*Sard an mahnelsamiag softwam

Empiement

Undo

{laratve

yes

acians

yes
na no e o
|E-:.E"}L I [E=d% |

== 1 sedaiey prver il theea gt e A miercoenein: with iscress dimpng, e consider & i poasible whan
1 dioes natimply static vielatans such & eeeinads o snifages aul of aoges o the Spansh o Frend nebaei

Figeee 2-36: Floww chart of BTE-RE prosoced far Inles-area oscilation manzgemend
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2.5.3 Local Oscillations

Local oscillations concern a small part of the power
syatem and are usually associzted with rotor oscillations
of & single power plant against the rest af the power
syatemn. such oscillations are generally characterised by
a frequency in the range of 0.8-2Hz and observed in a
smaller geographical area,

A5 described in Section 2.5.6.3, detailing the 0,63 Hz
pscillation at 12:03 -12:08 on 28 April, RE explained to
the Expert Panel that the control roem recognised the

2.5.5 Forced Oscillations

some oscillation might be forced; for example, caused
by Inverter-based rescurces {IBRs]. The freguency
range for this type of oscillation is more challenging
to define, as they are generally driven by their control
syslems rather than by dynamacs based on the physical
charactenstics aof generators, as is mainly the case with

2.5.5

presence of an 0.63 Hz oscillation with a low damping
[«1%), and determined at the moment that applying
the countermeasures descrived in the common protocal
[described inSection 2.5.2.1) 10 be applied inhe event
of inter-area oscillations with low damping was the
maost effective action to improve the system stability.
The intention was 10 gain 3 positive effect by changing
the operating point of the system and creating again an
increase of intrinsic system damping.

SYNCNronous generators. An inverter-based controller
that malfunctions and sustains this malfunction could
force this effect onto the grid. This might also exacerbate
inter-area oscillation modes and induce other genera-
tors ila oscillation.

Focus on Automatic Stabilising Countermeasures in the Iberian Grid

The aim of this section is o describe the behavicur and status of POD functions aver STATCOM and HYDC and power

syalem slabilisers.

2.5.8.1

The only STATCOM that was in service in the Spanish grid
on 28 April is vitaria 220kY, The nominal reactive poweer
of this STATCOM is +1 50 Mvar [inductive and capacitive),
for V=1 pu in the point of connection. Anather 150 Myar
STATCOM has been commissioned in Tabemnas 220k after
28 april 2025 and two additional 150 Myar STATCOMS are
planned’ to ba commissioned in 2025 [Lousame 220ky
and Moraleja 600 ky).

STATCOMs

The steady-state woltage contral modes available at
STATCOM Vitoria are Q-mode and W-mode. The Y-mode
was active during the incident and means that STATCOM
injects acurrent proportional to the voltage doviation
from a reference value, The reference voltage set by the
RE Control Centre at the fime of the incident was 222 kW,

Additionally, the POD and Fast Current Injection Controller
(FCIC) controls were enabled. The POD modulates the
reactive power supplied by the STATCOM based on the
frequency deviation to damp electiromechanical ascil-
lations in the range of [0.05 - 1,00] Hz, while the FOIC
actsin case of large voltage deviations by generating
a supplementary reactive currant propartional 1o the
differenca betwean the instantaneous veltage and the
voltage one second prior 1o its activation. It acts if phase
voltages are putside the range of .85 pu to 1.15pu ar
voltage variations greater than 0.1 puin 15,

7 Fages 09 and 295 of the panivh Transmission seteor developmsant plan tor BOZL - E0k
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|1_*5T

| TesT,

A S/ "
= 1+sT,

Figaee &-57; Viloria STATOOM POD block soheme

£.3.59.2 HVDC

There is a HVOC link on the border between France
and Spain, named |NELFE-1. It has a rated power of
2=1,000MW and is a VsC-type HYDC. Siation & of the
HYDC 5 connected to Santa Llogaia $00 &V substation
[Spain} and station & is connected to Baixas 400 kY
substation [France). Thie HVDC is Turther described in
Section 2.7.

1+s5T, ot
1 +5T?_

1 +.3-T'.; .
1+sT,

With reference to the shility of the fink to damp the inter-
area oscillations, the HYDC is equipped with a flexible
POD funchion, as defailed in Figure 2-38 below,

POD-P *
AL T I I
= 1+sT, 1+5T,., i
A s
Pﬂﬂ-{;l Ao
g /D W TN
- 1457, 1+5T,., et .
A _Ag

Figee - 50: MELFE-1 90D bledk schemg

The PDO-P logic processes as input the freguency at
terminals A and B, calculating the difference &€ for the
POD-P orthe difference between the frequency in the
terminal and the nominal frequency Af for the POD-(,
which is filtered by a cascade of low pass and high pass
filters and multiplied by a gain K. POD-0 uses the logal
freguendy deviation from a relerence value 10, namely
the frequency of terminal A{B) Tor POD-Q in terminal
&[B]). The final signal is summed to the HVDL active
povwer and reactive power reference value, respectively.
These lpgics were aciive during the incident of 28 April
2025, Itisimportant to remark that for safely reasons and
to prevent malfunction of the POD, a selective control
implemented by the manufacturer prevents operation of
POD-0} when the instartaneous cutput of the controlier
excessively frequently reaches its Limits (2100 Mvar pes
HYDC pole].

If this occurs, POD- |15 disabled, although the total
reactive power capacity of the HVDC is not affected
[+400/-600 Myar per HYDE pole),

The POD-Q functicnality on the Spanish side remained
active from 4 March at 20:03 on Link 1, and from B March
al L4:Z4 an Link 2 - the dates an which it was disabled
due [oworks on the links - until 28 Apnl 21 12:035:51.
after the beginning of the 12:03 episode of the 0.6Hz
oscillation, the POG-G of HYDE on the Spanish side wias
automatically blocked., according to manufactured
design, This POD-0 remained biocked until the blackout
onthe Spanishside. The remote reactivation of POD-0 on
this side was not applied due to the nead 10 carry out a
detailed verification of the cause of the automatic deac-
tivation prior to re-enabling it to presende the integrity of
the HYDC. On the French side, the POD-0 remained active
unitil the blackout,

t\. _|:l'
o
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2,553 PowerSystem Stabilisers

The Power System Stabilisers [P55s) are the first line of the svstem defence against inter-area and local oscillations.
The installed P35s are listed in the following Tables 2-5 and 2-6, for spain and Portugal, respectively,

Fethrelagy | PO installeg | Type | Mole

Wuclear | W ]

Pmpingsionsge | VE5 P | 00 powes plant (it fve urits)

LoEr | VR | PSRN PESZE, PYSEE, | e COGT plants feightunits iniatal)
| MELEST e £ s il it PS5

taal N | |

Table 2-5: Failabdlity of power system stabilisses on B main solating generasods inthe Spaie giid in aperabon on 28 Apnl 2025
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Table 2-& Feailability of power system stabilisees on B main sotating generatods inthe Portugal qrid inopesstion on 28 &prll 2025
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Figree 2-39; Geographical displacement of Fi5s

Figure 2-3% represenis the geographical displacement of PA55 in Spain, The effectivenass of P55sin RE and REM grids
is assessed In the analysis phase af the investigation.
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2.5.6 Oscillatory Stability on 28 April

2.5.6.1 Angular Displacement Before the Dscillations

The heatmaps (Figure 2-&0) report the angular displace-
ment between different locations inSpain and Porfugal,
laking as a reference a PMU in southeast of the intercan-
nection between Spain and France [marked as REF inthe
figure], It can be observed that maximum angle spread
i5 in the southawwvest part of Spain.

