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Al 2% HVDC R AHAA 7|le &F
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Decision for cable-based systems: Partial selectivity under consideration of
costs, benefits and innovation risks for pilot MT projects

Z19¥ 1. Protection selectivity
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Selectivity Options in MTDC Systems
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Partially selective protection concept @ crgre
(DC side)

Onshore converter Protection enabling separation of affected FSZ by DCCB
Offshore converter Offshore converter (us toms range*)

FSZ_N1 FSZ_N2

* System split at borders of respective Fault separation Zones
(FSZ). Pole-wise separation zones

Onshore converter

7 / 4 s ~/ * Faults shall not propagate across borders of respective FSZ
= = T 3T — * Fault detection & separation shall be fast enough avoiding
permanent converter blocking in unaffected FSZ
Fault Clearing (ms range*)
g « By ACCB
+ T t 0 Eﬁ 0 0 -
own s : e = i After fault separation & clearing (seconds range*)
S ————————— =3 SRS ¢ * Reconnection of unaffected parts of the FSZ
2026 CIGRE Paris Session *) or below if applicable 9
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g ol&3stE WA Mol 40~60 ms7t A8FH, 3 S dEHo g FEsty] o
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Caithness-Moray —Shetland & EU HORIZON Project PROMOTioN @ cigre

Fault Currents within a DC Grid Options for Protection

Converter AC breakers
As used in existing projects
Slow (40-60 ms opening
fime)
[INot selective

" _Higher losses compared to

IRy half-bridge
v ! Fast (responsive within a
du . few ms)
T T Not selective

Fault current characteristics Sensitive (&
No zero crossings expensive) ITrade-off in losses vs speed
| High rate-of-rise ﬁ converters and Allows selective fault
| High steady state value fast controls clearing
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Caithness-Moray —Shetland & EU HORIZON Project PROMOTioN "5)
HVDC Cables | Converters | pcces
Parameters from real project ' Open-source ! Developed
Travelling wave frequency- 1 Average HB-MMC | by WPé in

collaboration
with industrial |
partners

3 types:

hybrid;

Clive v
Radial § o nea y " hon mechanical;
L ST =) and VARC

dependent phase model used
giving accurate v, i response

Includes high and
low level control

Model Topology
Phase 1 tial

" Real World
Vendor X (Y.Z,...)

HVDC Protection IED(s) -
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From a functional framework — detailed specifications

Phase 1

Functional framework . .
. . Demonstrator definition & system objectives
Basic subsystems requirements

Assign functions & capabilities to subsystems

Phase 2

Detailed subsystems specifications
at DC-POC (high voltage interfaces), incl. DC grid equivalents
at communication interface (signal list)

2026 CIGRE Paris Session
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InterOPERA HVDC Grid Design Studies

North-West /7= = | North-East
""""""""" ezl = I
o 7" Central 7" |
e — i 23 | acmce
Structure of Deliverable D3.8 D Subtask 3.6.1 Scope Description A mm R B SE——
~Demonstrator system design studies * Input clarification & documentation sz f
* Study scope clarification

[ DC Switching Unit wio Fault Separation Capabilty

[ OC Switching Unit wi Fault Separaton Capabilty
(TN, max = 2.5 ms)

Subtask 3.6.2 Subtask3.6.3 Subtask 3.6.4 | B £ ELLLL
DC Load Flow & DC Grid Dynamics DC Grid Transients | Q = .;F?, l
Contingency Analysis Study Study e
o | o= FEH Two types of DCCB
InterOPERA - Publications | B = .
I B technologies
b -
South-West "~ *

FSz8
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A5 Fo Efa #ele dsof dh
2E 72 3491 A9 Bell 8¢ DC FRT & Bl 3 WA 38 7EAde 42
25 ms¢ 8 msol, s Al Ao CR 4A Ak 27 —0.7 put —02 puelwh. F dt

A B CR ZA= 271 —1 puolA Al#tste]l A A 815 7]EA A 0.25 puz ks
o

. ©1% 30 msol 0.7 pu, 150 mse] 0.95 pu AA Lk o] AYE DC A& Zih 44
Apol dgkel, 7)F=AGE 500 kVolth CR A& ole] ngze xdats 2 AA=,

A g e A 3B AL Qs e

Subgrids & DC-FRT requirement

Functional framework Subgrid A SubGrid B
Basic subsystems requirements
T_recl 2,5ms 8 ms

: T 2 30 ms
AC/DC converter DC-FRT requirement b
1 T_st 150 ms
Yuvs
Hyvg-2 U_uvi -500 kV (- 1pu)
T Y U_uv2 -350kV (-0,7 pu) -100 kV (- 0,2 pu)
] U_LV3 125 kV (0,25 pu)
g o0
8 U_UV4-1 350 kV (0,7 pu)
Uyvz
U_UV4-2 350 kV (0,7 pu)
Uyt
U_Uvs 475 kV (0,95 pu)

Trecz
Time[s]

rect
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Risks arising from HVDC multi vendor system design @Z‘)ugre

* Risk 2: Protection coordination and subsystem design =
* Design space for protection setting must be large enough to ensure @ -

relevant selectivity and competition = b
e\.
operation L

* Inconsistent equipment withstand capability across different subsystems =
(DC FRT, AC FRT, Dynamic Braking System, DC or IAC cable screens), must be

consistent between each other and with the protection settings to ensure @
equipment integrity
* Consequences includes equipment damages, operational restrictions, | Bt o i
prolonged unavailability
Phase 1

Tender preparation
= Key Decisions
e.g., topology, basic functions
& capabilities, operational
principles, remedial actions...

* Project execution risks: Hardware updates with high costs, lead time and sign stud
engineering impacts Subsystem design

parameter assumptions
Issue is real only if functional framework of InterOPERA does not prove
successful (currently proof of concept with demonstrator).

Prefiminary

In such a case, early-stage mitigation is coordination for main ratings among
subsystem for the whole system

Vendor A | ... | Vendor N 2

Contract award
2026 CIGRE Paris Session Workshop - Study Committee B4

The evolution of HVDC protection 35

9 8 He AAg A 8§ dAE 2Hd 2

4) 54 T TEdA Z2AES] @AY TSO AA A4

oA AHE wE AQast e 8§ Ao FxE A Multi-vendor Aol =gk,
Al Azdlel e Asta Aul 2 dedelsE £&% FAL Besh 5o
TSOES ARWS dAHow gatdr =4 Az tdh o2 Zola, Ay Z2 o
Aget 7)Ea Aul2E A9sty] 98] Multi-vendor T4 S FXEa ) o]E Adsted
Az e FFYAe Anrt sy Alador AT £ AEE TE QAN AAxA
< vhdsjoF g
29 9% TSO #A o)A Multi-vendor 7-4¢] 2t ol dS A7 AEAL, 71& 53}, =2
ZHow FRate] HolEn BV ATAYANME FF FHE st Wane R,
NAAE dAASRE F718 & Utk 7l& X3t SHoAE A 2d 1 A8 S vt
ot 29 SHAAME s~

gor oy gEdAe] 7leds MAuaE Ad9ste] =98 -
o

99 FEAEE Al 2AS FAsm, 54 AxA
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Benefits of Multi-vendor from TSOs’ perspective

Procurement

Forward-looking grid planning Technological Standardization

Multi-Vendor enables the (step- ¢ Enables Interoperability between
wise) development of DC grid Sub-Systems
structures

Larger MT structures are difficult to
implement as Single-Vendor

Selection and combination of the

Enables a long-term perspective on most suitable technologies and
grid expansion services from various providers

MV leads to sub-system market

MV promotes competition

Greater technical insight and
expertise at the TSO

MV reduces dependence on
individual manufacturers

2026 CIGRE Paris Session DC4x projects 42
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skojf sh
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DCCB7} §l= 9d & Ho g9, DCCBE A A A <]
e Ho pAer wHsta, ofF oy THAsE Felshe REddY Ee gl
TR s Wtk wekA F5 Aol AP s 4 3 A

i

jus}
lo
0>~
olr
i
o
T
©

_12_



E TuAAY Aurr QAE = 20704 E3ksjoF gkt

1Y 102 TS0 Alzgl AA A7t Al Alzela) shA a5 AFSS AX AzAe] A
Z olojxE BAE HojFErh dF A dAjels 2He AAAA, Aol BEA, DC A=
nzs PEsl TgEc A47] FEAL4S BFE EMT dl4e4E DC FRT 523 DC ¢
SE el AU 1 AST A @ AEHS ARGT TH 1F F Aol A
Ao LAEE Aty HAFE Hriste], 72F Auyp 5ok & WA 27 58 @A
& Aol wred ey,

TSOs are responsible for the overall HVDC system (?@C'S'e

Stationary Offshore
(Load Flow & Dynamic < Converter
Contingencies) (Control behavior)
E Onshore
Converter
ck DC switching
station
':'} DC Grid
OO B
D CONlroi

: Overall and HVDC OEMs design
Sub_s_ystgm subsystems
Specifications

DC4x projects 44

( DC Designstudies}

Transient
(Faults)

TSOs conduct DC design studies at an overall HVYDC
system level

ASSSN

2026 CIGRE Paris Session

29 10. TSO AA Aok A=A A9 94

I 112 DC B3 83k 7|5 ¥ DC Musd wEshs WAS HojEr W
2 Atgoll= DC FRT w93 283 4% F71e DC g8 =315 Atk DC /H# 4 A
Foll= FAE 9 A9} Ao 13 | AhAHS Ak, s Algtelle g A=A A
7] ALAIZEE A Rkdeit) o)l WEAavt ngS At TE 9 At 1S Ees)
= Aes 47 FFAIYCE U, T 2ol AR FiEtESE sk otk
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Functional split

InterOPERA-approach:
ideally be tendered separately and independently

stations and DC switching stations — but both should

tendering. Second coordination study with involved OEM.
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Strong interdependency between capabilities of converter
TSOs to perform a first protection coordination study before
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@ agre
Defining DC FRT requirements for DC4x projects

No concrete profile, but:

DC undervoltage profile

1. Converter has to stay
connected until its internal
limits (overcurrent) are reached

would be too conservative

2. Internal limits (capabilities) are
defined via stand-alone test

[InterOPERA D2.1]

u, [pu] A
AC- - um
PoC -
m— l
! - % [InterOPERA D2.1] | T
Profile as outer o8 AC grid equivalent DC grid equivalent L% =
envelope of all i T :
. 4 . - . e
possible faults Test voltage profile has

equivalent effect as worst case-
fault identified in design studies

2026 CIGRE Paris Session DC4x projects 47

19 12. DC4xe] W=7] DC-FRT A€

THLA A ZTo= DC A4 AP (DC compliance testing)S E3 ZF &9 A ~=lo] A )
2 3

| AMFS SR gRlgt ool DC $3 HE(DC integration studies)oll A& 9] Al 2
2 A4S W FEH s Ao B BF o AoAEo] A Alad gt gtk
A ASE i g7 GdEARS SasiE s e Aot ddd Ao REdxt
A AEoer FREE A2 ofyRRE ¢ AT AAdE AASe] ded Add Be dAGg
= HekeloF g
ks TSOS &2 A A3 71 AdnRje] A4 gelolA euA d=o dA 7%
°of T AS5E Tk, $A%} FARST RAAME Au] 3 Aojet BT JxTt {FAH
=5 fesfol g WEr|o Aed 8 IAE st AP AA A=E HAFeR o
ZAsh= Ao] Multi-vendor #7749 otg 2ol 4S8 FRd= ol

A et Alzadl AAES SrstEY, WEr|e] FRT 93t FSZ, A 474, HagAe
e A Ak gk 53] DCW e HAHE =ol7] M= S ATshdA
Alard kel RS frAsta 289 Fd ARE 5T ¢ slofok k. webd Adv)=
A2 9xe] Bed B4 2 AdTHE 2Fa, AA A% BRIz wio] SR
A oF .

