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— Grid-Models for Kopernikus-ENSURE

— Transient-Dynamic RMS Grid-Model of the ENTSO-E CE Region
— Study: Grid-Separation (2021 Croatia, Stabilisation, Re-Synchronisation

— Extension to Distribution Grid Level (110-kV, MV-/LV-Subgrids)

— Dynamical Grid-Models ,Re-Bundling” (Transmission- and Distribution Grids)
— Study: Short-Circuit Simulation across all Voltage-Levels

— Actual: Study on “Black-Out” in Spain/Portugal, 28 April 2025
— Summary and Conclusion

— Demo Dynamical Model (PowerFactory)
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- GE-Grid-Maps Europe (CE-Region, Scandinavia, GB, Ireland)
own preliminary work (2015, = Geo-Coordinates)

- ENSURE-2: ENTSO-E CE Static Model Germany (Europe),
Extensions for NEP 2030 (e.g. NordLink, Powerplants ...)

- 110-kV Region: Control-Zone Transnet-BW,
since 2024: all 4 Control-Zones DE

- Various HV-/MV-/LS-Models (partly RMS-/EMT dynamic)
e.g.: KIT-Campus Nord, Quarter KA ,Rehbuckel” (HV, MV, LV) \
Local Substation ,N1418“ + 75 Houses, PV-units >

Load-Flow/ Time-Series (QDSL), stationary short-circuit
Large archive of PMU-Data

W ,Re-Bundling” (opposite of ,Un-Bundling”)

PowerTech 2025
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ENTSO-E Central European Dynamic (E)OWERTECH‘lO
Grid Model (CE-Region) e

2022 (static load-flow, QDSL) - | - Inertia + FCR + FRR
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— Transient-Dynamics RMS Simulation Model (Base: ENTSO-E with NDA, TYNDP_2018/28), PowerFactory
— Vertical Boundary Grids for “Re-Bundling” (DE 110-kV = DG Models, 20-/0,4-kV Subgrids)

— Simulates the CE-grid regarding: Frequency Stability (Load & Generation Balance), Short-Circuits, | izl elsmie i = 1is
Protection, Reserves (P, Q), and “Inter-Area Oscillations”

— Extensions KIT (Geo-Coordinates, Grid-Extension NEP 2026 / 2030 / 2037, regional Extensions

(Baltics + West-Ukraine), local Distribution areas ...). Total: > 461.700 Elements in PowerFactory,
PowerTech 2025

+ 654 powerplants with Dyn.-Controllers, 4 Basic Types (Nuclear, Other thermal, Gas, Hydro)




Tool-Chain (Workflow)
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Generic ENTSO-E CE

Dyn-Model V2, TYNDP 2018/28

CE-Region, Turkey

+ Baltics, West-UA, s

+ parts of 110-kV DE

Combination with

local models (BW, KA, KIT)

,Re-Bundling® models
Details: MV-, LV-Regions

N

<

. 157

+ NEP 2030/2037 —

Offline

RMS-Dynamic Grid-Models Stability-Studies
(PowerFactory)

v

Geo-coordinates,
control-zones,
asset-names (PPs,
substations, lines)

&

Applications

Base for HIL (Energy Lab, KIT), Digital-Twins

PowerTech 2025
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PF OPF SC TS EMT PHIL (0153
Powerflow Optimal Powerflow Short Circuit Transient Stability Electro-magnetic Real time Open Source
Transients simulation
v

GridLAB-D
Matpower* / MatDyn* v v v v v

<
<

OpenDSS 4 4

<
<

(Open) Modelica*, Dymola
PyPSA

pandapower

)

<

Matlab / Simulink / Simscape
NEPLAN (ABB)

PSS SINCAL (Siemens)
DIgSILENT PowerFactory
INTEGRAL-7

PSCAD (Manitoba Hydro)

RSCAD (RTDS),
Hypersim (Opal-RT)

RN G RN U RN
SRR N U NN
SN N U RN RN
SN N U NN

<

* With own extensions to Matpower (PV, Wind) and MatDyn (PV, Wind)
All listed tools are licensed and available at the Energy Lab