There were 76 PMUs operational in spain on 2B April.
Theextensive PMU caverage in Spain enabled the Expert
Panel to establish ceveral relevant facts and enabled
producing detailed heatmaps.

Figre 2-40; Heabmap of anguiar displacemend at 12:00 (soume: PRL|

Figure 2-41 helps fo interpret the heatmap of the
previous figure, aiming to divide the Spanish grid into
three equivalent geographic areas in terms of demand
arud highlight the heterogengouws distibution of genar-
atian In 5pain before the incident, as well as the gener-
ation mix per area. From the numbers indicated in the
figure, it can be ohserved that within the Spanish system,
the southwest region is "pushing” active power in the
direction of the centre-north and east.
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Figuee 2-41: Geographic distiusion ol seneralion in Span at 1232

The gecgraphic spread of daminant production capacity
can be summarised as follows:

» Renewables [mainly photovoliaic and wind)
mainly located in the southwest

n Muctearin the east and southwest
% COGT spread across the thres regions
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2562 0saltations

Between 09:00 and 12:00, Figure 2-42 shows same
pstillations with small amplitude, In accordance with
the comman protocsd between RTE and RE, no remedial
actions were taken to damp these oscllations, including
theone at 11:06, because the criteria of the procedure
RTE-RE were not met [the damping was higher than
2% and the amplitude of the oscillations was below

clmMz}, Itis also worth specifying that the amplitude
inthe graphs is not exactly the amplitude of the actual
syslem frequency {expressed in mHz} but rather the
output of the modal analysis tool available 1o the RE
contral room stafi, which provides a value of the esti-
mate made in a certain range [the acival amplitude in
the grid might be higher],
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Figre 2-42; Amplitude of modes idenkified ey e modal analysis lool inthe RE coningd mom ineeal lime

In the 30 minutes before the blackowt event, the tbenan
Peninsuta was affected by two prominent oscillation
phenomena, i.e. periedic fluctuation of all electrical
quantities such as requency, vellage magnitude, active
and reactive power. The analyses of these oscillations -
conducted by the Expert Fanel - are based on two main
datasets:

# Frequencoy PMU measurements in some of the
main buses of the £E 54,

w Frequency and voltage PMU recorded in the
main buses of Spain, Portugal and South France
alonag the Spanish hord er ards,

Figure 2-43 depicts frequency and voltage magnitudes
from a3 selection of CESA PMUs, showing the dynamic
behaviour of the CE 54 between 12:00 and 12:23, These
measuraments revaal two dislingt occillatary events that
affected both freguency and voltage signals, which will
be analysedin detailinthe foliowing sections. &s prelim-
inary remark, it is possible to abserve that in terms of
amplitude, the frst oscillation mamly invalves voltages
and the second-one frequendies.
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2,563 Dscillation at12:03-12:08

Dscillatory behaviour with a frequency around 0,63 Hz appears visually discernible in a time series plot at around
12:00:30 in the voltage plot below from #MUin Carmona [Figure 2-44],
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The 063 Hz sinusaidal pattern is alsowvisually discernible. HYDL As previously explained, the HVDC link connected
Im the time series plot from around 12:00:30 in the PMU a3t Santa Uogaia s equipped with a POD- confrol system
in Santa Llogala In both the voltage and active power  designed to contribute to the damping of osallations.®
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The osciliation then appeared in all nodes of the system {sustained amplitude higher than 20 mHz} at 12:03 and lasted
approximately five minutes, with a maximum peak-to-peak amplitude of LOOmH2 in the freguency.
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Figeee 2-47: Brequency andvelbage phasor magnifude measurements from Euopean PR

A focused view on Spanish PMU measurements is  immediately alter. The figure displays the evolution of
provided in Figure 2-&8, highlighting the system  freguency, oscillation amplitude, voltage, and cross-
behaviour during the first oscillation and the moments  border power exchanges,
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The second box of Figure 2-68 shows the modal analysis
result, demonstrating the dominant presence of a 0.5 Hz
comiponent (inorange} and 2 l2ss prominent component
at 1,2 Mz, namely East Central West inter-area oscill ation
[in blue],

Voltage oscillations were also abserved, primarily in
the southwestern area. in Figure 2-59, voltages from
south-west of Spain (Almaraz and Carmonal, north-
west {Kove], east [Benejama) and north-east [Vic) are
shown. During the oscillation, in certain substations,
voltage levels approach the lovwer threshold established
by Spanish requlations of 375 kY, although the highest
recorded voltage values Darely exceed 10EY,
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Figeee 2-40: Unltage megnitudesin teveral Sparish shitations

Figure 2-50 displays the same woltage values, but after
applying a band-pass filter (0.55 1o 0.70Hz2), which
enhances the visibility of the oscillation amplitude at

each substation. It can be seen that the voltage oscilla-

tioramplitude reaches 30k peak o peak al the Almaraz

400 kv substation.
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Figase 2-50: Volape oscliation Aber apody a pass-band filber [0.55 - 0.70H] In several Spanish subsiations
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After appiving a complex principal component analysis
algorithm® to all 400 KV PMUS, it ic possible to recreate
the finding that the dominant mode s 0.63Hz. In facs,
processing 3 se1 of several fime series [i.e, voltage,

frequency, etc, |, the algorithm is able 1o find 3 dominant
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il
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—

characteristic made like reported below in Figure 2-51.
Dbserving the sinusoidal path, i1 is possible 1o estimate
the oscillatony frequency [1.e. measuring time betwean
two adjacent peaks).
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Figwe 2-51: voltage nscliation principal componant analysis [PCR)
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Im order fo evalyate the 400k nodes that are the most
active in the 0.63 Hz osdllation, a complex principal
component analysis was performed, showing the
maximum activity [in this case, volfage amplitudes) in
the nodes of Almarar and Puebla de Guzman.
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Figure 2-53 cleardy shiows how the significant amplitucdes
of mode shape are located in Spain and the angle spread
is arcund 120° with no phase opposition oscllations,

One minute after detecting the oscillation, the control
rooms of RE and RTE activated the comman protocol
described in Section 2.5.2. In terms of event sequence,
the RE control room called the RTE control room toinitiate
the activation of the protocol. The protocol is intended
to be applied depending on the damping maasurement
or when oscillations in the range of 0.1-0.35Hz and an
amplitude higher than 20mHz are detected.