Qo H$3s= slolBgl= HVDC #%+7] (Hybrid HVDC Breaker, HHB)
of FAY AF{F AEE HoFd HHB= AN &4 A A77F 32+ A&4 9 4 = (main
branch)®} W& A 7 Z(main breaker branch)& ZA3sth B AR F3 AF A
29 A (Load Commutation Switch, LCS)9} %314 w2 7] (Ultrafast Disconnector, UFD)E



gt 13 AdE AFE 4 AW A A8y, wEd Aurs 943 43
& 44 AUAE Frdch ot 44

(Non-linear Resistor, NLR)< ©¢]-&3lo] 1%
THe EASE WEFEHA A A wE dF
2020 PROMOTioNe| M= A4 A7/t 32
HHB 4%5& ASstel diitx DC gddfie] s A
AFALS 550 kVE %9 w3d 9 i

Haiol AE a7 tEste] sk BAR} A wIFe] A
MTDC®%el HHBE A&7 913 71=4 7|uka

o o

B agre

Hybrid HVDC Breaker

The Hybrid HVDC Breaker (HHB) « HHB Demonstrated in PROMOTioN EU project in 2020 [1]

* Main branch with low continuous losses + Rated DC voltage: 320 kV
* Parallel main breaker branch (= PE breaker ) * Max. breaking current: 25 kA
* Semiconductor branch for current breaking * Operation time: 3ms
* Non-linear resistor (NLR) branch for * New scaled-up HHB presented in 2026 [2]
current suppression (also referred to * Rated DC voltage: 550kv.
as MOSA, metal-oxide surge arresters) * Configurations: uni- and bi-directional

:’ Commutation branch
[} (main breaker branch)

Load commutation Ultrafast Disconnect !

switch (LCS) (UFD)
Main branch
Hybrid HVDC Breaker (HHB) Circuit 320 kV Hybrid HVDC Breaker 550 kV Hybrid HVDC Breaker
[1] N.A. Belda, R.P.P. Smeets, H. Ito, S. Tokoyoda, S. Nee, T. Modeer, M. Semere, A. Hassanpoor, C.A. Plet,
“Recent HVDC Circuit Breaker Development and Testing,” CIGRE Paris Session, Paris, 2022.
_ [2] D. Cottet, K. Gajjar, Vinothkumar K., A. Sengupta, J. Liljekvist, A. van Schijndel, W. Kruschel, A Hybrid HVDC
2026 CIGRE Paris Session Breaker for 525 kV'DC Switching Stations — NordWestHub as an Example,” CIGE Paris Session, Paris 2026. 62

1Y 13. HHBS A7 A= &A

Proactive current limitation® ¥ 37] FRT

HHB® AA2 AF AldHproactive current limitation)& A F7F A FE gho] =438
HAFE BE Ad AR vy dgste] @S At 7ol ol % o A ¥
= WY Adr)o) d4 Aol mgstd HE Ads T vk gE B EgA e 53
o7 ago] daEo] AFIE LEA ofdE FAStH B $HOE HAT F Ak wEkbA
AR Ay HE Ads 7R, o3 B5E5AS Fdsdn EZQ3 $4 T3S 2o
T At

O 14E Y DCHH ngzAoA AF AT 7o HEg oFe wE $HS Hludh
PSCAD &4 Aoty A7 AF 7|s& A&skA &L Aol A wdd77F o 18 kA
of =dstion, My ddFE el AC Awr] s o] WAk vk HF AS
7eS L3 Aol AW nFAFIE oF 12 kAR #HAEa, AC 7] A4 flo] A
= AFanh ol ARF Al 7so] Adr]e] 1A F FHe Foli, WEr| o A Fol
g 4 TES WA= b 7]dEd eSS BT



Fault Current Limitation

Requirement for high selectivity

 Fast fault current handling while avoiding unnecessary
DCCB opening and/or AC breaker opening

Without current limitation

* Fault current at open order: ~15 kA

* Max. fault current: ~18 kA

Fault current suppression time: ~30 ms
AC breaker open order triggered by

B agre

With current limitation

Fault current at CL start: ~7 kA

CL duration before open order: ~7 ms
Fault current at open order: ~8 kA
Max. fault current: ~12 kA

* Proactive current limitation

* Early fault current commutation to main breaker
path when specified threshold is reached

converter over current

c e s e e .

Fault current suppression time: ~22 ms
CL prevents AC breaker trigger

20 . 20 e - —
* Current limitation below specified maximum level ] i - !
* Full open on either external command 10 i\ Open order at 0.03 s 10 /N
or when thermal limit of DCCB reached : hY pe
* Restore normal operation if fault gets cleared ¢ 1 0 T
h P & 0 002!004 006 008 01 012 0.14 0 0(2)004 006 008 01 012 014
(i.e., current drops below threshold) 10 : - - 10 i ——— |
Ext. open command 0 0 A0
= Current limiting 10 : 10 .
] at~12 kA 0 002004 006 008 01 012 014 0 002:004 006 008 01 012 014
o 1 pen order to HHB_3_4 { pen order to HHB_3_4
Ne
Proactive 'HHB Time . | : .
commutation Open 0 002004 006 008 01 012 014 0 002004 006 008 01 012 0.14
oo " G Time [s] Time [s]
Principle of proactive current limitation . . . . . o
PSCAD simulations of fault clearing without and with current limitation
2026 CIGRE Paris Session 64

19 14. Proactive current limitation®] PSCAD <%

=] =

T

AHA=Ze 2Ad7] AALY te

AgAel AA wlAE WFAFE AV A ANZE AEsa, wge] A% of el ueh
4% Ay w= Y B9 JUE 249 19 155 A58 F g Aol o 47 A
Adel A% ANLE FAT 4 Adolth B4 Awe W A el AR, AA 1%
AR HGe B ANZ F oA wAF DFAFE AW FAS FARAL o
BN A FAsEW wE g $Y SUR ohUd A%® 4w BAe)A wAsE o
UAE §58 5 ojof @l

Multiple Auto-Reclosing

Requirements for fast system clearing and restore ree=== i

Commusation branch current
——Man branch current
—— Faut current

Fast open-close capability for multiple auto-reclose
attempts with final open or close for e.g. lightning
strikes in overhead lines or DC bus

(measurement example in right figure) :
High breaking energy absorption capacity for
multiple subsequent fault events

£ 300 ms
[ 4« 16 s 6
E Time [s]
S
e N
Final close
,,,,,,,,, Final open
b | Time -
Open Close; {Open Close! {Open = =,
055 0059 0.06 0061 0062 0.063 0064 0.065 0066 0067 0068 0367 0.960 069 037 0371 0671 0672 0673 0674 0675
Principle of multiple auto-reclosing. Time [s] Time [s] Time s]
Measurements of two subsequent fault events with 3 auto-reclose attempts each.
2026 CIGRE Paris Session 65
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DC fault separation coordination requirements I

e 2 cigre
DCCB selectivity
. . . . o
Coordlnat{on of DCCB acting as primary and 1 ey
: g a > Ra Rol I Izc
a
A LAL‘.’ 200 km DY ip1 200 km i Le c
The back-up DCCBs shall trip only if the primary DCCB hasn't successfully 1 BK —_— BK. BK. §F
separate the fault. = A D ‘7 C
amc 4 e
Current at BK, F3
=
BK, breaking capability MM
. Security margin ] tn '

Fault neutralization times (including relay time) a
200 km ip1ls B

Time

Fault
inception

DCCB coordination can be achieved through adequate sizing of the DC Reactors:

In case of F3 fault:
L, shall be sized to not exceed BK}, breaking capability when acting as primary DCCB
+ L, shall be sized to not exceed BK, breaking capability when acting as back-up DCCB.

2026 CIGRE Paris Session Autonomous DC Fault Separation in MTDC systems - B. Luscan 72

19 16. Primary$ Back-up DCCBe AR =%

g8 AFE °l&% 1F £

a8y 178 oA Xq‘TEr(prospective current)& ©]-&3 A7 T2 dEE Oq-ff‘jr A7 =
A A3 AR dF AE5EY DCCBe Hu H2AS #3 S ysa, AAGE
oA AF= ]*}d‘jr o= A7t nHFE AsE A B2 AFE A3t %ko]tt], H

& A4S 29sE A BEe 2.

JAHE 448 MARE FuE SN AR/ w2 S5, BYgns SAE )
oz gwshl FARES & 5+ Ak oo we Fus AL A A2 ABE 2
3, NQRE AR BAS) Aol FRE DCCB/E n3ARFE AsE wgusel ¥
2 A4S 9% 5+ Ak wiE FRE/ wFe Belsd ®akel A5t A% F7heA o
grsel di AR/t AARE At A Pae] YTt 3 W A AT Y4l
AA AT Wakel nheh MAnE ) F4 o ¥E ARA
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Autonomous Selective Fault Separation Concept ~’;‘é’)c|gre

Based on di/dt measurement and prospective current algorithm

Current

Calculated prospective current I,”

Ra BB Rp O et ) Current at BKy: |
. D L | X*
O L ia Cable 2 [m] Lp |D Cable 1 R q

t

neutralization

Current

i =iy + kT, |

i..is the prospective DC current that would flow when the DC CB neutralizes the [
fault, as calculated from the measured DC current, i,, the measured rate of change
of DC current, k; , and the maximum DC CB operating time, T g . ) I EEE

The relays operate when the prospective DC current exceeds their relay setting
Isetr: ix > Isulx

x=AorD.

N
Current at BK, ~ o

Fault | tretay & Time
inception tneulvahzanun D

If di/dt at BK, is sufficiently lower than di/dt at BKp,

. A : % toeutraiization 0 < tretay &
the Fault Separation Concept ensures the coordination of primary and back-up actions.

Reference: IET ACDC 2025, “A Fully Selective Protection Strategy
Without Telecommunications for Multi-Terminal HVDC Systems”
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Closed-loop Results (neutralization by primary protection) «

Closed-loop Results (neutralization by back-up protection)

Fault Separation Concept illustration @cugre

2 Rop Re
b o o
Alis 2004m Do e 200km it o
i - Ko L
1 i BK, BK, BK,
Real currents i, E3 ﬁ " N P
[ = i i
ob io | I = r ‘
z Tek=2ms ]
Lty
-40
sec 0.300 0.302 0.304 0.306 0.308 0310 0312 0314
Relays output
1.0
08
e - TripD|
04
_Trip A (stays inactive)
02 /"
0.0
02
sec 0.300 0.302 0.304 0.306 0.308 0.310 0312 0314
Reference: IET ACDC 2025, "A Fully Selective Protection Strategy
Without Telecommunications for Multi-Terminal HVDC Systems”
2026 CIGRE Paris Session Autonomous DC Fault Separation in MTDC systems - B. Luscan 77

¢ 18 FH3S F2 Al 5

Fault Separation Concept illustration

Real currents i,

17.50 F 3
15.00 i TBK = 2 ms
1250
10.00
750
500
250
000
2.50
-5.00
sec 0.300 0.302 0.304 0.306 0.308 0310 0312 0314
Relays output
1.0
08
__+TripD
06 ja— T
04
| TripA
02 & .
0.0
02
sec 0.300 0.302 0.304 0.306 0.308 0310 0312 0314
Reference: IET ACDC 2025, "A Fully Selective Protection Strategy
Without Telecommunications for Multi-Terminal HVDC Systems”
2026 CIGRE Paris Session Autonomous DC Fault Separation in MTDC systems - B. Luscan 78

J9 19 MPRE T3 A SH

7) Multi-Vendor MTDC E.3¢ 9AAd A

Al AHE A& DC 11 wEle TR FHH S Alo]o] FRE Fdete WA o)t} o
gt B 7]%S Multi-vendor MTDC®oll A&3stH™, A= o 3 9A7F @93t A
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7he = Al 7]E Ao B3P E ¥/ FgrEoF k). Siemens Energyw ©lE 9@l A