PowerTech 2025




Transient-Dynamic Study Grid Separation
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Study Grid Separation (example), refers to event* at 8.1.2021 (initial event Croatia = CE-Region)

— Initial Situation: Grid separation into 2 large regions: Northwest (NW) und Southeast (SE) att=1s,
along borders DE-PL, DE-CZ, AT-CZ, AT-HU, AT-SI, IT-SI, Adria (total load ~ 350 GW)

— Heavily unbalanced generation > 4 GW (+/-) = large flows occur in both regions

— NW stabilises, SE requires PP-emergency shutdowns and TSO-load measures (pumped hydro) 6-10 s
— t=30-58s:TSO load shedding (Aluminium factories, other Industrial), initiates Re-Synchronisation.
— FCR-FRR, Frequency diagrams of the 2 regions cross 2 times, i.e. at t~48 s and t~63 s.

— At 2nd crossing Re-Synchronisation is done (power switches at Injector-Lines are closed).
After ~20 s of ,,Reverse TSO-Load Actions” is balanced again ...

Voltage-Stability:

* Ref.: https://www.entsoe.eu/news/2021/07/15/final-report-on-the-separation-of-the-continental-europe-power-system-on-8-january-2021/

PowerTech 2025 8
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ENTSO-E-CE Grid Separation, Plot: Frequency [Hz]

Subgrid Southeast (SE), f > 50 Hz

Subgrid Nordwest (NW), f < 50 Hz

10 15 20 % 30 35 40 45 50 5 [s] 60
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Complete series of phases in the study. Simulated time: 300 s from event “Grid-Separation”
> @ Separation @ Stabilisation @ Frequency adaption @ Re-Synchronisation @ Load re-activation @ FRR = 50 HZ

ENTSO-E-CE Grid Separation, Plot: Frequency [Hz]

504

,Lessons learned”:

[Hz]

- Computation time ~2,5 hours (factor: 1:25 to 1:40) on 503
Win10-notebook. Depending on dynamics parameter
setup, e.g. adaptive step-width, damping factor

®

\ 4

— No static generators (voltage sources) at all in the model
for FCR/FRR simulation 50,1
i.e. no Ward-elements, no PV or Wind-PP elements

— Static generators (RE) are replaced by ,Dynamic Loads” (i.e. R e e e e
negative P for generators, pos. P for consumers)

499

— Method works as well in RSCAD (RTDS)

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 ([s] 300

Greece e DE (DAXLA) Portugal w— Derurrik Italy — SO0

\\‘z IT ENTSO-E CE Reguon, Transent Dynamic Simulation POtFCR_FRR | Datuex 07.03.2025
PoWe rTeCh 2025 9 e A A Dagramme Zetreihen RUS (Blehro-Mecharssche Semutation) KIT4AL Dr4ng U, Kitraptel Anhang RDX &
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Helmholtz-Program Energy System Design (ESD)
- Energy Lab (Hardware, Digital-Twins, IT-Server, ...)

— Simulation models
o Electricity: Transmission, Distribution (110-kV, MS-/NS)
o Gas: Transmission, Distribution (EBI-VDGW-KIT/ITC)

o Heating (District Level)

— Energy-Sector Coupling, Test Facilities + Replicas

» Districts
— Experimental-Campus (KIT-CN) S 1

— Co-Operation with FZ-Julich, DLR-Oldenburg, HZ-Berlin

— RESUR: Coupling TG / districts via Pyro5 = model privacy
(HGF-financing due to UA-war, bundling of resilience research)

[1] Kiihnapfel, Uwe et. al., On the Art of Electric Power System Modelling and Simulation ..., ISBN: 978-3-031-69030-3

[2] Weber, Moritz et. al. IEEE Transactions on Smart Grid, DOI:
[3] Dindar, Burak et. al. IEEE PES APPEEC, DOI:

PowerTech 2025 10



https://doi.org/10.1109/TSG.2024.3406765
https://doi.org/10.1109/APPEEC57400.2023.10562006

Modelling 110-kV Grid Germany oKL 202S SIEEE
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,Re-Bundling* POWERTECHALO @Es i