RE and RTE imitiated a change of the aperating mode of
the HVDL [=witching from byirid mode 1o constant power
mode) anda countertrading procedure involving 300 MW
across the France—Spain exchange borders, The coun-
tertrading procadure was parformed in the following
way: as the total imbalance in Spain was negative (i.e.
less production in comparisan with consumption}, there
were no need for generators to compensate for counter-
trading through RR and mFRR allocatinns,

The imbalance generated by countertrading was
compensated with aFRR or reduced the need for mPER.
On the RTE side, countertrading was used to increase
French production. This production adjusiment was
made at the national level, based on electricity market
prices using the merit arder method, While not part of
the osciilation control protocol, four shunt reactors were
owilched off by RE due to the lower voltages seen in the
oystermn during the oscillation;

o 12 Villaviciosa 400 kY REA ]
w 12:04 Guadame 220 5V REAS
# 1205 Husda 400V RER 2

» 12:05 Aragon &00 kY REA 1

Furthermore, several topological actions were under-
taken, aiming to reduce the impedance of the grid

Regarding the behaviour of the POD controllers of INELFE
HVDC, the PFOD-P contraller remained active during the
whale period, while the POD- controller was active
at the start of the 0.63 Wz oscillation, but disabled at
12:03:51, 0.2 approximately 50 seconds affer the start of
the oscillation. The disabling of the POD-Q was caused by
the logicimplemented by the manufacturer 1 prevent
its operation when the ocutput of the controller satu-
rates in 100 Mvar (reaching the upper and lower limit
oo often].
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Figure 2-5& reports the frequency and voltage measured
at the spanish terminal of the HYDL. In the first char, it
can be observed that when 1he POD-J is disabled, the
amplitude of the frequenoy oscillation does not change
Inthe second chart, it can be observed that after the disa-
bling the PODO-Q, the amplifude of the local oscitlation of

voltage at ihe Llogaia substation decreases. The increase
in amplitude of voltage during the POD- action is
correct, due 1o the action of the HYDC control aimed at
ingreasing damping, The voltage oscillation amplitude
did nof change in other substations,
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The subsequent swifch to constant power mode was  the damping. After the power mode was switched to
applied by the control room at 12:09, when the oscil-  constant pawer, an additional action was the change of
lation amplitude was just decreasing, This decision  the P set point by Increasing it to 1LO00MW in the export
was made by RESRTE with the aim to further improve  direction from the Spanish perspedive.
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The frequency domain analysis - performed using 4
sliding-window fast Fourier transform (FFT) o all PMUs -
shows the emergence of a distinct oscllatory mode at

approximately .63 Hz during the first gscillation

The FFT results clearly indicate that this mode has a
predominant csciilation frequency of 0.53 Hz, most Likely
corresponding to alocal mode.

FFT of GE freguencles between 12:03 and 12:08
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Figwee £-50; Mormalised fast Foadie transform of the fregquency from vaious PHUS scois Continental Buorope betwesn 1205 and 12:08

To classify this 0.63 Hz oscillation geographical distribution, @ mode shape analysis was performed, and the results
are shawed in Figure 2-57 helow,
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Thie arroowin Figure 2-57 above indicates the direction
of the osallation and amplitude. 1t can be noted that the
angular spread of frequencies between north and south
of Iberia is around 207 to 1007, with 3 local geographic
displacement,

Figure 2-58 displays 3 zoom of voltage and frequency
alwvariaus locations to estimate the angle between the
o quantities, which is approximately 1477, confirming
unstable behavioyr, In fact, the more voltage in a node
thai is in phase with the frequency, the more the loads
cam acl as a stabilising action.
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Figee 2-50: Angle bebween voltages and fregeentles

Regarding generation behaviour during osclllations,
based on the available data, the maximum resclution
available is insufficient to display a clear trend of active,
reactive power, and voltage fluctuations for particular
generatons.

Monetheless, based on PMU data, it is possible to under-
ttamd that thie dominant content of enengy is associaled
with the reactive power and vollage. in addition, lamge
power fluctuations were detected in the SCADA data
of generaticon in the area of the nodes of Almaraz and
Puebla de buzman,

Figure 2-5% shiows fluctuations of active power with a
peak-to-peak amplitude of around 0.5 pu and reactive
power with 3 peak-to-peak amplitude of around .25 pu,
occurring between 12:03 and 12:08.

Chapter 4.2 includes a detatled analysis of the 0.63Hz
oscillations.

Grid incident in kpain and Fortugal on S8 Apal 2025 7 Fimal Repart /F 73



& ive Porwer |pu|

o =

i1

,:| - - - - - -
FE RS P P R e B
M e e S N N Y A S e N LR e
focofaeshegagraEcgd a8 dqdddggd=d3333d52

— Arive Pnwer{py] = Rarlive Prwsr [pu]

Figaee 2-59: Ackive ard readie poveer ganeraled by & powssr pland connected in e prowince of Badajoz
There have been smaller episodes of oscillatory behay-

iU registered on some PMUC after the first major ascilias
tian described above and before the second one, which

Reactue Powe [pu]

-U1

-n4
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started af 12719, as shown in Figure 2-60 below, specifi-
cally an vattage in PMU ALDEHIN.
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Figure 2-&1 showes the period from 120 16:30 to 12:20:00, showing the minoroscillations at the beginning of the
imterval, as well as the beginning of the 12:19:00 oscillation.
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2.5.64 0sciltation at 12:19-12:22

The second major oscillation is considered to have begun
[an amplitude higher than 20 mHz) onall PMUs at 12:19.

The 12:1% oscillation is considered to have lasted
lor approximately thiee minutes, with & maximum
frequency amplitude of around 200 mHz, significantly
larger than the 12:03-12:08 event.

Following this event, RE and RTE initiated another
countertrading procedure involving 500 MW across the
France—Spain exchange barders. The counterirading
procedure was performed in the following way: as the
total imbalance in Spainmwas negative (i.e., less produc-
g in comparison with cansumplian), there was no
need for genarators 1o compandate Tor countetiading
threugh RR and mFRR allocations,

TEITE0 P

13793 Pra

T PR 13 16600 P

The imbalance generated by countertrading was
compensated with aFRR or reduced the need for mFRR.
On the RTE side, countertrading was used to increase
French production This production adjustment was made
al the mational level, based an electricity markel prices
[mFRR 2nd RR] using the ment arder methaod.