AP T HRE agete] BEVes Wral, Z 71eY a7 A Aol AE el

2 Aste= Hs AAsHAT

A A= Axlo] Fadte AAe A 2" 754 Aeg AAdAH, & Agas ol &

B FEdAe ol FHHA Fe AR BTt olE wEoR IudA 1+ AAe

W Al Ax 1 HdEY AY #AHE =& ol E FXY HAes FHIE
I A, G G 7F o'l JHE Rrol oW FAE g of steAE W] At Ao

oo

s4s T9

Siemens Energy®] DCCB+= RE=A] 7|8F A7 A% (Current Suppression Device, CSD)<}t
RAFY Y 2 Ads "Gt JHE g A (Residual Current Switch, RCS)E A gH&kth
CSDe] F8 A2 B4 AFAS 550 kV o], A4 A&5HF 315 kA, 84 @&k A

10 kAol™, Wi A7 HEAZFE 0.1 ms olstolth o] AIZFE A -9 AF gkl 3
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A stepwise approach to MV/MT HVDC Grids protection
Ultra-fast Power Electronics based HVDC Circuit Breaker

An Ultra-fast solid state Current Suppression Device
combined with a make-break switch (Residual Current Switch)

makes a powerful and multi-functional DCCB _
Highly modular scheme for maximum scalability Q

Maximum reliability and availability

Current Suppression
Module (CSM)

A Current Suppression Device with pre-qualification plan
aligned with an Innovation Partnership with our customers

Key Parameters — Current Suppression Device Additional key characteristics

Transport Unit (TU)

Rated direct voltage 2550 kV 01 Auto-reclosing with CSD, not involving RCS
Rated continuous current 3,15kA 02 Current limiting capability

Rated short-circuit breaking current 10 kA 03 Load current suppression with lower TIV
Device operation time to execute remedial action' <0,1 ms

Transient Interruption Voltage variable

1 Internal current commutation time, IEC 62271-313

Restricted © Siemens Energy, 2026 82

1% 20, CSD #+x¢9 A7

AN dE&FZH7MA Y 715 H QAEH o=
H37]%5E 1% #HZE(Detection), e 2 2% HAF(Routing & decision making),
(Remedial action)®] Al @AZ F&3 F2E HojFErh 7 dAle 983 =4S
gejgozm AZ tE T FAE A4t AFs 74 W] o] Be
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A stepwise approach to MV/MT HVDC Grids protection

The trinity ea
of protection Routing & decision making

a functional decomposition Receiving identifiers
from detection

m Creating zone dependability

. Generate requests for remedial actions
Detection Providing requests to relevant
Indication of a faulty condition remedial action devices
(e.g., short-circuits, overloads, failure to operate, unavailability)

Remedial action
Lockouts & change in fault handling
Alerting the operator

Initiating emergency remedial actions
(e.g., generation curtailment, load shedding)

Dependability considerations 2 Switching unit actions
* to a detection zone (e.g., current limitation, current suppression,

* to a single device residual current breaking, reclosure)

« fault location information (to be combined on routing level) Other unit actions
Security considerations (e.g., block or switch-off converter units,

activate braking units)

Speed requirements

Restricted © Siemens Energy, 2026 84

%™ 21. Protection 7153 <¢lE = o]~

03 AE AL 9, el B3 A6, $A A ok So uE wEstel 4w A
52 Addt 4E/5dE 13 $A8 AFRT 2R A4S PASE 45 o
T EAEEE Raof )

e w oq A9 wold A AW Ass A A% A, ANl heAHE vgew A
# U E4e A4aa, AY g 23 AEE Addch UsEL wANNE o LYo
Wb A5 AS A, AN, 8] B2, v 2a0% 5ol 2AE Fddn

N2 e BEAe 3AE Ahsken 4 ol Fawe Axel gA3 54 o s
FEOR Aoldop Ak 24 /15 FFHE P SPHon AL vEAGS FAY
S oglofol shul, FA AA W] e FAE AF £Ee 233 Fxsok Bk odF
2o Azbd P FelE SgAUA % gk el AT AAAA, 27 TEHH T4
sgo] Bad nePxr 2AL sees o 240 g

THxANME ZF FA 9 7y sARAS P AYdor stk n A F A
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Institutex= A9 F Algk7] (Resistive Superconductive Fault Current Limiter,
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Protection using a RSFCL in combination with a HVDC @
CB: One example of necessary standard adaptation @ cigre

Definitions related to the fault current interruption process Significant changes compared with IEC TS 62771-313:

passive neutralization is achieved, no overvol simplified DCCB
lllustrative Figure from IEC TS 6271-313 High-voltage switchgear and controlgear — internal current management process

Part 313: Direct current circuit-breakers

14 22. RSFCL# DCCBe] &2 A

SPRINT ¢ H}X| ¢} EMT %

SPRINTE= td DC 2ol AWz} vg s ZHdEF FFS Fo]7] H3 RSFCL—%

ALsteE HITAES AESYY. AE Aygl 2+ Network DCE 7|Hbo g2 3k 47) == 12
[e) q 8

wzle] 525 kVH &= MTDCWeolH, =9 d&g€2 1 GW, Ao 3-8 &3 1.8 GWO]‘ﬂr
g3 DC fH2oA B u /He FSZE F&38ta, A8E FHE 98 DCCBE ol Hjx

a9tk
% 238 RSFCLO wixl¢t g #8 42 HolFu DCR Huete DCCBe Az a4
He AR 7 == HE A2 g HAEE A 9k, RSFCL diek2 DCR gle] & o
Hol 1% DCCB Atolel &7F712 wjx| gttt o] wAehd g 3bol] 2143 RSFCLo]
Aeld oz Axste] AFE Adstar, ol F dld FSZe DCCB7F %S Heldt)h AAld &

°F 20 mse] A7) M 2, N - 1~2
g2 pEEY RS 1 S EEetuA vl ke

=t

2 e 1 =g
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e
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SPRINT use case

* Retained option

* Placement of RSFCL within the ring between adjacent DCCBs

¢ Without DCR

* Protection sequence

* In case of a fault on a zone only the adjacent RSFCLs will

quench zonets ot G __ zone12
* Subsequently, the DCCBs of the faulty zone will clear the E @ -
fault Zone 2-1 LJ o j Zone 2-2
RSFCLs DCCB : P
quench open Leakage oo 21 — 153 = 22
Fault current
arrival reached ) }
T : : ‘ time
<ims  -20ms 1-2ms Ay

2026 CIGRE Paris Session

19 23. SPRINT®] RSFCL Hj A

¥ 247 7 BoAe] EMT &4 A3E vlagith. RSFCL 742 DCRe] §lo] AeolE W
Ao M 27 A/ FsEC] AAW, F T4 F %F 5 ms ool AF7F wEA 7FAEHA
th. DCR Hl <t MMCe| E2Z S5 WAs7] 93] /1 250 mHe] fAHE A &3t %7]
AF ASES Yoy uddF7 AL F71et2 2 25 mse DCCB §2HA1 7+ 28319
o} ¥t RSFCL FAAM e AFE 1A Asste] 20 mse DCCB s2AIZHS 488 + 3l
ATh o= Ad dFHIF AU 2FHE FAEEE 43T F U5S HAFE Bo§4
A 3}o) ),
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SPRINT use case o e, Doagre

» EMT comparison of RSFCL vs DCR based protection i 0 0 S 8 0 S N S S S S

* RSFCL based protection

-~
S
* High di/dt due to cable discharge (no DCR)
* Very fast action of RSFCL T e T oy T 1=
* Current decreases rapidly within 5 ms
* DCR based protection
P —i_DCCB_112_RSFCL—i_DCCB_112_DCR
* DCR= 250 mH each one u;
08 RSFCL
* DCR sizing is driven by the need to avoid MMC blocking - 07 \
gos \
- large inductance 2 gi’ Y
- slow current dynamics (low di/dt) E g; DR/ S B e S S S

-> requires ultra-fast DCCB operation

1908 2002? 2004 2006 2008 201 2012 2014 2016 2018 262 2022 2024 2026
H Time (s)
23 ms

20ms
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1% 24. RSFCL# DCRe EMT <&

SPRINT Ej ko] Fx aF=xd

O¥ 25 F RTre] X 87x7E vudth RSFCL H&<¢ke] DCCB Addf{E 2~3
kA, olyx Az 7% 1 MJ vvte]y, DCR H&eke zZ+zh oF 10 kA9t 37 MJeolt}
RSFCL AAARF 2 kA, 50% #5-3F =7, dAAF 3.6 kKAS A&}t dFHdu s 59
RSFCL 4l 7l =+ DCR €% ME A}%S}% T-/d o]t}

2 kA A4 AAlE FFAdue &4 & RSFCL "4 16 kW, DCR "] 3 MWo]
o} ol g HlaE Apr]o] A OME} SR e T EAA xFete] HeFAS
B7rafoF & HolFErh RSFCLO A& 9vl= gh77] #Ale] 544 EioH AEAFek oY
A QTS Yol 37 AlgshE DCCBO AAZAS v ¢ Jdue o ¢

—
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SPRINT use case

* Proposed design

RSFCL based protection DCR based protection

DCCB breaking current 2-3 kA ~10 kA
DCCB operating time 20 ms 2,5ms
DCCB energy <1Ml 37 MJ

In =2 kA —50% overload
e Critical current : 3,6 kA 230 mH

Number of FCL 4 12,

FCL losses @ 2kA 16 kW 3 MW

2026 CIGRE Paris Session

% 25. SPRINT H3sete] HAAxA

SPRINT| 48] AL #H7}
O 268 7S AE AU SoA RSFCL¥E 71414 DCCBE Z3grst w2, DCRI sho|H g
= DCCBE A#st W29 du] Fxu|E vlusit, F W2 2% 53 DCCB oy W& A
£3lH, 3FAn= 247 RSFCL Ul 71¢F DCR €5 7jolt}h. vl 2 gl DCCB @7t= Z7t
5 M£<} 10.7 M€, RSFCL¥# DCR ©@7l= 747 5~76 M£9 0.85 MEES 483}t
AANE FF FEAH F=AHXE RSFCL W4 60~70 ME£, DCR 2] 110 M£2, <F 35~45%
°of A7 7teAE UEhdTh ol 54 7 W& EYP mE on] FHoln RSFCLe ©7t
ool bR o] el 4§ shedt Fwv] vlee Aot A wrdEl Aol
SPRINTS] R 9J3|42 RSFCLe A8 7E F3] DCCBY A Fe duA FdEs Fo
g 21 AT 7AA ATl E AL ThsAdS BHAFAT A4 AL&S 9 o
Fxad e Aed A9t v MMC E27 WA, RSFCL¥ DCCBY H3 ¥
V2 HAFEoF gtk mmek Al AoFAE AAS HIL A5 AHE, A8 2885
14 @77 dasit, webd vugde 357 dso] oiygl sg dF7)el @
3 Aeky)of AA BF Aol

’

PN o2 K
oy M et
o oo

ol o, ‘\N' 111
e (T oot

2
&

2 o2
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SPRINT use case

Techno-Economic assessment

* CAPEX cost models
* RSFCL cost model = based on public KIT report “380 kV Superconducting Fault Current Limiter Feasibility Study’
* DCCB and DCR cost models = based on PROMOTioN developed cost models

* CAPEX estimation

RSFCL-based Protection DCR-based Protection

7

. . Lower number of FCL units
DCCB cost (M£) 5 M£ (mechanical DCCB) 10,7 M£ (hybrid DCCB) offsets RSECL unit cost
RSFCL / DCR cost (ME£) 5-7,6 ME 0,85 M£
Number of DCCB units per pole 8 8 RSFCL Enables Significant
CAPEX Reduction (~35-45%)

Number of FCL units per pole 4 12
Total CAPEX (M£/pole) 60— 70 M£ 110 M£ (+ 35-45%)

2026 CIGRE Paris Session 105

¥ 26. SPRINT®] ov] CAPEX H|&

_OL
X,
20
Auh
ol
rlr
off
>
=
H

= AE sd B4 MeE A

TE RIS ’éﬁ]ﬁﬂok ?‘l‘:}. O]—:: Qe 58 &
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Multi-vendor /gl A= 71 Auje] 5 ofye} T gA 1t 75 wjiEd Qe s o]~