In DE the main integration-layer for ,large” wind- and solar-plants. Layers 1-4 modelled (MS-buses)
In the meantime 100% finished, structured according TG-zones, assignment according LAU-1 (,Verbandsgemeinden®)

excerpt D76

5 x
CRheFHAO

Aggregated RE-units from , Marktstammdatenregister” (Source: BNA), Loads from Statista (population)

_ - Excel-Tables and PF-interface via Phyton scripting (Pyro5)
PowerTech 2025
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Close versus Soft Grid Connections
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(a) Close Coupling

TSO
EHV
HVDC

DSO
HV (110kV)

DSO
MV / LV
City-Works

RMS-Dynamics for all Subgrids

(b) Moderate Coupling (e.g. RESUR)

P e o e mm o o mm mm Em o Em Em Em Em o Em Em e = Em oy

PF, PandaPower,
MatPower, PSS/E

Parallel processing
possible

RMS-Dynamics in EHV- and HV-Level Grids

(c) Soft Coupling

v Pyro5

T Parallel -

oL processing

e n possible <

- & =5 j |
Load-Flow & QDLS 12
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- Dyn-Model: ENTSO-E CE + 110-kV (PHILI-DAXL-ALHIM-BRUKA) + KIT-CN (HV/MV/LV)

Karisruhe Institut fiir Technologie
Campus Nord (KIT-CN)

- Grids coupling 110-kV with KIT-CN-grid at HV/MV-transformers at substation UW LEOPO (NetzeBW)

- Replacement of , Ext.-Grid“ in (a) and Load element in (b), connect 20-kV feeders to 110-kV transformers
PowerTech 2025 13
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Fig.: 110-kV sub-model, Karlsruhe region with KIT-CN mmmnme,,

Model Statistics

- 31 Subgrids, 461.722 Elements

- 10.069 Sites, 21.616 Substations | '

- 28.118 Buses, 100.571 Switches L Il

- 8.768 Transformers (2W+3W), 19.734 Lines + 2.266 Impedances M«U g E

- Loads: 12.194 Consumers, 11.343 Constant-Impedance (RE, Converters), . 25 % m%

6.179 Constant-Current (RE, HVDC) S CinnmnE

- 17.394 SYM-Generators, of them 651 with dyn. Controllers 2{ i%;%é%}

- 2.048 Reactors/Capacitor Banks (L, C) ? ﬂm—

- Additionally: STATCOMs, Async.-Machines (KIT-CN)

y
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- Dyn-Modell: ENTSO-E CE (EHV) + 110-kV NetzeBW+SWKA KA (HV)+ 20-kV Cable ring (MV) + Urban gr|d (LV)

UW Durlach e \mm \  RR ‘.
(SWKA Netze) : '. ‘\\ :

‘ L 5 IF MpdmOOp nStreetMap contributor.

bl Plbles ol
Ijl § rﬁ_LI_I : 1 o
} I ;.‘ [ J'r l J:_} J;.:,I JE I ;:;_1 J'.E I
b S -
; 1
-] \ @
—t e e
TR
. [ = §
|
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- Dyn-Model: ENTSO-E CE (EHV) + 110-kV NetzeBW+SWKA KA (HV) + 20-kV Cable ring (MV) + Urban grid (LV)
Urban area with mixed type of housing, 9 PV-units _ J ‘ S
Switch cubicles for flexible Grid-Topologies l ! t g ‘ _T ’ ’ ‘ ’ ’

i k data f k bstati df l S
100KV sation UW Duriach (25 kb 7 chanmely d P et ’J
Modelled from grid operator diagram (SWKA-Netze) e ‘

Detailed 20-/0.4 kV transformer data (630 kVA) [ l [ l [ [ j ‘ \j ’ ] ’ T
. | BEEEE

ol | j u area
] l ’ l ‘ S IOIOIIzlll418
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Case-Study: Short-Circuit Event
All voltage layers combined
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-, Event”: 3p-short-circuit on 380-kV line ,Saalbach”. Sensors (voltage, frequency, ...) across ENTSO-E-CE area

Spannungen, DAXLA, PHIL, LEOPO [p.u.)