In addition, further actions were adopted on shunt
reactors:

% 12:17 Cabra 400 kW REA 1 wias disconnected
hefore the secand ascillation

Two minutes after the beginning of the secend osclila-
tion, the Tollawing shunt reactors were discanneclad
by RE:

w 12:21 Penaflor 400 kY REA]
w1224 Palos 220 kv REAL
v 12:20 Morata 400 kY REAL
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Fram Figure 2-642, it is possible to observe the frequency  Figure 2-63 preseats the system-wide trends of frequency
behaviour on the first graph, The second graph showsthe  and voltage across CE;

amplitdes of the twao oscillatory fregueendy campananis,

namely the 0.2 Hz inter-area mode in blue {dominant)

and the 0.63Hz local mode in orange {with smaller

amplitude},
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Unlike the first oscillation - which was confined fo the  that the oscillation corresponds o the ECW mode, Figure
Iberian Peninsula in terms of very low amplitude oulside  2-64 shows aspectrogram over all the PMUs of Spain and
the Iberian system - this second event exhibited a clear  Porugal available (frequency measurement sampled at
inter-area character, This is confirmed by boththe modal 100 ms); it is clearly visible the fingerprint of inferarea
analysis estimates and the polar plot, which indicate  mode at 0.2 Hz
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Figmen 2-hs Specteontam ol ail the SpairyForiugal P duting the tisefuame of 1218 10 11525

The polar plotin Figure 2-65 was obtained processing  shape vectors were aggregated in three main equivalent
128 measufands spreading several European locations, vectors with a weighting procedure thal agaregates
to better readability of the picture, the results of mode  vectors with reciprocal phase degrees less than 30°
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Figaee 2-65; Folar pbod of the BCW mode at 12:20;00
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The energy distribufion across the clusters confirms that
the Western area coniributed more strongly 1o this oscll-
latory mode.

The modal estimates produced using a FFT algorithm™
[Figure 2-6&] show a progressive degradation in the
calculated damping of the ECON mode.
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Figase 2-66: Estimated Trequency, amplinude, and damgg tio of the dominant oscillation mode over lime, cbaaine d using a mode estimation algoithm

Damping remained consistently low for several minutes
before becoming negative around 12:19.

This deteriaration in damging is accompanied by a
marked increase in modal energy, as indicated by the

growing amplitede of the oscillation frequency,

r
Lo
fi.15
5 il
a5
g Ml e
Fil o
R
£

=

i

Hr

Figese 2-47: Mode shaps by complex principal opmponent analysis oo PML noemziised woliages (oolours inhe polal plot repiesentdiferent localions )
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In this case, waltage oscillations are also ohserved,  Once again, a decrease in the average voltage value is
with an amplitude of the same order as those recorded  obsaned.

during the 12:03 oscillation, and even slightly lower.
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Figaee 2-t8: Voltage magnitudees al several Spanish substations

Fequre 2-69 displays the same voltage values, but after  each substation. It can be seen that the voltage oscilla-
applying a band-pass filler (0.18 to 0.25H2), which  tion amplitude reaches 23 kv peak to peak at the Almaraz
enhances the visibility of the oscillation amplitude at  $00 kv substation,
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Figae 2-69: Voltage oscllathons lter apgdying a pass-hard fitfer [0.18 - 025 He| 22 seieral Spanis sulsiations
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2.6

Reactive Power and Voltages

2.6.1 Voltage Standards in Spain and Portugal

Valtage standards in Spain are governad by Operational
Procedures 1.1, 1.2, and 1.4 from 1998, The Dperational
Procedure 1.4 mentions two upper yoltage Limits on the
S00KY grid (420 KV and 435 kv

Following letters received from two stakeholders, the
Expert Panel has formally asked CHME - the Spanish
Mational Begulatory Authornty - to clarify whether the
420 - 435 kW range 15 anly applicable in case of a cantin-
gendy situation. CHMC responded as follows:

P.0.1.1 "Performance and safety criteria for the oper-
ation af the electrical system” sets the security criteria
that must e applied in the aparation of the Spanish
peninsular electrical system and estabiish the Limits
for confingency situations. This procedure does not
set specific voliage Timits in normal operation. It
refers ta local (2anal] procadures that will collect
nodal values determined 2ccording to the criteria
established by P01, 5 "Establishment of permissible
voltages at nodes in the network managed by the
System Operator”,

The operational procedure PO, 1.4 "Enengy delivery
conditions at the bordar points of the mebwork
managed by the System Operator” was passed
simultaneously as the PO 1,5, This pracedure RO,
1% sets that under normal apecating conditions, the
voltage at the 400k level al the bordar points will
range from 320 and 420 kV but eventually maximum
levels of 435 kW may be reached. Any installation
directly connected 1o the transmission network must
be capable of withstanding these values without
damage or disconnection

Therelore, althowgh the 435 kW Limit is consistent
wilh the value regulated in operational procedure
P.O.1.1 "Performance and safety criteria for the
aperation of the electrical system” for confingency
tifuations, the PO, L4 does not only Link the voltage
level of $35 kY to these contingency situations, but 1o
normal operating conditions, Henoe 435 kY have 1o
be considered in all type of operation and not only
limited to contingency siluations.

In this regard, references in European regulations
to the possibility that the Spanish 750 may operate
the transmission grid at 435 kN [article 27.2 of Regu
lation [EW) 2017 1485, notwithstanding provisions
under arlicie #8) and may oblige generators subject
o article 16200 of Regulation (EU] 20167631 to
remain connected at the voltage level of 435 kY far
an unlimited time, do not condiion it to @ contin-
gency either”

In Portugal, voliage standards are defined in Procedure
& af the "Manual de Procedimentos da Gestdn Global do
sisterma,” where the upper valtage limit an the SO0 kY
gric is 420 kY. Note that ERSE has published a new version
of the code after the 24 April 2025, with new internal
numbering,

In berms of deviations from voltage standards reported in
the past, RE reported thirteen scale 1 and thirteen scale
0 vottage violations in the 2024 1C5 report?” [related to
2023 and no waltage violations in the 2025 105 repart
[related to 2024), REN did not report any voltage viola-
tioms in 2023 and 2024,