Aol FQstth TSOE= AA Al~gle] g AES Ashal

ststH, AlxAb= @Y AU 73 AT

Tow Aesta, Avd B HAZI 57

HFob A, AAIE AEjel A EElet 4 3]Ho] AAI] o] FoAA=AE E7 7405]10][

e

HES A E2 14 Ad, A8 37/, A& 1% 78, 7|5 JdHHo 2 Ao T A= bg&
Ao ® olefgk g gdth ok X Ay AT 2osA, FF AIFEAYS J45 W
A7F =B R et Frejor stk AAAE AAl JNE FA o] HART gk e xev] 9
2%, 8% v o A AFREE A agsof gtk webA Multi-vendor MTDC4
HEgoeE 5 A" Q42 7FoR B TAS AAsta, dAFC Ady 53 A5
F3 1 A4S Fgdst= Aol Fas
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AHEl 2 HE

HEzd% A5 A4

= MTDC & B

PROMOTioN®] IED

Az

AA I[EDSF AAZE RAES 4T

o7 A

InterOPERA

T s AAGt A" ALY, o] F

DCCBell 2t%& FRT =3

&2 Multi-vendor
AFd 3 TSO 98

AA AzE LTAGE 3142w

Aoz A 5
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Hitachi Energy®] HHB
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Siemens Energy 9]
715 BE H
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A 2 A Full-bridge MTDC A] 2~ ¢l

1) MTDC A]2="l 7} &

MTDCY a7 Aewae 27| Ho g ofyel wghr]e] 174%
= 27}, Ultranet? ttebzl -4 Full-bridge W 3k7]9} DC 7| ¥ A0 =
|14 1gE AHEstes AAg Aldolt. AlelEy 7ta3dEs dAs= v,

F Alolseol njea
HE xFste] DC =

o] 5t Az FAe uf
2 1 543 AC/DC AF 1 Haz8s &7 msior sk
18 27& Petkum(Station C), Meerbusch(Station A), Philippsburg(Station B)E A3 = %

A A=z AC/DC &8 7F8H(Hybrid OHL)S A& Eo=t} 5% Petkum - Meerbusch©
°F 300 km¢ A-Nord 71] o] & 7tol  IFE Meerbusch - Philippsburg= ¢F 340 kmée]
Ultranet 7}&4 F3kolth. % 72 Meerbuscholl A 257 o2 AZAF o] A WiA7) sy
o] DCH< &tk DC 52 A =34 4% 55 Agste &5 7ot

Multiterminal System Ultranet %
2 cigre
/2,

AC/DC-hybrid-OHL

* Inductive/capacitive coupling
; AC — DC
e N to 50 Hz on DC-side!
| B * Resistive coupling
DC — AC
VTs and transformers on AC-side!

* AC/DC intersystem fault in
combination with long DC-cable shall
be considered
(Ferranti-effect, resonances)
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19 27, Ultranet 4 7 =9 Hybrid OHL

Sl A RhCE, ofu) LA Apol

Ultranet®] 7}&A 3+ =
& UelY & glon, DColA ACE
=

o] =4 Ay el 2 =

o] Agd AT AC S Hg7Ie A7IE W7ol J¢& .

=47 JEsE 2H(AC/DC intersystem fault)2> #A € DC Alo]E3e] AAS 117 35]
A =

HEoF 3, #H#HE] & (Ferranti effect)o] W& A4 A5 Fd= A7

L=

olggt 74 537 938 Ultranet Full-bridge ¥37]o] n&AF A8 3 DC 719
AvE Z

z= 5371 9l F

AAst 1% :rLJ'% dald oz Feste A4S A&t g HeideHub 5 UE
a4 W34 o] Half-bridge 71+S A2 DCCBE &-&3})

7= REAe] Mee]| Az n EAW ol



MMC9 7|& 329 HdA ¥HE 74
Al A et Full-bridge W39 14 s 542 W7 UFe 3= FAoA nlEHT
s WM37](Voltage-source Converter, VSC)+= WA 29 A& T3] @x A4S Al s
o 25 vyl W3] (Modular Multilevel Converter, MMC)E ]2 A H 25 (Submodule,
SM)= AE=x dZdste] ol Fdgt NHEEELS AAHe vt

9 3 zolth 7t Aol MEREN & fAHE Tdas AR g a5 ol o, sy
o] 3% MMCt AX e HArm)S Zreth

82 Half-bridge2} Full-bridge /\1‘1‘ 259 :‘i]ig} 2934 e S v a3t} Half-bridge
AdA Y AgES A

= S gust AMAEE STl FHAWYL 00 Wi PUE
2=tk Full-bridgets o719 ANAE A% wd FHOE Adste FUE Foisel, $F
g3k SF4) AGS B FAT 5 Aok ol @ 9T Ao A4S FHo] DC Ao =
A WIE W1, DC FAFE AsE swe] €}

MMC-Submodules: Half-bridge / Full-bridge

2026 CIGRE Paris Session B4 Workshop — Full-bridge Multiterminal HVDC
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Bypass Reverse Polarity

f

Half-bridge

Full-bridge

71¢ 28. Half-bridge¢} Full-bridge®] SM 3=

IZAF dAY AC A Y
A AYFE 34 Aol AY THE DC 1 A WET|e] FRAE Ao]E wETL
Half-bridge MMC+ IGBTE Z=273 < tole =5 F3] AC A% olA
DC Aoz AF7 AL 32 = Ak weh dxe 1 Agege] gle Aol
MiE AC AH71E ste] o3 AF FHS Adsjol 3l Wb Full-bridge MMCE
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19 29. Full-bridge®] DC A =4

Bipole £ A2 E¢ A= A

Full-bridge W37 A7 AAls= 3 A, doltt ul= &% 55 &8 F gl
b FdE ooyl A AR AR Fast &5 delA dF 59 Fdste o=
(Monopole) ¢ 702 AssH, sl =¢ DC AR7F Soler A=E Fusjol arh Wwg
75 ZAE AEsE A8 3% A Z(Dedicated Metallic Return, DMR) <9}, %ol AL-&&1%]
g dh) o] AAE “AES AREE AFREE Pole returno] ©]o] &g}t Rigid bipoles
Hrol A§ AR glo] F S0 FHI=E AT

a% 302 THERE Eol7] S 5 Al uaAl d AHE BRoeEn G5 4%
Rigid bipole &, &= oA = DMRYF AH&-3t= e, DMR#% who] 5 A& ¥HE A=
2 Abgete AH, vl 5 RAT AR st AHE 78T 7 At ARE S dol= F
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13 30. Bipoled]

DMR return

29t T
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Bipole

Bipole with enhanced availability
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st ZAoltt, Ultranete] 785+ o] 7558 A &8st nFolv; Avle 3L Aststa
H2 Aue $d FARE gres o 7Nkt

Multiterminal System Ultranet

@ agre

Full-bridge-converter

¢ Multiterminal DC-switching-station

* Selective DC-fault-clearing on DC-side

Double busbar in neutral area of
bipole-yard for high availability

* On-load change-over between bipole
and monopole operation modes

Nominal power 2000 MW,
temperature-dependant permanent
overload capability as OHL

I—o—(.
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19 31. Ultranet oteta DC 718 =2

2) Ultranet®] A~ @ 7A}8 2 Al

oA A slE ot A FAAS &t FFHA F

137 As 8 Aol t$se Alo7se] Fastt) Ultranet A £380 kVel ¢
= gda Ala"o g GEFMI GFLS Z¢ste] WML s Aose® dAdAYg &
Petkumdl= A9 AC A& A4¥ F3+ 7|ES A= GEMS A 83k, &7 A

=
% eFAEe fEAYY FEAY A

doltt. A% £ Aole A5 F354 A a4
T W] tf-gafeof gt T FEHES At d¥xdEsEs A4Sk POD-Q, v A
2 4] o] (Emergency Power Control, EPC), @4 ¥ AC A%< 7]s3l: Black start 7]s % &
T-H

ekt oA E HEkA gF WA A FAlel] oESHA] ik PP A o R AT F glojof
sttt o} A WV Alo)sE S FASHA DC & 1o t-&3ti, AC/DC =4 A=
aol = MEe] Heders A&aof gt o] A AW Full-bridge® W7 Alojsd€&
AA 1 S = 3 Hol| &83t7] gk 8 FAgolt)

ofel AEdxAAEn 7 AdE = AFY F52Es gste] 754 (Passivity) d 11x3 QH4
L AAaxe xFEvh webA Ultranet] Ao A33H S $Hd58E o, 14 5
Ad ALdH Ao FA, 1 F I AT 28 Al A AE FA e ste] HUts|oF ¢
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Full-bridge <4 vl AA A A
A ATt A qk

AH] FRE Hrhsof gt} Full-bridge:= Half-bridge® tt M H 2 E
vk A Wskye] £ 4zl S8 oolyEt AC AU AR, AEREE A wEAE &

2},

oft
T
H

% 32% Full-bridge®] A%t 34 588 &8&3to] A/ #d &4 A fRE 243)=
A7 s BolF= g zelth Full-bridge® 954 At A2 Wx WS bs W
7] & AC AYE Fole AAE 7FsstA @t sdd SddgdA "7 225 AC A%
S Fold ARV Aasle] AF #W 2E £4S 22U 5 Jdu i o2 9 oo At
3 SeS ol PR3 AHRE 9 slugo] o] Zre 4 gloma T oaars I
Al aredete] AAAS AGafor gt

ol st HASE w3 FAY U™ 7FA A &A= Full-bridge? <=2o] Half-bridge

Full-Bridge Design Optimum: Balancing Losses and Size (g@
w2 cigre

Full-bridge submodules can insert negative voltage and provide additional modulation range. Therefore,
the required arm-voltage capability becomes a key design lever
- Current-related losses and converter size can be balanced towards a design optimum.

== Converter current losses = Hardware / submodules Reading the Curve

design point FuII-.b‘rldge operatlc.)n provides
additional modulation range

higher arm-voltage capability becomes
feasible

Higher arm-voltage capability typically
requires more submodules per arm
converter size increase

relative

Higher secondary voltage reduces AC
current for equal power

! current-related module losses decrease
’f Conceptual graphs for illustration only

Converter-side AC voltage / arm-voltage capability
2026 CIGRE Paris Session 12

13 32. Full-bridge® €43 A¥ #72

DC 2% HEH} 57 Adx

Full-bridge®] 17 t&e=e AA &4dod &&add, 14 T/E

Fo] B AaE Ao g} Ultranet2 DC A9¥ A/ =7], Wgh&, D el
50 Hz A #& ol gate] n4& &3tk Hybrid OHLIA & A4 2dolt AC & g u
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Stationary operation

DC fault detection

—

New attempt

n>n_max

n=n+1

~
\

state (halt)

Fault separation & deionisation

I_dc>0A

|

|

Restart sequence

DC voltage recovery

Power recovery

Transition to decoupled

(

Check stationary criterion

DC-Side Fault Recovery Concept

* Required settings: Deionisation time, No. attempts

* Once Iy is controlled to zero, deionisation begins.

* After the deionisation time, the DC voltage ramps up

while U and I . are monitored.

* If a monitoring criterion is triggered, the fault is

considered persistent, returning the sequence to

deionisation while increasing the attempt counter.