Mzl
50,4

N1418 MS-NS Grid, Kurzschluss 400-kV Ltg, Plot: Frequency [Hz]

Effect: Frequency impulse in LV-grid bus

[pul]
55.3 - - .- - -
is significantly higher as in the EHV-bus
50,2
i . - - .
- reason: modelled with dynamic loads
[} 2 4 B 8 =1 10 504
—— Spg S5 DAXLA =mmm Spg 55 PHIL e L[EQ 110 mmm== LEQT1 20 e KT 428-0.4 KV
50 -
Strome Ltg. DAXLA-PHILI "Saalbach” und "Federbach” [kA]
489
[A]
15000 1] 2 4 L] ] =1 10
DE (DAXLA) ——- DURLA 110 kV — N1418 20 kV — N1412804kV
10000
5000 N1418 MS-NS Grid, Kurzschluss 400-kV Ltg, Plot: Spannung [p.U ]
- 1.2
o
0 2 4 ’ & El 0 pul % e
— SAAL Dacda-> KS = FEDE Danla-FPhili s SAAL Phili-> KS "Ww—-t—r ]
Stréme Ltg. LEOPO 110-kV [kA]
0.8
(Al
200 0.6
150
-
100
0 2 4 & 8 El 10 0 2 4 6 8 I=] 10
— LEO 110 DE (DAXLA) == DURLA 110 k¥ — 1418 20 kY — W14 0.4 kY
ﬁ(IT ENTEC-E GE Reglon, Transient Dynamic Simukation Piot-Spg | Datum: 19.05 2025 ﬁ(IT ENTEC-E CE Region, Transient Dymamic Simulstion Plot-FCR_N1418 | Datum: 13.05 2025
_— . Disgramme: Zeltrelen AMS (Elektro-Mechanische Jmulstisn) BIT-1AL Dr-ing. L. KoRnapfel Arkang: RDK 2 i Zeitreden RMS BIT-4AL Dr-ing. L. KoRmapfe! Anang: ROK &

Problem: Frequency spikes in LV due to load-dynamics (mot. / inductive loads)
Question: how ,valuable” are LV frequency-time-series = Transferability to EHV-grid (transmission)

PowerTech 2025 Activity: Academic wide-area frequency-monitoring networks (= Derived metrics for grid stability) 17



Case-Study: Short-Circuit Event

All voltage layers combined
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- Frequency, voltage, active power in transmission grid across Europe

5025

[Hz]

50,2

50,15

50,05

50

49,95

40,9

ENTSO-E-CE Grid, Kurzschluss 400-kV Ltg, Plot: Frequency [Hz]

o

Turkey — Greese

DE (DAXLA)  —— Portugal ~ ——— Denmark == ftaly =~ —— Estonia = ——-= Czech

1.1
p-ul
1.05

VOLTAGE Region East/Southeast [p.U.]

ENTEC-E GE Region, Transient Dynamic Simuiation

| AT |

PowerTech 2025

Zeflreden RMS

FIT-4AL, Dr-ing. UL Kismapfe!

0 2 4 & & [s] 10
Estonia —— Puoland — Turk 1 —— Slowenia Bulgaria — Latwia
——— Romania ——— Greece Turk 2 ——— Serbia === = Albania
Line-Load [%]
_______________________________________________________________________ ¥ =100%
—_—
0 2 4 [ 8 15 10
FR-DE Vigy —— LT-PL — BG-TR Slowakia ——— Bulgaria —— SK-HU
Transmitted Power [MW]
.\‘_._'_,_._-—-_._‘_‘_‘_‘_‘_._._/'
] 2 4 [ 8 sl 10
—— FR-DE Vigy —— PLLIT — BG-TR ——— Elowakia ——— Bulgaria —— SK-HU
:;!(IT ENMTEC-E CE Region, Transient Dynamic Simulation WVeits_E-3E | Datum: 19.05.2025
Kl v b Er e Zeitreten RM3 KIT-AL Dr-ing. U. K@hnapfe! Anfang: ROK
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Case-Study: Short-Circuit Event
All voltage layers combined
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- Power plants: RDK8 (located close to disturbance), 4 power plants far distant from disturbance