1L nSpan e folkmesang Bmits spnly e sconance with the offo a1 Doeratonal Poceduie 1.4, § 2.2 {ME iransiston]: “Vodanes & 1o nodes - Unsersomal
SO CONTioSS, me Follsga At e S0 Y (e a1 the Cannsg e moded will e dateieen T3 ang S20E0 AT Z20E deenl e waranoinl e detent AlS ang
245kl Ereniuslp maimwe sxoes of up o435 KFand o saiue of 4o o 375 B may oocurar ihe 00 ki deve L & the 2206 (e, voitages may senhidiy
VR A SO AN iS00 N gl (ovmraiad i 0 RGN TR NEbAE maaT G alve N v hiranc! Ine 30 ove st sl oamage oF cuanneninn ”
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2.6.2 Voltage Profiles

2.6.2.1 Voltage Profiles in 5pain

In this section, voltage evolution is analysed from  lines, $20/245kY and 435V} and lower (green line,
09:00 to 12:32. From 09:00, with the appearance  390/205kV and 375200 kV) voliage limits mentioned
of PV generation in the system, voltage variability  inthe Spanish Operational Procedure 1.4 from 1998 aie
increases, albeit without significant excursions. From shown in Figuees 2-70 and 2-71 [based on data from the
10030, greater excursions are observed, The higher (red  Red Eléctrica SCADA system],
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Figase 2-70: Vnltage edolution at 1he main 00 kY iransmishin tedsraiions | pllot aedes) in Spain
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Imthe following, the voltage profile evolution of the main transmission substations are agaregated by area
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Figeese 2-75: VohHage eeolution 3t the mam iransmission seastafons (pliol rodes ) in the east of Spam
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Figase 2-Ti: ioHage evalulion at the main iransmbsion ssbatations (pilof rodes) in the cenire of Spain
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Figese 2-77: Vollage ewolulion at the mai iransmissicn ssbstatiens (pilal nodes) in the northeast of Spain

Chapter 4.1 includes an analysis of these waltage fluctuations and considers also the voliage behaviour observad in
Spain on 22 April 2025,
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2.6.2.2 Voltage Profiles in Portugal

Im this section, the evelution of woltage inthe REM grid is analysed from 0200 10 12: 30 inthe substations equipped
with available PMU, mamely Sines Substation [55M) and Aecarei substation (SER]. The voltage level is within the
nominal values Tor the obsenved timeframe.
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Figaee 3-T8; Wollage mespsuements al Sines and Recarei substafiom [Poduged)

2.6.2.3 Voltage Profiles in France

In this section, the evolufion of voltage in the BTE grid is analysed from 0900 to 12:30 at the Baixas and Saucats
substations (southern part of France). The voltage [evel is within the nominal values for the ohserved timeframe,

i FlacyTa "
]

=
IEESI I SEAREFEEANE IAEARANAAT R RS EED
DSE el R EE RS NEISRAREEEE S BEREE

e

Figuee 2-T9: Volage measuremests o Baixas and Socats substatimns (France|
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2.6.3 Voltage Heatmaps of the Iberian Peninsula

Inthis section, the voltage heatmaps of the iberian Peninsula are depicted every fifteen minutes from %00 to 12; 30,

Figwen 2-80: wolage heatmaps of the herian Pesinsula
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2.6.4

2.6.4,1

The shunt reactors connected to the 400 kY network of
Red Flectrica have 150 Myar of reactive power capacity,
and the shunt reactors/condensers connected to the
220KV network have 100 Myvar of reactive power
capacity, The shunt reachors are three-phase.

Section 2.1.2 details the effect of conracting shunt reac-
tovrs and the chronalogy of the valtage control remedial
actions. The example in Figure 2-81 shows the impact of
connecting the shunt reactar in the Morata 400 kY substa-
tiom at 12:28:01, showing the reactive power flowe and
voltage.

& summary of the shunt reaciors and condensers oper-
ated by RE is provided in Table 2-T below, together with
the naminal power, location, and postion at 12:32:00.

Chronology of Voltage Control Actions

RE Shunt Reaciors, Capacitors, STATCOMs, and HVDC Patterns
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Figuee 2-51; Beactive power flove and wolage 3t PHU NOREMOT from §2:27:00
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2.6.4.2 REMShunt Reactor Patterns

in this sectiogn, the main characteristics related 1o shunt reactors of BEN are described, The shunt reactors are

three-phase,

Subsiation Sile 10 i Yollage evel ! Hominai PFowes Posdional 12;52:00

L1} | Mvat

ARMAMAR [T 3] ADDEY 150 DS onnECed
CASTELDBRANCD |E: " | 220w B Bisronnicted
FARFOES SFH Rl A% RY ] s oonnecied
FEIRA SFRA Rl 09KV | 150 Grsnonnecied
PEORALTA SN 3] A00kY 150 [
P i k1 00K 156 busconnreied
PALMELA M K AO0KY | 158 Bisuonneeled
PORTIMAD 0 4] ADORY |50 [re—

RIC AR SR I ADOKY | 150 fonnecled

FREUA 1] Rl 220k [ 70 onnecled

AR ] 3] 159KV 75 tonnecivd

Table 2:& Wain characiesislics of the shunteeactors in REK daka

Section 2.1.2 details the chronalogy of manoeuvies of
shunt reactors by REN, The shunt reactors were gradually
disconnected by the control ropm operator as a normal
pperation during the observed timeframe, and at 12:19,
the Palmela shunt reactor fripped due to undervoltage
[the registered voltage value was 379.20kY, and the

protection setling was U = 3B0EY and t = 25). After the
oystem collapse at 12:3%:30, the three remaining shunt
reactors of Tabua, Tavira, and Rlo Maior were also discon-
necied. Figure 2-82 depicts the graduzl decrease in the
amount of inductive reactive power provided by REN's
shunt reactors.
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Figae 2-82; Trend of the total reactive powerof the shunt reacioes in the REN grd
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2.6.5 Voltage Regulation Schemes

2.6.5.1

In 5pain, the voltage regulation at the time of the
blackout was governed by the Qperating Procedure 7.4
fram March 2000, which was subsequently amended in
June 2025.

Voltage Regulation Scheme in Spain

Operating Procedure (RO.) 7.6" “Andllary Voltage
Control Service of the Transmission Network” applies
to conventional generators with an installed capacity
equal o or greater than 20 MW connected ta buses of the
transmission neterork, transmission operaton, consumears
connected to the tramsmission grid with & contracted
power equal o or greater than 15 MW, and D505,

Relow, some literal extracts from Operational Procedure 7.4 are included;

3. Definition

Voltage control consists of 8 set of actions involving
resaurces for the genedaton and absargtion of reackive
power {generatars, reactofs, capaciors, etc. ] and other
voltage control elements, such as framsformers witl tap
chamgers. These actions areaimed al maintaining vollage
levels at the nodes of the [ransmission mebwork within
specified margins fo ensure compliance with safety and
guality criteria for electvicity suppiy.”