* Else Up. recovery is followed by P recovery.
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/ DC Voltage
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Possible Loss of the AC Grid Connection
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o] Abdl= STATCOMO.2 73+ Full-bridge W37]7F A4 49 ¢ =4
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Intern (Internal)

Systemparameters during fault - primaryside of HVDC-Transformer

@agre

* Phase voltage L o VATAL %%@0 ':/ﬁ VTATAYE RARR)
* drops <10 kV ol T F I PN 4 ’ " ’ '
+ Overvoltage in healthy i \/ i\ “/' ’\ ‘Yf 7 I\ >, ' ‘ “‘ “““‘ “ ““‘
phases » !l\j vf‘v \_/\\,’ VAW "’ ‘
* rise up to +36 kV :’;Z -
* UL_PSF e T 1L 13- Afo 00T 5403 UL NSF MY (0
* drops <300 kV =
e UL_NSF 100
* risesupto100kV T E— " —
. Frequency deviation gg:g: — #UL12-TD10-AFO1-UH11-KFO1-CC2M_F_ACT (Hz)
e <35mHz fgg%
« PhasecurrentsL1,2,2 b =
* riseupto 7 UL ZCA D00 A0 LM
* Only TU2 (one =
partial converter) = os
0 18:17:15.40 18:17:15.45 18:17:15.50 18:17:15.55 18:17:15.60 18:17:15.65 18:17:15.70
2026 CIGRE Paris Session 12
2 41 9 A A MR 1S 54 9

Intern (Internal)

BT AN
Dynamic Performance — Reactive current response of Ultranet converter QZO)CIgI'e
Grid voltage depression (UL:PSF- (0 000K
M1) is mitigated by capacitive
(voltage-supporting) reactive current =
injection (IL:PSF_Q-M1)

UL 12-CA10-Q01-BAD
L #UL12-CA10:Q01-BA02

— #UL12-CA10-Q01-BZ01-1,M_IL_
L sl 12-CA10:001-BZ01-2%
1-BZ01-3:N

CA10-Q0

Negative-sequence voltage rise is

mitigated by reactive current LY G oA O bk o W
-0.1
injection (IL:NSF_Q-M1) o %
\:i - —
. . T~ #UL12-CA10-Q01-BZ01

M_IL-NSF_D-M1 (kA)

Voltage-supporting reactive power
contribution (Q_ACT:PSF-M1)
remains active after fault clearance

* during the AWE sequence
while voltage sag

UL12-CA10-Q01;M_Q_ACT-PSF-M1 {Mvar)

y
18:17:15.35 18:17:15.40 18:17:15.45 18:17:15.50 18:17:15.55 18:17:15.60 18:17:15.65 18:17:15.70

System Performance: Earth fault factor, short-circuit strength at the PCC, AC protection

Decaying DC component due to
saturation of transformer is not
derogating the current response

2026 CIGRE Paris Session
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fault-clearing time remain within specified limits.
Dynamic Performance: A comparison between study (offline/PSCAD) and real-time
simulation (online/RTDS) results demonstrate strong qualitative alignement.
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Measurement Simulation
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A3 d GFM 7l& 3 Ve %

1) $AAZANAS GFM 3o ¥ 7]& A
GFM(Grid-Forming) Alol&= d3d2x Heo] Y dAgde= by e
Aol 71kl AlE Aol 5’4‘3}0] WAy Etd U5 Aol & 7
I AT Aol Aolo wel AFrF w2 A Wtk weba] g dote] W }’\LEH-j o=

il
o
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A FEFE2 WP A4S 2AUh ol P @ Ao gAY o2 wgon g 279 &
g vladtal, AFAge] 25k o]F 9 Aed ATAdE AL F U= WeE ¢4 H
sk g
Grid-Forming Converters VS Grid-Following Converters b
9 J ‘;,Zo}mgre
e
P a’ % e’
Prcf 2 b X
S Y
. L
& o & © ¥
- P-6 curve with vector shift Grid-Forming (slow IVS) -
e
P A
a! iX
Putl—7 b e'
e =P =7 v
s i
;' X
& & o S
P-6 curve with vector shift Grid-Following (fast IVS)

[1] H. Wu and X. Wang, “Control of Grid-Forming VSCs: A Perspective of Adaptive Fast/Slow Internal Voltage Source,"/EEE Trans. Power Electron., vol. 38, pp. 10151-10169, Aug. 2023
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T A FFo] A FHY A= SHS BHATh o] vuE T ATEANA Fady A
Aol t] A& E-STATCOMS Agstdate s JAT + A5S Hoer A A%
A1) Anje] 7] e Fadeg AAvnew AR Aol 54 R A% Haz
& A aeste] HrhaloR gt

Grid-Forming Converters VS Synchronous Condensers @& aigre

- LCC-HVDC + SC (270 Mvar) » e h

| M,A /Lf W\ =
- 16.75 s fault cleared, 2.5 Hz sub- P‘ | A 1Y ‘ i \(N_ Ll V\/\wa»/w
synchronous oscillation: Fig. (a) ) ‘ “ |
- E-STATCOM (200 Mvar) replacing | \d

and Fig. (c) \ ‘ |
'

SC, sub-synchronous oscillation B - l\

disappears: Fig. (b) and Fig. (d) S

[1] Energinet “Development of grid-forming technology in the Danish power system,” Technical Report, 2025.
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19 46 571274719 E-STATCOM®] 25 Hz %5 74 Ha

GFM®| #4 8¢ #718 wol= 248 Fa4d wse] xad oo Aol 7S TRe
oF gtk RoCoF 7I8F Aol At o4, #al, =g 914 Wstel me A2 Seol 37 vt
e, A4 FEAY WEE B $HeE 3FEW B dnst gekd Aok g 47

o Al A= F7
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Inertia Provision Requirement %

Lacks effective quantification method

- RoCoF-based test involves inertia power, damping power, droop-based power, phase jump power, etc.
- Network Frequency Perturbation (NFP) method builds on an oversimplified small-signal model

RoCoF-based method Field testing of 24-hour inertia of a GFM
AP

VSM: Estimated v.s. Nameplate value

—e— Estimated IBR Inertia —s— Benchmark IBR Inertia

- 2Adw/ df) 160
1] = 140
= 120
= 100 /\
8 80 ¥ 4
NFP-based method 5 28
= 20
AP.(s) ’
_ AL SOEL LSS S @@@@@@
o (8) = KGR ARND AR S
%(S) Time
[2] Inaccuracy between estimated inertia and benchmark inertia [7]

[1] Energinet, “Technical requirements for energy storage facilities with grid forming capabilities,” draft report, June. 2025
[2] National Grid ESO, “Great Britain Grid Forming Best Practice Guide,” April. 2023
[3] J. Tan, “Inertia monitoring in Hawaii: insight and lessons learned,” ESIG Spring Technical Workshop, 2025
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2) HAMNAEE 233 E-STATCOMS] AA 9} AAE 4%

27 AL S9el #Wed FEAde Asaddw dux  FFswe @ag

E-STATCOM= AA¥ F7]H A7 (Static Synchronous Compensator, STATCOM)el| ©A] 7+
AAGAE Agste] A} AL} Fady SHS A Ao 5 Mehrum A¥]= 400
kV, 50 Hz A& dZ2% 300 MVA #x= Fadd AL +300 Mvar, ] F2d=

Py

KR
0.6 soltt. &k x7]9 Ay ¥

+200 MWolt}, 200 MW =29 X &EAF wd 10 s, T4
% Z Al 2~®l (Battery Energy Storage

% F57F HHolmE A FEE& wHE dyAA
System, BESS)¥} & 3ljoF gttt}
o717} Beojdts &FoluAE 6000 MWselal 300 MVA 7l 7FEAITHESE 40 solth
50 Hz A%l RoCoF7} 2 Hz/sol® o]& el #AAZE] A7 2X6000x2/50=480 MV
ArrElol AA ZF7 34 200 MWE Z233th RoCoF7F 0.2 Hz/sol™ 2+& ZAlxkol A 48 MW
ot 1%l 489 Futg FT A olAM= FFdge] =9 aﬁ]‘”ﬂ HA mdstal FtE F
T A= duA ART7E AW AT meba] R sy A et EEA o Ay Tt
se 29 9 dUAE A Aok S

or ek
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E-STATCOM GFM: Setting the Inertia Constant H.

Grid Frequency [Hz]

552
” . ssof —_—
Inertial Response P at Frequency Gradients “RoCoF” oot =2
w2 o
o n RoCoF = 1028 _——
Limitation at P, or energy reserve is depleted. s .
——— RoCoF=OMe
Reaction to a frequency ramp . -
] = Active Power Output [MW]
g o T T T —
& ® S —
= — = T — o |
. / —y ! \\ / /
z2r - H =4 200 Nl e | ) 4—————  EnergyStorage Limit 1
z v; / g — ® T hctve Power Limit
2 ST NS
[
Time '
Simulation: Exemplary behavior of a GFM Converter during a RoCoF event with Simulation: Inertial response at various extended positive RoCoF:
various H Constants. . . . o
Absorption of active power with Limitation P, ,.
Mehrum: E,;,= 6000 MWs => RoCoF= 2.0Hz: P = 480 MW >>P Large H-constant drives the P into limits at high RoCoF,
X
TSO in GER acc to Netztransparenz: E,,= 1875 MWs => RoCoF= 2.0Hz: P = 150 MW unlim. provides high momentary reserve at small signal events.

1% 48. E-STATCOM®| RoCoF 93 &8, oJlyA g

4443 AL RoCoF7h & AzlolA a8 Ao 283} oluA, 22 ogk] he u
B oEUAe BE wgdth 42 944 Weksh Fus WS AW 493N SRl 9%
S Zv AFPAE Bed GFM STATCOMAAE 27 AF S5 thehdAw, #1429

= =

A g AL7A3 HVDC &8 ¥AHAA 4949 §F
Mehrum E-STATCOME 20259 1290 4894° A#adcy e & 989 Mecklar -
] X

Vieselbach 400 kV d2oA L2 A o] WAst AsAHA =7 Afatglon, duje= 13 d
°F 415 kVelA fFX=A F&EdY 220 Mvarg &3t AT 1 A5 F&4 Fadge
oF 30 Mvar #4349, 917 Wl e fFaddge of —75 MW7EA] W3ttt o] 7]ZL&
AHE FoE BAGEE 39 FaAYES ATore FYS Lok GG H Avde of
25 MWol&= s 4o 23t

22 A Ao A I Wirgassen®] EHhold A3 w724 7IE FAREE 7] fFEdE Y
Fadd 9 Bt E-STATCOMO| =9 &FduUA= 6 GWs, 57124719 &5y
A= 4 GWsolw = Arje] & A% th2o) weA] o] 7|52 AR & HEHAA #
3 Abd S wlaelH, FA Y wAS TU 21 APy nF F FE 2ol YU
e gEo® o o 8
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{ip
Real Case Event 2: Frequency excursion through switching operation at HVDC (:;é) cigre
Converter Station BorWin3.

h oo e QR WIN SHE &8X . March 11, 2026: HVDC BorWin3
» - switches from 400 MW to 0, and
i 7% ramping back to 400 MW after 1 s.

E-STATCOM & RPS respond to
- ——— frequency change with up to -15

e e MW instantaneous output.

@ » MEHRUM E_STATCOM 402 P # m WUERGASSEN RPS 402 P x o
 u GFM STATCOM 402 P * Power oscillations of both systems

7~ = after response.

wo ]
ot
w0 v

kb,

MW 7 MVAr

* Active power offset at RPS
Wiirgassen due to losses.

= o d © E o
Wes ¥11/2028 8:33 Wed 1172028 934

®» @ ® ® w o ow w8 owow * Minor active power response from
GFM-STATCOM without storage.