RDKS P [MW] RDK8 Q [MVar] RDKS: Erregerspannung [p.u.] TPP Eesti/EE: P [MW] TPP Burshtyn-330/UA: P [MW]
3000 [pu] W]
[Mvar]
(W] 1400 8 270 pw
2500 845
1200 / 6
2000 278
1000 640
1500 4
800 = 835
1000
600 2 _—
500 620
400 o
0 200 225 625
2
-500
] 1 2 3 4 [ 5 ] 1 2 3 4 & 5 ] 1 2 3 4 5] 5 0 0.5 1 15 2 25 3 35 4 451[s] 5 o 0.5 1 15 2 25 3 35 4 45 &
RODKE P — RDKE Q ROKE s.ve e EESTI: 5:P1 . TP BurshitynfUA - s:P1
RDKS Emegerstrom [p.u.] RDKS Turbinenleistung [p.u.] RDKS8 DrehzahlFrequenz [p.u.] NPP KHM/UA - P [MW] Gas-PP Riga/LV-TECZ2 [MW]
a 0.83 [pul W] 15‘;';'
[pu] 1.005 1270 165
pu] 0.925
B 1 1260 1848
0.82 164
1250
4 0.815 0,905 1835
1240 163
3 oot 0.88 1625
1230
0.805 n.8s 182
2 : 1220 161.5
0.9
] 1 2 3 4 [5] 5 o 1 2 3 4 6 5 ] 1 2 3 4 [51 5 ] 0.5 1 15 2 25 3 35 4 455 5 0 0.5 1 15 2 25 3 35 4 45 [s] 5
RDKE sie —— RODKE pt RDKSE xspeed e WPP KHMIUA : s:P1 e Gas-PP RigallV : s.P1
ﬂ(IT ENTEC-E CE Reglon, Transient Dynamic Simulation Flol-RDKB | Datum: 13.05 2025 ﬂ(IT ENTEC-E CE Reglon, Transient Dynamic Simulation Flot-Bait | Datum: 13.05 2025
— . Disgrameme: Zeitrelen AMS (Elekire-iechanizsche Simulstion) BIT-4AL D -ing. LI Kiknapfel Anrang: RO 2 — . Disgrameme: Zeitrelen AMS (Elekire-iechanizsche Simulstion) BIT-4AL D -ing. LI Kiknapfel Aniang: RO

PowerTech 2025
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Case-Study: Iberian Blackout (28. April 2025)

Dynamic grid-model, parameter setup, simulations

D

IEEE POWER
ELECTRONICS SOCIE'I’V
ering a Sustainable Fu

HIEEE

ﬁ ES

Power & Energy Society®

[POWERTECH [L

O KIEL 2025

Background: On 28 April 2025 at 12:33 CET, the power systems of Spain and Portugal suffered a total blackout.

- High media resonance and public interest
- Well covered in “data-communities”
- Our motivation:

- Evaluation of our dynamic model

- Develop a “workflow”

- Derive rules for grid stability
(inertia, minimum grid reserves, ...)

- Curiosity and “to have fun”

Known facts

— + 2 GW outage of generation within 17 seconds,
starting in areas Granada, Badajoz, Sevilla

— Outage of +20 GW within next 8 seconds

- complete system-collapse within 25 seconds

PowerTech 2025

Estructura de generacion y almacenamiento acumulado progresivo

(MW) a las 12:30 - 28/04/2025

Demanda 25184 - (%)
Andorra exportacion 9 0(%)
Marruecos exportacion 782 0(%)
Portugal exportacién -2652  0(%)
Francia exportacion -868  0(%)
Baterias (%)
Turbinacién bombeo 28 0,09 (%)
Nuclear 3387 10,52 (%)
Carbon 229 0,71 (%)
Ciclo combinado 982 3,05 (%)
Cogeneracion y residuos 1356 4,21 (%)
Hidraulica 3172 9,86 (%)
Edlica 3499 10,87 (%)
Solar fotovoltaica 17657 54,86 (%)
Solar térmica 1498 4,65 (%)
Térmica renovable 377 117 (%)
Consumo bombeo -3030  0(%)
Consumo baterias 8 0(%)
Enlace balear -102 0 (%)

Francia importacian

(%)

Portugal importacién

(%)