“4, Service providers
The semvice proviaers shatl be;

a) Al generating unils operating under the ordinary
regime, with # registered nef capacity equal to
or greater than 30MW and directly connected, or
connected through a dedicated evacuation line, fo
nedes of the fransmission netwadk. [...)

&) TrAnsmision Lompanies.

¢} Qualified consumers aof covered by a faniff (1),
directly conmected or conmected throvoh 2 dedicaled
fine to modes of the fransmizsion nebawork [hereinafter
referred fo.a5 “service-prowiding consumers”), with a
comracted power equal ta or greater than 15 MW,

d} Distribution System Ooerators{.. |

“6. Service provision
fiad
6.1 Mandatory Reguirements

As a techrical condition for connection 1o the trapsmis-
sion netwodk, and to ensure proper operation and system
security, providers of this ancillary service must deldiver the
following minimum semnioes!

6.1.1 Genmerators

Generaiors must have 3 mandatony mirimum margin of
redctive power capacity, bath for generation and absorp-
tion, to provide the senvice. They must sdfust their reactive
power produdlion and absorplion within these Umils fo
help maintain voltage levels at the plant busbars within
the variation margins defined by the voltage sefpoint amd
the acceptabie varialion band established by the System
Operatar.

for generators, the required minimum reacfive powwer
margii &t plant busbars af nominal fransmission metwaork
valtage is defined based an the wnstailed net active power,
as recorded in the Administrative Register of Electriclly
Production Facilities, and the following power factor
valugs:

4] Capacitive power factor [cosp) of 0,989 [reactive
power generation equivalent to 15 % of maximum
net active power},

b} Inductive power factor [cas @) of 0.989 (reactive
power absorplion eguivalent to 15 % of maximum
net ackive power).

Ua g i, o e s Mokt doc php Hid=B0E-A - 100d-520%

88 Grid Incident in Spaln and Portugal on 28 Apnil 2025 ¢ Final Beport



This reactive power generation/absorption margin must
be deliverabie by the unif across the enfire range of
active power variation, from its fechnical minimum to ifs
maximem net active power.

Tiese reguirerments will vary depending on the woltage
value at the corresponding mode of the transmissian
netwark, according to the linear function graghically
shownindnnes &J...].°

'18. Measurement and Monitoring
of Service Compliance

To manitor compliance with the senace, the System Dper-
ator will wse telemetry data received through the CECOEL
regl-time energy contiol sysfam. {..]

10.1 Generators

The Spstem Operator will perform sampling every five
mingtes of the village valies 3t the contral noge gnd the
active and regctive power generated/obsorbed by the unit
af the plant bushars,

T dssess sefvice covmpliande, an acceplabie dewialion band
of +2 5 k- around the woltage selpoint estabiished by the
Svstem Operator for the control node is defimed,

The senvice will be considered properly delivered when 3
least 75 % of the sampled vaiues within each bour meet
one of the following twe conditions:

al The veitage at the control node assigned fa e unit
remains within the acceplable varlation mangins.

bl The unit has reached the mandatory reactive Dower
{imit or, where applicable, the mandatory imit plus
the additional assigned respurces, i the apprapriate
direction.

To verify this, it will be checked that the vollage telem:
giry from the confrol node - or, ifunavaiiabie, the values
resutting fromm state eshimation - are within the scceptable
bard (22,5 kV around the vollage sefpoint established by
fhe Systerm Gperator for the canfrol node] in ai least 75 % of
the sampled values within each howr. If 50, the service will
be considered propenly delivered,

if the woifage has boon ouiside the accepiable band in more
than 25 % of the sampled values during fhe howr, the zcfive
and reactive power values af the plant busbars will be
analysed. Foreach sel of active power and busbar vollage
vales, the reactive power [imit that the wnit shoold hawve
delivered or @bsorbed in that situalion will be determined,
taking into account both the mandaton minimym reguine-
ments and, where applicable, the additional assigned
TESOEFCEs.

in this latter case, even if the voltage setpaint for the
corresponding contiol node {plant bushars) was not met,
as [ong as the unlt has reached the carresponding reactive
power imit [mandatory reguirements + assigned addi-
tiomal resources] in that situation, inaf [east ©5 % of the
samples faken douding each hour i which te vollage was
ool of limils, the service will be considered progerly deliv-
ered. [...J"

ANNEX &: Variation of Mandatory Requirements for Units
Based on the Voltage of the Node of the Transmission
Network
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Following a presentation shared by a stakeholder, the Expert Panel formally asked CMME - the Spanish National
Requlatory Authority - to explain the figure above ["Annex &°]. More specifically, the Expert Panel asked which of the

following two options s cormect;

o Option ]

- <405kN; 0 has to be atleast Dmax [Jmax as
minimum generation of reactive paieer].

- 405 -410kV; No requirement.

- =410%\" § has to be at least Qmin (Qmin as
minimum absorption of reactive power},

CNMC responded as follows:

*OP 7.4 defines a minimoem mandstony capability of reac-
tive power control expressed asa margin both in gener-
ation and absorption far the provision of the service.
Generators must be able fo modify their production and
abzorption of reactive power within these limits [ Zmax,
Qmin], sothat they contribute to maintain the valtage
within the variation margins defined by the woltage
setpoint value (400 kY) and the permissible variation
band around it established by the System Dperator
(405 - 510 kW)

The terms of the service provision are complemented
inarticle 10 of PO, 7.4, Accarding 1o article 10.1 of the
PO, 7-4, the sevice isconsidered 1o have been provided
adequately if at least 75 % of the values sampled each
hour meet one of these two conditions;

a) The waltage s mainfained within the permissible
variation margins [405 - s10kV for the valtage level
of 400 ky).

b) The group has reached the mandatary reactive
power limit or, where applicable, the mandatory
Limit plusthe additional Limit assigned, in the appro-
priate direction.

# Option 2

- {) has to be within the range of Omin and
Dimax.

Based on the abave, lor an adequale compliance with
the requirements of the service, when the voltage level
is under &05 kW generators must generate a reactive
power af at [east the generation limit af its reactive
capacity (the appropriate direction in this case], when
thevoltage level is over 410 kN they must absorb at least
the absartion limit of its reactive capacity [the appro-
priate direction in this case), and there is no special
requirermnent of reactive power when the leved voltage s
between 405-410kV.

Grey ared in the figure belovw shows the ight ares, that
is, Option 1 in your guestion, without prejudice that
compliance allows a time margin of 25% outside that
area.”
A |
|
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Document: "Voltage Setpoints in the Transmission Metwork” (PCT-0-004; submitted to voltage control service

providers in December 2011):

Helow some literal extracts from PCT-0-004 are included:

"ANNEX 2:

The purpose of this document is o pablisiv the voltage
setpoints applicatie for the provision of tha Loitage Cantral
Service on the fransmission network, which will be in
effect from fanuary 1, 2012, until further notice from Red
Flécirica.