 ®"MEHRUM E_STATCOM 402 f  ® WUERGASSEN RPS 402 f la x

1 i AP A Sacpmiin, AN i o,
. SENR e ™ Ao -

7 3 Source: S. Hohn
s 0w 5 s ® o @ @ w6 w o o ® ® w @ om w1
Wes 11172028 833 Wi 1112028 24 (TenneT)

SCADA records: 11.03.2026 — Active power responses at E-STATCOM, RPS Wiirgassen, and GFM-STATCOM without storage during an HVDC switching operation.
in3 = 5l 3 o 3 o
19 49. BorWin3 3 #A W3 A% 248 1

202611 3¢ 11¥ BorWin3 Al @A & Fdd9S 400 MWeA 0082 w53 1
MW2 Zg& %3 3% Ramp2 Al &8ttt 28 4994 E- STATCO JJr O E=
g Ws A5 Ho of —156 MWY
STATCOM®] &2 #skth. o] @4 A= <
HolEr, g AFS o] &3 Aloj-Bd HF3 Hd RoCoF AAIxUS de A5 A8

97} vheo.
3) 282 HVDCO SGFM % C-SGFM3 F3] & A7

292 HVDCS GFM &%+ DC a9 A&FelyA|et Aol AC A& A9 Fwol
Hofstth, fFady Aojdo] AC AlF F7F AHES FF3tH DC & olyx e
DC At Aojeke o] At WstE ®AAsty] 98] dd AC AlSe=ZHE DC o2 #
TR mebA g gxle]l A & %

;g, ]L—]X] uj ].EH AC 74]5,] E;G ﬁ

2L

o = ok
U

1o o

o

S
Basas g nelor a,

2
9
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HVDC Node in DC Voltage Control with C-SGFM &P agre

The station that is controlling the DC voltage is Constrained

, C-SGFM
bDC — Active uge-Mode
Voltage Pas S Power
| Control —
Control Onshore Onshore U 2 XL 2 x2,R2
pye VsC DC VSC e o (] 2 g S0l
System Al System Link ystem B System B . ? X @@i ? ) 02
| = v Vg f v
N 3
e R _Hl_ ________________________
Y Pvw— C-SGFM - DC Voltage Control |
The DC voltage controlling station only has access to the )
DC side electrostatic energy. ‘ -\ AD Veltage Ve
— Yy
C-SGFM should deliver the following services to the ‘J\ Controller |4— V;
power system: % ‘
* Self-synchronization capability

Controller l— ),

* Limited phase-jump active power

v,
Current [*— "9

-
.. <« Limiting |e— ic

1
1
1
1
|
|
: |
1
| DC Voltage [* Ude
1
1
1
:
* Limited inertia active power :
1
1

* Inherent reactive power injecton T

T. Qoria et al, ‘Dual Synchronous Grid Forming Control Concept for Point-to-Point High Voltage Direct Current (HVDC)’, CIGRE Canada, Paper 10318, Montreal, Canada, 2025
2026 CIGRE Paris Session 4

719 50. DC A Aelde] C-SGFM +x

a4y Ao 5718 GFM Ao (Synchronous Grid-forming, SGFM)+= #7] 5713}, Y4
WMalo] W fFade, #dAEY def v e Fadd $9S AlFstt. DC A Al

A2 AleALH A DC dhs FAEeF shoh, 17 509 A|leFd SGFM(Constrained
SGFM, C-SGFM)& #A7157138ket a4 Fad8 $59S A3, 94 #slel #Ado] &
Fady SHS 7 DC AFduA et DC At = 270 StollA] Al g},

DC HSt Alojdte] F&¥ AC Asedl F7F A9& FH53td DC oluA 7 g2z D
& H7e FUF =9 A7 A g A k] R
sto] DC At Alojdte] F7F Fradd &5

oA FFAR W A =
HVDC®2 GFM S-7ALgtel = e F Aof7]&s

A 93 DC AY +49Y

8] (Short-circuit Ratio, SCR) 169] 9174 W3} sjAo| A SGFM ©@x}+= &z 2% Fadd
< Fwsta, DC At Astel §Hate] ddide] DC Fel d89S F7t=E 39

Gzl s Avbsld 7] FEAY Sl vERYAIYE DC Ay A &l 9
ghElth SCR 1.99 34 g afdelAe F WA BF 18 & 95 35t o
Qo= AW Y mE A7l AYstn=z & 7o g2

Aret7] ook

.
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N
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1o
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z
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SGFM & C-SGFM Response to RoCoF ('Zo)agre

SGFM (Power controlllng node) C-SGFM (DC Voltage controlling node)

<:[Forced AC system frequency ‘ ‘ . Forced AC system frequency
,T\-‘»,f change “I'change

0
Time [s]
Active power at

DC Voltage at voltage

controlling station REEHFHaR Active power at Active power at
2-H
DC Voltage at power AP(pu) = RoCoF -- RoCoF node the remote
controlling station [ base terminal
T. Qoria et al, ‘Dual Synchronous Grid Forming Control Concept for Point-to-Point High Voltage Direct Current (HVDC)’, CIGRE Canada, Paper 10318, Montreal, Canada, 2025
2026 CIGRE Paris Session 9

19 51. SGFM# C-SGFM ©=}¢] RoCoF 59 HliL

% 519 RoCoF #Alell A SGFM ©@2t= 354 Ramp ¢t F7F =98 FXste W4,
C-SGFM ©ze] =9 ®Wst= 2o Aoy, F4 o= #4d &9 9o #4 $H=
x3td g oQdona g HeE 84 & Qv @A, Fub 9y, g &= 9 DC A
= AABioF v & agze] dE 5 HeU vdEER S AV 7 Sl A" #e
2 Hlugol st}

DC HAoA o B2 oyxE F=3t2H o & DC A AgtE s &aof s} =2 4
=g DC Aol dold 5 & degs dddete v 283 #E d[77t S7kste] A
FeAle =adith FHEEo] wE A= AC A9 DC Aste #AE JeEd=
Voltage factor’} <% E Agsth ek GFM 9 gl DC At 3 &% ofve}

H
e 9} wgkr]e) A7
4) 71& GFM HVDC +% 4383 AE 87AM}Y =73

F2 AAl HVDCS &7 A el = ks ojof gtk GFM HVDC= Al
A& €Al A A48 AHE&Ho] gt} Zambezi Linki= 300 MW, 350 kV AH]2 g4
=7 Al SCRe] 08 "l =3 d=2ZAa & dd 595:dE 183ttt Mackinac,
Maritimeiﬂr Kriegers Flak®= °F3t AC Al5S iAo 2 GFMS A &3ttt ol Aldle As
e x% x%,] 7 o} x} _I—J]__r ‘rrx] /H#_‘ z/\log ;GOH r/}
2EY E}Eﬂ - 21 B (Modular Multilevel Converter, MMC) 7|5+ HVDCE W& A ol 4 A
7F AgtE 2 & oA AERE A4y dF oy A #He] AC & &
th DC S5 o34 dAgdoe= deststa AC A7 @AIRE Frhstd i
HhdshAl s 4 ok e AAdS AA AAste] ulF Ao 3o W

3 =49

gun =l # ok wY 8FE 13 A A
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Ride-through, FRT), =% 3] &5 A7k} H] 2 A o] (Emergency Power Control, EPC)ell 4t
Fo] =AslofF st
% 4. HVDC 87418 7+ 2% 35

2TFAY 2ol 33T & 9 23 A A A AP
B4, g F B AW, B Fuel mE 9¥ 89 Ade] AY |9y ¥4, £ ¥ A7 EPC
EPC AW FF W FY AW aTG 4F | SAEA 0 24

GFL =zt 9l
7

R SPAEE 3 HVDC, BESS & A4 V-9 DC
A, F35 71F B

At Aol 4 w2

Yool FUT HH-NY DAY A% AC 3 Fh REAY |40 AC AFS FF Afst Fu
s §% 2 Bael 4% SRR E

. Aot 71Wk Aloje] fEAgz 5 5 =
P/Q HIAF S e s Ag A% WA A4 AFAY A%

b o] 100% <1 E 7]8k 2 (Inverter-based Resource, IBR) 2.2 FAH S HA oA+
HVDC Ei= & GFM Aol At Fakg 7[&S Algsof dvh. BESSe Sds &9
T JARE FE el du=Es ot HPAHA FFE(Maximum Power Point
Tracking, MPPT) &7 A|gtell uk& A% FaFo]l 2T 5 Utk P-Vde Droopd 45 E
ES] GFM Alol= dijteluy, A& Al A A& FFH dUuA #ds 4 ASeHer
QALY 4= A ZHAHOriginal Equipment Manufacturer, OEM) ¢ $4 A% &=}
(Transmission System Operator, TSO)7} 7Al-§2] B8 AF3 Au]e B84 A& ngoz
gafjop gt

5 A&t dUuAnEE2 £525 kV 2 GW GFM HVDC
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oh ¥4 #5625 kV, 2 GW AHl= 20273 JiEreks e} 2030 A A}
Zg2 3. olsle] M AA7] =3 A (Electromagnetic Transients, EMT) &l
w AA 2 GW Au ] & AR HEEfof gk
2 GW &= aiMm oAM= Station 1¢] DC #¢k2 Alo}stal Station 27} 7Hg & 7171 (Virtual
Synchronous Machine, VSM)¢} P-f 2 Q -V Droopl.Z GFM 7|5<& Fa3tgt. H7kA A
T InterOPERA®] ZF7]5, AE7]s3 ot A4 5= (Withstand capability) 5 127] @55
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GFM Function Tests guided by the InterOPERA Framework @cngre

+ Phase jump active power (SCR=1.2, X/R=20)

Phase jump active power (-10°) Maximum phase jump (-30°)

10.5 1.0 1.5 11'0 1115
Time [s] Time [s]

1.0 15 110 15
Time [s] Time [s]

920 95 10.0 10.5 1.0 ns 120 ns
Time [s]

The GFM converter provides an inherent active-power response to grid-voltage phase jumps.
Mandatory capability (-10°): Active power returns to the pre-disturbance operating point after the transient response.

Withstand capability (—30°): Stable operation is maintained without transient instability and sustained oscillations.

19 52. SCR 1.2914 —10°, —30° 917 Wste] tist o9

SCR 1.2, X/R 20014 —10° 917

B8k, —30° A1
HAE A% A% glo] g8 &

s g2 77 1,000 MWeF 0
MW= A& thZt} RoCoF 7|EAEe —1 Hz/sE 1 s <7}, Withstand A dS —5
1

= [e)
Hz/sZ 025 s, —25 Hz/sZ 05 s, —1.25 Hz/sZ 2 s %<t Z+7} <l7lsic}h. 8o Fu4
HAto| ©E Droop 4% RoCoFell W& 4 o] &7 vetuw, 713 A3 2 Withstand
Age 27E8% g2t

ATAESG ¢AM0 HE ARE L BT A%

SCRE 59lA 4, 3, 2, 122 dAACSRZ vtE EMT oA Fadga dxt

Ak obA A
o7 AHAT. AL doldsE A Wed FEAY 97 FUAAT §E
Wabasl A gFtth R 7Ha HUbe= AWE dud A P E o] Hermitian F-doll thek HA oL
f7-S Passivity index® A3ttt 28 539014 P =0 put P =1 pu F F% 545 Hz

oA %] AFE KB, 7| EFas R veEA F7bo] vEhy
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GFM Function Tests guided by the InterOPERA Framework & agre

< Positive-Damping Assessment Using Converter-Impedance Passivity

Z(jw) + Z"(jw)

Passivity index = Amm< > > Passivity index > 0 for passivity

P=0p.u. P=1p.u.
— DUT passivity‘index Bl 2= DUT passivity‘index ‘ ‘ A
20+ Excluded range (limited scan accuracy) Excluded range (limited scan accuracy) |
[ Non-passive region =71 Non-passive region
| | 0 e M
— 15 T 1 — " |
> =)
2 =)
8 10f— o g,
£ I
N N
+ +
N o : ‘ N
E "\/' =4
£ £
~< | <
-6+—— = S
10° 10t 102 103 10° 100 10?2 10°
Frequency [Hz] Frequency [Hz]

A positive passivity margin is indicated mainly over the 5-45 Hz range at both operating points. The non-passive behavior around

the fundamental frequency becomes markedly more pronounced at P=1 p.u., and an additional non-passive frequency band
appears at approximately 300-700 Hz.

19 53. 8 AH E AWE Y3 W29 Passivity index

P =1 pudlA= 71EF9 79 Passivity index®] &9 gto] AHg 7I+o® o 7AX
°F 3007700 Hzel 7} vl&s4d Uy

o] AU 3| FJe Fu¢ 27 FFE
2 Grbol A ALEAT o] A A SAHo] 44 H Fug oEFS HoFEn HF
A U AA AR G2 A2 AT Azt §A Hrafor s, SCR W3t Al ¥
ANA el bg SERte®E H Fu g LS AAT + gk
Black start 3142 SCR 1.2, X/R 20 Z274& A& } 3 s 1,750 MW, 500 Mvar 3=
detach At 1 puR 3 EHASW, T35+ P-f Droopell web ¢ 57.5 Hzell A 23k
thoo] Aol = Hst g dsE @A o UrE}‘fk L, 60 Hz&2 9] H+7bA B7bebA = &8k
o ALdEHE AlFS SCR 3, X/R 200014 A A4S 05 pui 01 s 93 z7doly, AL
st & GFMY A& P E°] GFLEY v 9t &5 A2 A 2 GW 45 AlA7&
AbE3FE st=9lo] oA A & (Hardware—in—the—-loop, HIL)©. & A & = ¢ t}.