Marruecos importacion

(%)

miento acumuladao (MW)

y dmacenal

60000

50000

40000

-20000

Source: TSO REE,

Spain (https://demanda.ree.es/visiona/peninsula/demandaau/acumulada/2025-04-28 )
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Dynamic grid-model, parameter setup, simulations “—o KIEL 2025
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Setup of Power Generation: mapping to specific power plants (units)

Workflow lActuaI Generation per Generation Unit ~ ~ l (i ] I::’Id QII lEEBJOAJEUZS l
1. Impedances at border-nodes (short circuit calc.), full model cereer e
. . . Select all Unselect all @ Generation @ Consumption
2. lIsolation of “area-of-interest” (ES, PT, power Injectors) D
3, Setup Of O Unit Name Unit Code Type G'e'{’mi“ m"?:':;';t'“" v
. . [ 50705 1BWSRIS-12345-5 Fossil Gas B6.00 (VAR B *
- Loads (consumption, imports, exports) - ' -
[ CAMPGIBZ 18WCAMGIZ012-CC Fossil Gas 168.00 (VARY) @B *
- Generatlon (per Class’ per unlt |f known) I:] CASTEJON 1 18WCTIONT-123-CJ Fossil Gas 0.00 (VARY) A *
I:] VANDELLOS 1BWVANZ-12345-BA Muclear 1043.60 (VARY) B *
- Define Events (Switches, Outages, Load ramps) 0 corares owecToTez 12 S 000 AR m e
. . . I:_I ALG3TGZ 18WALG3TG2-123-2 Fossil Gas 134.80 (VARY) B *
4. Simulation runs (calc. 75 sec. for real 20 sec. period, ~4:1) - o
) BESS TG2 T8WBESSTG2-123-W Fossil Gas 0.00 x
5. Comparison with frequency plots, analysis, O e L smim TR B3
mOdel mOd Iflcatlon I:_I VLLRINO 6B 18WVRNEE-12345-Z Hydro Pumped Storage 0.00 (VARY) B *
Ii] ARCITGZ 18WARCITG2-12-CY Fossil Gas 0.00 | *
v 37/182 46/182

Source: ENTSO-E Transparency Platform (here: Generation per unit, market area Spain
(https://newtransparency.entsoe.eu/generation/actual/perUnit?appState={...} ), 1-hour data

21
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Basic Dyn-Model ,,Iberian Blackout” Dyn-Model with calculated Load-Flow (well balanced)

ALCOA Map data © OpenStreetMap contributors
BOIMENTE

Valpacos S
L Miranda

ANDUJAR
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Simulation results: Nuclear Power Plants ASCO 1/2, ALMARAZ, emergency shutoff at t = x + 13 sec.
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Case-Study: Iberian Blackout (28. April 2025)

Dynamic grid-model, parameter setup, simulations

Simulation results: Gas PP and Hydro PPs, shutoff att =x + 17 sec. due to voltage collapse
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Voltage-Stability

t=0,5 s (before initial event)
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— RMS-Dynamical Simulation works in PF even for very large models (,,Hurra !“)

— Long calculation durations = model reduction (sub-grids) for “area-of-interest”
o Requires adaption of border nodes (injectors)
o Short-circuit power and impedances for horizontal border grids required

— Implementation on real-time environment = requires drastic grid reductions (see llya)

Next Step(s)
— Further analysis in ES/PT-Blackout study model 28.4.2025, to keep in-line with upcoming new info
— Inter-area oscillations

— Stability studies regarding reserve power (P, Q) and inertia (= quantification)
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Realtime-Simulation Concept (RMT / EMT)
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Baden-Wiurttemberg — AC/DC TG + 110-kV layer

,re-bundling*

Model architecture, style:

Replacement of thermal stations
(nuclear, hard coal) 2019 - 2035,
to replace: ~ 8 GW

Max. load in BW today: ~11 GW
High portion of PV (PPVmax: 7,9 GW)

Stabilization by 2 HVDC-links, 2x2 GW
(ULTRANET, SuedLink A) (2026)

Modelled to level 4 (HV/MV transf.)

Goals for grid operation
Security of power supply
Low rate of Re-Dispatch (PV, Wind)

Uwe Kihnapfel — Distributed Real-Time Electricity Grid Simulation

AT

Karlsruhe Institute of Technology
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