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Det fremti
fire temae

—— Sektorkobling

Elnettets basale funktion kan udtrykkes  ved
elkvalitet og forsyningssikkerhed. Elnettet er kritisk
infrastruktur, og skal beskyttes mod cyberangreb
Til det beskyttede elnet kobles de forskellige
sektorer pa en sikker made
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FREKVENS STABILITET
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Figure 1 - Geographic area affected by the incident of 28 April 2025.

POC

DS WEBINAR BJORN ANDRESEN
4 JUNE 2025 SECTION HEAD, PROFESSOR (DOCENT)

PPC




WHAT HAPPENED IN SPAIN / PORTUG
THE 28.4.2025
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HVAD SKETE DER DEN 28.4.2025 ?

/v

Den omfattende strgmafbrydelse, der ramte Spanien og Portugal den 28. april 2025, skyldtes en kombination af tekniske og
strukturelle faktorer i elnettet. Ifglge rapporter fra R&tEctricade EspafidREE) begyndte haendelsen med tre pa hinanden fglgende
udfald af kraftveerker i det sydlige Spanienzer GranadaBadajoadg Sevilla hvilket resulterede i etab pa 2.200 MW
produktionskapacitet inden for fa sekundéEACT]

Dette farte til etkraftigt fald i netfrekvensenog en stigning i spaendingen, hvilket udlgste automatiske beskyttelsessystemer og
frakobling af forbindelserne til Frankrig og Marokko, hvilket isolerede den iberiske halvg fra det kontinentale europaetske’sl T

Derudover blev der registrerdavirekvente svingninger nettet (inter-areaoscillations¥ar sammenbruddef hvilket indikerer en
underliggende ustabilitet i systemétACT]

Disse svingninger blev forsteerket af en hgj andel af vedvarende energikilder i elproduktionen, isaer solenergi, som péetittspun
haendelsen udgjorde over 70 % af energimikE&beculationg Not confirmed]

Manglen pasynkron inertifra traditionelle kraftvaerker gjorde nettet mere sarbart over for hurtige eendringer i frekvensen.
[Speculatiorg Not confirmed]
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WHATAR ETH E FACTS [SourceENTSE2, 9th of May]
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IT HAS HAPPENED BEFORYND WILL IT HAPPEN AGAIN?
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Figure 2 - Frequency in Continental Europe during the event on 24 July 2021
July 2021
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IT HAS HAPPENED BEFORMND WILL IT HAPPEN AGAIN?
UK¢ BLACKOUT 9. AUGUST 2019

]
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FREKVENS STABILITET
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Figure 7: Frequency control in the Danish power system —
for a fault event e.g. when a generating unit trips (disconnects).

Hansen, A. D., Sgrensen, P. E., Zeni, L., & Altin, M. (2016). Frequency control modelling - basics. DTU Wind
Energy E, Vol.. 0103
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IEEEECLASSIFICATION OF STABILITY CONTROL
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Angle Stability Stability Disturbance Disturbance
| | V -Stability V. -Stability
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| Short Term ‘
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P. Kundur et al, "Definition and classification of power system stability”, IEEE Transactions on Power Systems, vol. 18, no. 3, pp. 1387-1401, May. 2004.
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B.4 Frequency Stability:

Frequency stability refers to the ability of a power system to
maintain steady frequency following a severe system upset re-
sulting in a significant imbalance between generation and load.
It depends on the ability to maintain/restore equilibrium be-
tween system generation and load, with minimum unintentional
loss of load. Instability that may result occurs in the form of sus-
tained frequency swings leading to tripping of generating units
and/or loads.
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FREQUENCY AREAS

- Frequency during the synchronisation period
% February 9, 2025
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THE FUTURE ELECTRICAL SYSIEM. OOK

SourceEnergistyrelsen
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FREQUENCY CONTROL

Hansen, A. D., S@rensen, P. E., Zeni, L., & Altin, M. (2016). Frequency control modelling - basics. DTU Wind
Energy E, Vol.. 0103
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Figure 4: Mechanical equivalent of the power system operation.

Frequency stability has several time horizons L
q 4 4 Variability (forecast)
Electricity market; responsible to find a solution / balance for each hour

Responsibility for each area is the system responsible in thecaggen Energinet.dk __
Stability (frequency control)
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During the hour balancing is done with serval frequency control systems
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FREQUENCY CHALLENGES
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Challenges / opportunities

FREQUENCY CHALLENGES

Replacement of conventional
production with converterbased
systems

Conventional load replaced with
power electronic

éq

WbE —

production

=y Calculate
'4 imbalance

['Hh Reduced natural Inertia from
production & consumption

Fv.-u-.. L

b Reduced self regulation of load

( Fou-u-u N )

( Frequency
Control

b edwuced damping in the system

P -SSP M ClFald O2yUuNRf f
df :Z i = 2 Fioa [pu] power electronic
i 2H,, f

[Source ABB]
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FREQUENCY CHALLENGES

df Z

z Pfomf

dt
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ZEqu

14

Frequency deviation

/v

Time following a disturbance

Initial ROCOF depends on inertia and
generation demand imbalance

Subsequent frequency recovery will depend on
Frequency Containment Reserves.