GENERAL SETPOINTS

The voltage setpaints to be used as reference™ during the
different peak, Nat, and off-peak periods are as foliows:"

soak

PEAK FAr OFF-PEAK

W5 - 410 ‘ A05-410 M5 -AL0
220k

225- 230 125-23 513

[..J]'

Royal Decree $13/2014 applies foelectnicity generation
facilities wsing renewable epergy sources, cogenerafion,
and waste-fo-epergy (RCR]. Section 7 of the regulation
estalilishes the foliowing mandafory voltage canfriof
requiraments:

1. Facilities must maintain a power factar within fhe range
Of (L%8 inductive fo .98 capacifive o an hourly basis,
Accordingly, they must inject o withdraw reactive
power depending on their active power oulput within
this range, witich can be modified annually by resolu-
ticn of ihe Secretary of State for Enedqy, vpon proposal
by the TS0 aceording to system needs™

2. Facilities with am instailed capaciiy equal To ar greater
than 5 MW must follow the instructions issued by the
TS0 to adjust their power factor within the established
range, based on system requfrements. The T80 gives
indyctive power factor instructions by email fo these
facilities so that they absorlr as much reactive power
a5 passible, respecting the maximunn inductive limit of
0.98 set by the Royal Decree, which corresponds 1o 20 %
reaciive power relative to the active power gemeraied.
The T50 can wpdate s instructions wehen nacessaly and
reguests the facility owner to implement the change
within a few days.

I In cases where the facility is comnecied fo the distri-
Gution nefwark, any modification 10 the pawer factor
range mist take info account the limitations that might
e esfablished by the distribution sypstem operataor for
the safely of its retwork, For this perpose, the distribu-
Hon retwork operator may prapose speciic instruclions
ter Lhie TS0 that miast be considered.

it is worth noting that Roval Decree 413/2004 includes 2
penalty of 0.261 cE/kWn (261 €/MIAN ) Tor non-compliande
with the hourly obligations established for RCR gengrators.

Article @, Section 5 of CNMC Circular 3/2020 - which estab-
lishes the methodolegy for calowlating eledtricily fransmis-
sion and distribution tariffs - includes 2 billing term for
reactive energy appiicable to il consumers, except those
connected a1 [ow woltage with 2 coniracted powerof 15 kW
or less,

The reactive power billing term applies to all Hime periods
except period &, provided that reactive energy consump-
tion excesds 33 % af active enerdy consimplion during the
billing period {ie., power factor s 0.95) and only affects
SUCh excesses, During perod &, CONSUmers must malntain
& power factor greater than 0.98 capacitive, although no
penalty is correntiy associated with non-compliance for this
period.

15 Trer o specfic sRIpoint applicable 3 Sandn and Maiama
I8 Thdg Ras pavar happaned
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2.6.5.2

The voltage regulation in the Porfuguese transmission
systemn is nodal,

Synchronous power plams (hydro and thermal] can
provide reactive power compensalion and/or voltage
comirol, Hydre power plants provide thissemvice nofonly
in generation mode but also in pumping/synchronguws
compensator cparation mode, when avallable. The
[voltage and reactive] setpoints are communicated
by phone by the T30 The synchronous generatars are
obliged to deliver reactive power in order 1o keep
voltage /reactive power al the setpoint defined by the
150, within the restrictions defined by a P-{) area and
as long as the power factor remains higher than ¢.940
inductive or 0.95 capacitive. Ag an exception, one pdn
power plant is contracted e provide reaclive power
control even when not producing active power - thus,
it functions as a synchronous compensator. This service
uses a reactive power setpaint

2.5.5.3

Figure 2-B3 provides an ovenyiew of the voltage requla-
fion system in France, The reactive power requirement
of each confrol zone - calculated by the secondary
voltage regulator [SVR] - is expressed as a per-unit
walue K, ranging from -1 1o +1. This value i transmitted
from the conirol centre o the ocal regulating units. The
communication delay of approximately ten seconds is
determined by the SCADA system's sampling rate.

Voltage Regulation Scheme in France

I accordance with French grid connection requirements,
all generation units with an installed capacity above
SO MW are mandated [with remunaration) to participate
in the SYR scheme. This ensures a broad and distributed
contribution 1o voltage reqgulation across the ransmis-
sion network,

At thie unit level, a reactive power control loop (RPCL)
receives the Kvalue from the SVR and computes a voltage
reference Usref[t], which is then sent 1o the automatic
valtage regulator (AYR). The RPCL can be modelled as
aproportional-integral (P1] controller, which regulates
the generator’s terminal reactive power output Osit) to
follow a ime-vanving reference Qesit], defined as:

Q.(t) = K(t) x @.(D)

Voltage Regulation Scheme in Partugal

The old wind power plants provide reactive power
compensation (predefined tanisp] between-0.2 and (1.2,
which that means the ratio bebween reactive and active

power outputs is predefined],

Solar power plants with an installed capacity larger than
1MW (a5 do new wind power plants] provide automakic
voltage/reactive power control, receiving real-time
setpoints sent by REN's SCADA for woltage control or
reactive contral (the voltage control setpoint is the mast
commaonty used]. Mote that senvice is provided during the
dadiaht penod and in might opefation mode.

REN uses the measure of the connectian point of the
power plant as a reference. The power plants have a3
closed-loopwvallage ragulation on the highvoltage side.

Here, Qrit) represents the unit’s maximum reactive
power capability {either injection or absorption] at a
given time, acting as a participation factar

For thermal units, gris typically considered constant
and proparticnal to the nominal reactive power of the
alfermator (e.g., {r=1.4 = Qnom), Howesver, in practice,
the actual reactive power capability canvary depending
on the unit’s operating conditions, such as terminal
voltage and active power output. This discrepancy can

lead to situations where the reactive power output Qs{f)
does not reach the theoretical maximum even when K

= +1, due 1o physical imitations such as rotor cument or
imternal angle constraints,

In terms of dynamic response, each control block in
Figure 2-83 operates on a different time scale:

o The &YR is the fastest, with 3 response time in
the arder of seconds.

o The BPCL follonws, with a typical response time
of approximately 10 seconds.

o Thie SUR is the slovwest, with a response fime on
the arder of 100 secands.
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2.6.5.4 Voltage Regulation by the HVDC Baixas Santa Llogaia

Lep section 2,7,
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2.6.6 Aggregated Data from Power Plants Connected to the Spanish

Transmission Network

Figures 2-2& - 2-B& show per region, the aggregation
of the reactive power provided by all conventional
synichronous gensration units with an installed capacity
larger than 100MW (D], a5 well as the aggregation of
their reference reactive power [Q-reference], wherg
R-reference coresponds to the minimum reactive
power that 2 generation unit must generate ar absarh,
based on CHMC's explanation of Operating Procedurne
7.4 applicable at the time of the incddent [see Sedion
2.6.5. 1}, This is without prejudice to the fact that it is
permissible, under the Operating Procedure applicable
ImSpatn af the Hme of the incident, for each wnit not to
comply with this requirement up ta 25 % of the time per
hour, and without prejudice to army potential derogations
from the requiremants, which the Experl Panel is nat
coimpetent 10 as5es,

For calculation of the aggregated values of -reference
the individual Q-reference value of & generator was set
equal to its actual § value in pericds when vallage was
within the permissible variation band [405- 410 kW] or
the generatar was in a direct woltage setpoint control
mode (pilot project]. When the measured voltage crosses
the edge of the variation band in either direction, this is
reflected in step changes in J-reference.