6) GFM BESS®| A3 Wi ¥ Ejina %48 Abzl

Boja| oA Flg GFM 7]5o] AA AulolAE FHEEA st H AS5FHE He
E TEEoF gtk GFM BESS®| A5 @A A FAA3, 2l 45 S S8
A, A, 1 T e FINE R FAET AA Alo7E EYAE dZAS= HIL
2 Ao TS ASAT FI R AY FFged HAA ASF 2 AA EA7A BT FQ
shAl= EEth AFAAY olwd AlAAFA = AexzdH A 1 FSAE AFY Aokl
Ak, AAl AF AFES Y SHS e Uil AFE ¥ 44, ¥V AgkS
W=t}
A8 =g o] AAAE(Power Hardware-in-the-loop, PHIL)S 1152 A|d A A, A4 A
=¥ 34 %] (Power Conversion System, PCS), e ] R ojgxe} AAF txd Al Ed o] E
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(Real Time Digital Simulator, RTDS)E ZA3tstth oA 5 9 AJdS AA P 21
stal 54 S9S Aeide HEY A AT 4Eges Tz Agst. Frt
==

el = Se1dA ] 914 Wske Black startt® ofuel T4 FE9

a1 549 1 A o= A4 AAE FE oF 06 ms, olFd AlE
PHIL 0.49 ms®] Response time®| 37|% o] <t} o] vl A PHILe] A &gt A<}

A sk A
AE el Zp7hsith vrt Al Al el ok 3 A @ o] vEa SHEAI AAHE A
3] AAEA o}, o] =AE PCS A9 alf SHEEE AMSE = §lvh PHILS @l
A FEEH] olew A xS ARl Adsts H AR R
Ejinad Sy A3} A F A
Ejina A A& 2743 oF 442 km @34 7hedddes ddHm, A9 T
GFL 4o Aoy Alolet. AAN &=t Al A Gl sk, sy 7Is& Aed ddo]

et g0 id
off H1 2 Hn

=
AHo] MrELAE o]2 & Zdst7] Y 25 MW/25 MWh GFM BESS$} %< A o] A A
215k th. 19 559 BESSE AAA M & xgwtel At GFL
2 SEe] SHEH 7S A FT
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[e]
Ejina GFM-BESS project: == @qgre
A GFM-based Solution Example Single-circuit

overhead line
441.7km
= 100% renewable-energy based

generation, all with GFL control

= 442km single-circuit OHL 20V TRV
connecting to external transmission Ellua Suatlen 220k —— [ T[] swime |E

network S km

;
# #© 12km 2 PVI
[ 2km B

_e
2 o 2

110 kv

= Weak grid connection, high stability p p

rlsk . — 192.08km

4.44km|  52km S 98.

= No voltage source, not possible for the ssoskm 7 | stationc Station F

islanded operation 1ok Liow
= Multiple blackout event in history due Y. . Ny

to the tripping of OHL Station A | Station B s Station E

i O

20.69km

25MWA25MWh
GFM-BESS

PV2 PV3 Wind Farm

GFM-based solutions

2026 CIGRE Paris Session Source: Changjiang Zhan, Jing Ge, et al., Real-World Demonstration of Grid-Forming Battery Energy Storage
Systems, IEEE Power Electronics Magazine, Vol.12, 2025

1% 55. Ejina AIYAE3 GFM BESS9 H< 91A
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: @ agre
Loss of last sync machine test

DUT: Device under test 50 P —
Synchronous Project Duplicate = J ” v
Generator DUT DUT = 40 - | — anflg change for_advanced grid support
Governor: TGOV1 100 MVA | | 100 MVA a | ~——— With advanced grid support
Exciter: ESAC4A 3 A — : :

f (Hz)
i

yl

F

i

|

lo,ad | %  [OTTTTTTTTYTTTTTTTTTTTTTTATTTTTTTA T T T T
100 MW 59 T T T T : ‘
0.95 PF e

A w.nerc.com/comm/RS’ eliabilif Guidelines, I S /SZ‘WA -
s .
https://aemo.com.au/-/media/files/initiatives/engineering. =4
fr‘a!s\ev.'ork/’ZDZB/gnd form?ng lnIvemer Jf‘m 2024.pdf?\a:tn 12 1 r : T
1.1
* With updated configurations, 210" ——j—r
. . =
a conventional inverter can 0.9
pass the test 19 20 21 22 23 24
Time (s}
https://www.epri.com/events/6d76802f-736e-4eb2-98e1-2aef90a7a332
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a9 56, Aol A4 WA & V1€ AHE viA F717] g Ald

2% 569 mpAE F7]7] el Ao A s HAZ 7
support(AGS) #|&F& 2% H = %
S Ao A4S B3 €8 F dS5E HoETh vk A
oug AA ALde g AFe 1Y g

7hshok e,

ol E ¢ OEM<e| Advanced grid
= 71E AFY] AEAd T
A BEd AGAA FEEA

E
=
0 A} BEHES Fhe B

71E-25 IBRS ¥4 &83t= A% & AE

A T oA = 7]1E IBR F tE OEME Black-box R@=2 FA3t A bz A
AR AZZAEE 3tk A8 dadsgy A3y 724y grE 98 A5 IBR
T = F7hetgde 71¥ % ol Configured AGSES A&t A5+ ¥ dlol AGS/GFM<
g3t AbglE Al ARint ASA LS AT AEEY SHo] MAFAT o] HludA= A
| 4 @zl 71& Anjo Aol A4 ans FEI.

us}

,60,



# 5. A5 FF AGS FA 9 Bl

NE 712 IBR 1, 2 A3 IBR 3, 4 WE 2H £t A3

1 AGS " H & n| g & 71+ T4

2 Configured AGS 4 4% Q% A Aol A @
3 AGS v & AGS/GFM A5 vl AEAY F7}
4 Configured AGS AGS/GFM A 3Rt BE54 A

5 Configured AGS Configured AGS AHEl 49F FAFSE S

vl An] 2o Configured AGSE #-&8 Abe] 5% 71 A4l Configured AGSE, A A

Hlol AGS/GFM= 4 &3 Abdl 49F A SHS Bdvh b= 342 33 Add
Algdlolds VIEer an, Al AS A8 A= dgAbaet 2 E Fiste] 2l

of gt}

71 IBRY F7F A7) 5o+ wE F34 S (Fast Frequency Response, FFR)¥} 33 &
7+ (Power Oscillation Damping, POD)”7} 9t} PODE= F2d38 = Fadg Hxs 44
7 oy duA ey F9 gHAE wrddslof gl 71E Au|e VeEs EEetEH Ao A
A oyt AAAIke] Aeed, A AHESTIH dul B A ALandE A BH|sfof

A,
8) ENTSO-E¢ Power Park Module GFM A% A%

o107 FAEE AtEl7 ENTSO-E¢] o] s #] 3
(Implementation Guidance Document, IGD) Zx<to|t}. £ Aol A xote fFadgy ¥

A9 Sy SA4AQ BA, F8e] #gAE A 2 Fuag SHE 1R v A
A= A A1 Power Park Module(PPM)3} 4 ©2]1¢1 Power Generating Unit(PGU)S -
tol AGste, GFM 75 7} PGUoﬂ T8t =S AAEAT. o] W82 xQHe] a7kl
RE sldmoA Al s HEFASRE A= Qb %‘3}

M AuloA gre VTS TF

i)

_4

|

H Ar o l:olf
Ol

Effective Impedance PPM (Zess ppm) >

Point of
Connection

Effective Impedance PGU (Ze# pcu)

UpGu,mv Upgu,Lv Uinv

Power Collection Converter hardware and

Grid
. System MV transformer
2026 CIGRE Paris Session C. Zanabria (RTE), T. Schaupp (TransnetBW) for ENTSO-E 10
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Converter control
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When capability limits are reached

R —

5095 *

I Short-duration maximum !
current

|
I
oL

x. 40

Current clipping
0

I

I

I
ol

1

Pre-disturtance

|
I
|
L
1

* Current clipping may occur
during the first 40 ms
shall be at least 95% of the
current clipping threshold

e After 40 ms the current

24

(RTE), T. Schaupp (TransnetBW) for ENTSO-E

C. Zanabria

2026 CIGRE Paris Session

T19 58. Current clipping 3| &AI 7t o] % HAF A7 &F
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29 58 AAE 22 Z7] 40 ms ot AF FYHE sE&eta ofF AF Fol ¢
PAIZLE] 95% ool HEF 273 VEFS AA™NFIE okdet 228 dAFImR A

2 ulgol dAaAE g drh AR 4R Auuse] ¥, 100 Hz 23 tjode] 54
B A7 AR FRHEEE A 9 Az wdEd. w4 Vs BohE oo Fus
A Ay A

A7 AP HE WLt a Stability Pathfinder® A E A& 2ttt F7] Aoz 2
Tt e T g7 e oAis Algeta, Bag 94 el Wel 7l A5
A3 vgs Frkske gttt 2, 3uA R VeFTHAoR AAFHNeH, A HAAd

Al AL GAE R gyt

¥ 6. Stability Pathfinder®] @A A k&= 7}

ol
©
2

="0
@A A9 A% w74 Aloke % ASFE AR T
19HA], F= A9 E7) %247 4 125 GWs %]‘%k HAd 64, o &4
27, 2AERE %@%4&2?75185;71 EL (?VMA 6 GWs, SCL 84 2(52]51»3 495 E 7HE A
5eA, J2UE W AAx | Br124) 207] B8 15 GWs SCLT5 - ypsane s wx

¥ 69 I AYEHF A= 335 GWsolal wheh8 2 (Short—circuit Level, SCL)o] AAE 2
A9} 3eA Y] A= 159 GVAo|t}. o]+= WA ASkE o] Aol EAH A Ao FA 7}

o

=

LFo] ol BAFE GWs, @Ehe 2 GVAS BESS &8 MWE A2 t& A5 A Folt} 3
A JdFel= GFM AW EE Fold 4= oy A4 Ayes 571247 297 At

T A AArE Al FAE Y% A 29, A7) EES HASE 19 d 3] 22
el o gs FHEE Y @] 29SS AZAEAY. @] Au]2d= 4 h 7 100% 7}
S 2718 AAEAT F7F sledo 2 FREE AdsHe Fa gL 7€ AA WY
A Aleste 718 Ay FEIILE o] AAeke] 2AS FA AlY T RE 2UEARES TE
R R M= oF HTh

Blackhillock® A7 23 #AS5 A A

d=e] A "= V1€ A, Faa Aolek FRT Aol GFME RoCoF, #1744 st 9
A AE AldS Frheith A F 3k 719 Root Mean Square, RMS) a4 3 EMT 3814, &%<l
4 A1d (Factory Acceptance Test, FAT), HIL ¥ @3 A4S x3ste] AWEHe +d A5
S Feldith Aol 2 4 HEkel RoCoFE gz w77 oy $2g ¢4 F &
4 AFo2 AA A SHES ZIFsta 2d, 7l A3 gk
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From one frequency event data in March 2025, NESO has done comparison studies between
the actual GFM BESS site performance, the Electromagnetic Transient (EMT) model of the
plant and an idealised swing equation representing the plant’s inertia.