Figure 4. Qualitative demonstration of the effect of TSI constant on the expected frequency response of
interconnected system in the frequency containment period (Source: ENTSO-E - TYNDP 2018) [4].
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IEEE, NEW CLASSIFICATION OF STABILITY CONTROL
2020) - INCLUDING CONVERBASED SYSTEMS

Power System Stability

L J
e l ¢ 4 1
Resonance Converter-driven Rotor angle Voltage Frequency
stability Stability stability Stability Stability
: } | } | ! | I
Electncal Torsional Fast Slow Small Transient Large Small
interaction interaction disturbance Disturbance | | Disturbance
w LA v ¥
Short Long Short Long
Term Term Term Term
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THE FUTURE ELECTRICAL SYSIHM LENGE
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GRID FORMINGDEFINITION

Current Controlled

Grid Following Grid Supporting

» Fixed Current Source  Controlled Current

« Follows P& Q(ref.) Source
* Ajusts P& Q(ref.)

P(f), QV)

DEFINITION IEC:

grid following control

Voltage Controlled

Grid Leading Grid Forming

» Fixed Voltage Source « Controlled Voltage

» Provides fixed V& f Source
(ref.) * Provides V & f (ref.),

f(P), V(Q)

Belectric, Manuel Kersic, 19th Wind Integration Workshop, 11/11/2020

Control of the grid side converter, where the active and reactive power production follows the reference values.

grid forming control

Control of the grid side converter in a way that voltage amplitude and frequency are controlled by the converter.
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Figure 4. Functional diagrams of grid-following and grid-forming inverters. Grid-following
inverters mimic current sources at their output terminals, whereas grid-forming inverters act like

voltage sources whose output abides by droop laws. e
/ AARHUS DSWEBINAR | BJORN ANDRESEN %@
V UNIVERSITY 4 JUNE 2025 | SECTION HEAD, PROFESSOR (DOCENT) R

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING



SUMMARY

U Blackout Spain / PortugglEr en kaskadereaktion. Arsagen er endnu ikke 100 %
bekreeftet.

U Eklsystemet vil blive mere udfordret i fremtiden.

U De selvstabiliserende egenskaber bliver mingli&de pa produktion og forbrug.
U Inertien | elsystemet bliver reduceret.

U Effektelektronik har andre egenskabebade positive og negative.

U Der kraeves nye styringsegenskaber, beskyttelsesfunktioner og nye mader at operere el

systemet pa.
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Thanks’ a lot

Questions ?
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ENLERGINET

HVORDAN OPNAR VI
FREKVENSSTABILISERING | VORES
FREMTIDSSIKREDE ELNET

sa vi reducerer risikoen for fremtidige
stramafbrydelser?

Christian Flytkjeer, Energinet
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UDVIKLING | ELSYSTEMET

A Prognose af den danske termiske  *”
elproduktionskapacitet 3 oo

=
g 50,00
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UDVIKLING I ELSYSTEMET
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ENLERGINET

DEN GRONNE OMSTILLING OG SYSTEMSTABI

A Det grenne konverterbaseret elsystem opfarer

[ 4
elektrisk vaesentlige anderledes end det klassi m ‘_l

A De klassiske kraftveerker bidrog naturligt med
A Statisk og dynamisipeendingsregulering Klassisk kraftveerk Synkrongenerator Elsystem

A Kortslutningsstrgm
A Inerti

A Desempning af oscillationer (PSS) \.__-_
A De nye grgnne anlseg er ngdt til at overtage n« 1 %7 A{MU""@
af disse funktioner.

Grgnne energikilder Effektelektronisk converter Elsystem
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LAN G S I G T ET 350 Duration Curve of different scenarios
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A Inertien er generelt faldende 2%

A 1 nogle timer er niveauet meget lavt
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BALANCERING EFTER EN SYSTEMHANDELSE
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ENERGINET

LOKAL INERTI
EN OPGAVE
YDERLIGERE?

Der opstod en fejl i konverteren pa den
britiske side, hvilket medfarte en
midlertidig blokering af anleegget og et
tab pa 1,4 GW i Jylland.

Haendelsen forarsagede en IRaCoF
(Rate of Change &fequencypa over
3 Hz/sek., hvilket farte til frakobling af
cirka 200 MW produktionsanleeg.
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ENERGINET

LOKAINERT(
ENOPGAVE
YDERLIGERE

Der opstod en fejl i konverteren pa den
britiske side, hvilket medfarte en
midlertidig blokering af anleegget og et
tab pa 1,4 GW i Jylland.

Haendelsen forarsagede en IRaCoF
(Rate of Change &fequencypa over
3 Hz/sek., hvilket farte til frakobling af
cirka 200 MW produktionsanleeg.
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Frekvensmaling ved EDR 406stationen samt i Holland og Tyskland.
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LEVERING AF SYSTEMYDELSER

Setfra en systemoperatgrperspektiv

Levering af
ydelser

Integrated
network
component

Udlands
forbindelser

Funktionelle kra Marked eller Tredjeparts Energinet
(netreglen kompensering anleeg Eltransmission

Tilpasning af eksisterende anlaeg Etab'?]rgt‘lgoﬁ‘: prg/r(]aelrr]\;[:?rerede Ydelser leveret fra udlandsforbindelser

45



ENLERGINET

INTEGREREDE NETKOMPONENTER

Statter elsystemet under fejl

/ @
GEFM Synkron-
e-STATCOM kompensator Establishment of new

Integrated network component
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HANDTERING AF

STORE FORSTYRRELSE

OPSUMMERING

Nye systembaerendenehderskal mobiliseres.

FX:

A Synkronkompensatorer med svinghjul
A e-STATCOM

A Forskellige typer af geidrming anlseg

Motiveres gennem nye markedsprodukter
og/ellernetregler

Evnen til systemanalyse og monitorering er
afggrende vigtig
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