Further chservations and analysis on the behaviour of
conventional synchronows generators regarding reactive
power putput 15 described in Chapter £.1.
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Figures 2-87 and 2-88 show the aggregafion of the adive and reactive power provided respectively by all P and wind
umits =1 MW in Spain.
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2.6.7
Transmission Network

Figure 2-B% shows the aggregation of the reactive powes
provided by generating power plants connected to the
400 kK vollage level with a power installed capacity of
mare than 100MW in the south area of Portugal, 2swell
a5 the aggregation of their reference reactive power.
R-referemce is calculated taking info account the RfG
requiremants related 1o vollage control, complemented
by the Portuguese framework "Poriaria n.® 73/2020%
which defines the reactive power emnvelope for each
generator type. For the Q-reference, REN considers
the voltage setpoint that was adive at the time, and
computes i assuming 2 2% slope and no deadband for
the voltage characteristic,

Data from Relevant Power Plants Connected to the Portuguese

If the voliage at the connection point is above or below
¢ % of the voltage setpoint, the unit should provide the
maximum reactive power. IMvoltage on connection point
is £2% of voltage setpoint, Q-reference s set equal to
the actual reactive power [}, as long as it follow's the
defined slope

Due 1o different approaches to voltage control by
synChronous generators in Spain and Portugal, these
implemeniation aspects should be considered when
comparing Figure 2-89 fo Figures 2-84, 2-85 and 2-86.

My

Figuee 2-89; Provided negtrn pove (] and efeence eacinee powe (Q=nelenenoe] for genetaing ielmiand poveer planiswieh maie Bsan L00 W8 ol power

rtalled capatty inihe south area of Portugal [RENS S0A0A measuremends|
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2.6.8 Technical Constraints in Spain

The technical constraints selving pracess in Spain is
described in Operational Procedure 3.2 "Technical
restrictions” [the latest amendment was published an
17 March 2025 and includes adjustments far a fifteen-
minute markel timeframe). This process has two differ-
entizted parts, one of which is undertaken after the
day-ahead market gate closure time, and anather is
performed continuousky in real time to solve remaining
issues. The objective is to guarantee security with the
mirimum and more economical number of changes to
the results that come oul of the daily market. This process
allowves the Spanish T30 Lo introduce any change that it
considers justified to guarantee the security of supply
in the scheduling of the generation and storage units
[and consumers an voluntary bases), connacted to bath
tranemissian and distribubion networks, including the
dispatch of any power plant not scheduled by the market
but needed by the system to provide services such as
voltage conirel or balancing, Needs for maintaining
security in distribution are assessed and communicated
tor the TS0 By the D50, The process has two differentiated
parts; arse of them taken care after the day ahead market,
with the aim of guarantesing the physical feasibility of
the economic dispatch of the market, and another one
under continuous bases to solve 2ny constraint found in
real-time operation, The T80 must choose the group of
acticns that solves the security issues (mainly cangestion
and voltages out of range) at the lowest possible cost.

The cost of this process is daily transferred 10 the
consumers (directly to consumers for those whao buy
directly in the whaolesale market and through suppliers
for the rest], in propartion 1o their consumption, as part
of the cost of energy, However, the T80 is finandially
neutral and has no budget Limit, so it has no direct
eeonamic impadt i1l reduces the cosls,

After the D-1 results are published, sifuations such as
urexpected unavailability or changesin the forecasts can
occur that need to be solved in the real-time constraint
resolution process,

in general, this process implies continuous manitoring
and adjustment, and it offers the advantage of less
uncertainty due to baing closar 1o real time.

Even if there was not a remunerated voltage control
service inplace, power plants scheduled by the TS0 under
PO3.2 to solve situations of lack of dynamic voltage
control recelve the technical constraints remuneratian
[pay as bid] for their active power redispatch, In security
studies conducted an 27 april, for 28 April, the combined
cytle *Thermal 4-Centre fSouth-West” was scheduled lor
the entire day 1o reguiate vollage in Western Andaluzia.
AT 1552 on 27 April, the unit was declared unavailable
due to an internal problem, initially until 22:00 on
27 Apnil and Later pxtended to 00:00 an 30 Aprit.

The canmaction af “Tharmal s-Centre/south-West" was
extended during the night to secure voltages, During the
maorning of 28 April, RE considered that the "Thermal 5-
Centre/South-West” plant was nol needed.

There is no operational procedure approved in Spain
where a minimum number of generation units coupled
is required, and there is also o maximum limle The erite-
ricn to decide the coupling of an additional generation
unit is the fulfilment of Dperational Procedure 1.1 with
foreseen scenarios (generation, demand, and network],

A112;20 on 28 April, RE ordered the connection of an
additional thermal power plant equipped with P55,
following the detection of system oscillations, The
selecied group was a combined-cycle gas plant in
centre/outh-west, which indicated that it could be
canmected in 20 mirutes, & 12:26, the confirmation was
issued tothe powsr plant to connect at 14:00, Due fo the
blackout occurming befone 1a:00, 1the connectian navar
occufred. In general, RE s aware of the slar-up times of
the combined-cycle gas plands In its control area
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2.6.9 Short Circuit Power

Figures 2-90 and 2-91 plot the caloulated short circuit power over time, demanstrating that maost trends appear 12 be

uniform during the observed timeframe,

Figuee 2-00; Shart cirmuil poveer evakiion in #e Spanish 220 kY retwark [ pilot nodias)
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2.6.10 Reactive Power Flows with Neighbouring T50s

Fiqures 2-82 - 2-94 plot profiles of the reactive power flows with the neighbouring 1505
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Figeee 2-73: AL intenonnectors meachive power Aow fmm 5p3in bo Poitegal [ Mye]

Figae &-9%; &L intemonneciors ieachive power flow from Spain to Moroooa [Myar]
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