Operation Experience

Energy Vs Time Energy Vs Time

Figure 1 Energy vs Time Figure 2 Energy vs Time (Zoomed)

National Energy
System Operator

2026 CIGRE Paris Session

1% 59. Blackhillock®] A& -EMT Ed-oja#ol oA Hdo] oyx ¢ vl

Blackhillock< 200 MW/400 MWh GFM BESS= 20251 39 *+#& A
14 A= AFdAAE F 156 s ol A deghoz oF 1876 MW 0] AAF ATt FA
A% A9 H4 S5 Anjx AoFEe 1683 MWL S35 oF 49.667 Hz7bA 31ehsk o
sl gttt o] A A= AE AAY Fig Wskel JiE BESSY #Ad SHE et
A sk T

%l 59 @l Abd el Al Blackhillock®] A5 olUA] &9, EMT 299 o= &9 9 o]
A2l Swing equation®] WE o 4A] §HHS H]uITE 27| RoCoF7F ¢F 0.1 Hz/s%l 7ol A
AA FAlE FAEAY AL, SdEd s EMT 2deol oA $go] A=wt) tha Zith vl
A sld HAAANAY #AF SHY Bl AFAL S IR A oIth HFA gl =

g Wstel Hig Ao HE Agor Hrtefo

10) AlA GEM =9 B3 2 AM ] i #HA

)
ol
ol
2
=
i
rlo
:?L_‘,
w
o

f
o
o
I
in)

rl

AAS GEM E=wae ZAzd, oF ¥Eay, A3 o A JP TRT & 9
o AgzEe Bed 9 Avzel wAsu, R A due 2 AdsEs
: " Hg Rt

grsin, Az AWy A4
SAAe] F1Ee] Bestth 20261 o ;
o= dlF Amol FHE Abdlolw] A AA AAGS wAgle] AAF FX= ol )
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Example: ERCOT @ aigre

ERCOT Battery Additions by Year (as of Mar 31, 2026)

w Cumulative MW Operational = 1A Signed-Financial Security Posted 1A Signed-No Financial Security = Small Generator

30,000 MW S
Prelim. Specs \ 2!537
and Testing

20,000 MW Fwrk

ERCOT started 15
exploring GFM\
10,000 MW benefits '” s el
5,080
- 2717
oMW - 73577 735 - 6 - kL] 735‘ - 92 7")‘ 183 -

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

70,000 MW Peak Load — 85.5 GW
50,000 MW By 04/01/2026
50,000 MW Effective date e\ ins AImOSt. 2DGWY of
————— stgned 1A sfter operational GFL BESS
6/2025 ; 0"/01/2\026 .  Additional 32 GW of
40,000 MW | z;g:;:ee:iT/SZOZS\ ~ A GFL BESS with signed IA
L \\ before 04/01/2026
Y Y

19,693
Source:
https://www.ercot.com/

gridinfo/resource 7

1% 60. ERCOTY <9 =-AZA < BESS £33 GFM &+ FE& AlF

M

19 609 ERCOT Ahd#lellA= 20269 49 19 7]¥ ¢F 20 GWO GFL BESS7t £ ©]
2& 7Y old dAAGS AAS F7F EFol oF 32 GWRHE FA °F 52 GWel+= U]—’f
St AAE GFM 87+ 75 ol F dZAA S AAdsts Algel 485
FolAY AZAAtE AAT AH AFAY 5o MAdsted de Ady
7§51 et s i il Aol H skt

= 7FE GFM A@8-2 917 W3k RoCoF, SCR W3t % npxut 57]7] & 5 3% 55 X
ShsbAI R, A 27], AESAZE 2 gy @i g2 il 9AY AR S PCSY
Droop Alo]¢} PPC2] Deadband 7t @%, 527 A& 3 Anti-islanding B3 7+ § %, PCS
T 7Y Aed HAE R A T AsHE oIt mabA Ts HAE ofy

AAZFR &H F7HA] A Aeof A A i A AolE =Y F

)
12
e
ot
o
o K
[0 ol

i

11) 24&
GFM2 ¥~ FHeo] i dgds FAdst
FEAY Y WYE E-STATCOMS WA7F Ao =], BESS«] =93 SOC, HVDCY]
DC Aol =el ddl AC Alee] AdE Fasgd met gl webA] #3451 vlas)
Z|Ro 7HEEY, ASAE - ARA F SES A AAEoF g
A G982 71sA1d, AS 4548 A, HIL® PHIL, A& 2 AA AHd AS5S A
Asty 7} Gl A e WS PRI ok sttt E-STATCOM# Blackhillock®] &% 712,
= 2 GW HVDC® EMT &4, Ejina® 7|5AdS M2 v A5 a9 Ao, =g
Az = 7]& IBRY 7| /MAF 25 GFM 228 st/ HESta, 7|& A9 WA &
By 271 A 2 2 oF7F 223 MU aE FEF o dhoh

r
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X 7. GFM A e 4 e HE& =4

4 9 Ay Je F8 234 9 A e =2
GFM/GFL W% Ht s9 ¢ #Hgd F49 & AR e A
ro] o) ¥
Wang, A€l 52 24\l oraTCOM A% 74 W o5

Kuhn, E-STATCOM

400 kV d&e] A=, HVDC =#W 4

o )
CIRE|

A el A

Barker, SGFM/C-SGFM

a

HVDC kel w4, 9178 st 55 Aol

Aol Al AC Al Y

Abdalrahman, HVDC
8TAG

Jn
tote
Jz
it
iy
Mo
2

4 Aeleh Wy, &
279 43

MMC W% ol Ash 8 Aol g

Lee, 2 GW GFM HVDC

i

FAE EMT 7| sA g2 44
Passivity ¥ 7}

HAA 7159 EMT A%, AA A7
HIL A d& A8 974

Zhan, PHIL % Ejina

A4

riet

4 AR 543 ASE x40

Ramasubramanian, 7]1< IBR

AA e 2, A, AL W

. PGU/PPM A5s3 WA 583 37} A F Zob st=deo]l 8 W Al
Zanabria, Schaupp, IGD ol g WE 7 7o) Tn 3e
N AT A =Y 2 Blackhillock =2 Al A F TR ALE S G
Yyl A= A= o = =
Zhou £LFH A5 AT gz "um AHAA ) A%
7%, A1E A, A H &d oI5

Matevosyan, A =QA =

= WA =7rE AlY, ol AR W

i)
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Z EMT 2d 8 9 AZHAN 7|& 53

2,
W

A g Aol Alo] W wE A3 du) 3 EGES BAY] 98 EMT a4 ol
Fg5 3 Ak 4 BHo] mek muol FARS WY ABY WAE P, mado] A7
el $He ol WA ABSEA FAsE Aol Fash B FAAE A% TG
2 Wele WE EMT wde] P4% 282 Avnd, oo 49 EMT NS 59 A% 3
B8 24 S 2R 43 0 AN sl B3 Fa A4S gedn

1) WG C4609 =9 7 223 &8 ¥

oI E] 7|9t 2k (Inverter-based Resource, IBR)2] H]F o] =olA™ #7] AlEA o=
2 Aot EHE 9 9Ady §ES HUrE & Ay Edo]l Fasit 20261 8¢ 264
CIGRE Paris Session C4 9ag2 olgfst 549 ©HE #AA7] =38 (Electromagnetic
Transients, EMT) 22& tFlth IEEE 28002 875 wig o= H Y33 (Photovoltaic, PV),
Type I 2 Type IV &2 3 GFM(Grid—forming)9 715 73 % A8 $HS AESS
HE R 328 Ao =g, genHE sk sto]Enta Hdo] =1k gk
g, W2 Aol E ujAY A4S 2FE Ao AAdd BE S
IBRell 93] A7]= b3t 5% 712 Fa5 i oA 4
Aol EMT AAF A2z A e 1-50 psol™, =93 33 g 29 5 AAEd ot
Eig=d

w
O

ufil

£ 9
w
3

o

-
o
|
o
)
rok
=
)
|

oL oft e
zoL_‘,

12 o

IBR interconnection process

Step 1 Step 2 Step 3 Step 4 Step 5

Connection Preliminary Grid Impact Facility

Request Review Assessment Study
—» —> o —p

Commissioning

Dst

v
Construction
v

EMT Model
P . * Model to establish expected fault-ride-through and
@ J frequency-ride-through behavior
OEM models Generic models * Design tests accordingly

* Tuning of parameters for matching measured response
* Use model in wide-area dynamic studies
* The generic model offers flexibility

29 61 IBR A% 249 ¥E wae) 88§



HE Fde a7 e A4 Alg A, A 2 vy 2A4Y F9 4o T
7INbS Al Fsity, a9 613 o] AA WAFE AlF AT Hriel & AlyEe HEE o
Agk 4 ok A W= e, wE g ol YA A Al 28l (Battery Energy Storage System,

BESS), GFM, Type IVe} Type I FHolt}. it g7 Rdeo] 7|5 &, #|ZAHOriginal
Equipment Manufacturer, OEM) &9<] MA@ 574 Au)e] g3 A A4S Fidlof gho)

2) IEEE Std 2800-2022¢] %8 He9t HF &+

|IEEE Std 2800-2022 B agre

* This standard establishes the required interconnection capability and performance
criteria for inverter-based resources interconnected with transmission and sub-
transmission systems. Included in this standard are performance requirements for
reliable integration of inverter-based resources into the bulk power system,
including, but not limited to: voltage and frequency ride-through, active power
control, reactive power control, dynamic active power support under abnormal
frequency conditions, dynamic voltage support under abnormal voltage
conditions, power quality, negative sequence current injection, and system
protection.

* Applicable to IBRs like wind, solar & energy storage, and any IBR connected via VSC-
HVDC.

* “Type 3” wind turbines (doubly-fed induction generators) are in scope

* HVDC-VSC connected resources, e.g., onshore connection point of a VSC-HVDC tie-line
interconnecting an offshore resource is also in scope.

=

v

o

1% 62, IEEE 715 &% 2 A

IEEE 2800-2022 Technical Minimum Capability Requiremen@)‘“ﬂ‘e

@ ¢ 1 Meaodeling &
Reactive Ride-Through Validation,
TS owner L Tests and
S Fedllife General Frequency Power Power Capability and | | Measurement o cation
i Requirements Response —\Voltage Quality Performance, Data, and .
additional : requirements
bili Control T Damer Protection Performance
capability “shall have” “should” specify Monitoring
SEEEEEEEEEEEQ
— Fast 3 = Harmonic Usibsal m
iSil ; 2 Voltage nbalance =
Raising Measurement Frequency S Limitations Current hfucess ahd comn:?ssst!onin
the accuracy Response Injection criteria for Monitori g
minimum for under- = T maodel aritoring
reveED validation

9 >
frequency p Transient Balanced
o V'
.

bar i
conditions Overvoltage s
Controls N s - - Injection
Prioritization Harmonic
Automatic ‘CL_"_"‘:,M ! \/oltage
cenmmannEnns Voltage gt Ride-through
Regulation i W
Functions Pi Ci e
Unb e
Freguency &
. Phase-jump
Rapid Voltage Ride-through
Change
Reactive

Modeling )

High Fidelity
Performance

Control
responses

Monitoring
Commissioning
Tests
Type tests

Primary
Frequency
Validated

Response

Applicability
to Diverse

Power Models

il Coordination
fEliclses Of Protection

Limitations

IBER Plants

Capability
Required in IEEE 2800

- N J L /
1% 63. IEEE 2800 &7 715 A& &+
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TE 7les TESHEY WA BF9 A8 WY e FS Aok ok IEEE Std 2800-2022
of e Fd 2 FE5A A JAGE "HEE, TEH AgAdnoln Type Il T8 A
*3d HVDCE 5Td H&ste AYde 233} ol ald AA AY dAlo] 2ulE 2 83A
= ¢t "ok a9 629 1% 632 S, TS5 &, Fady 2 A Ao, AgEH, o
T & A4, nseot 2d FGrt 9 A 275 Ak

2dol 7 B T8y AA Mula AFS PRk S e, A b Wl Ha A
TS ZFYe s @43 o5 A4 A7 29 oAdfo uE AT dee dEdit ¥E
2ae %59 shall ® should &7-9 95 may 7leo Wsty AE 2GS A Fdsfof
gtth, IEEE 28002 Alg F< @ddx] 3 H7F 9 14359 &8 AAEH, A Algdx
- = 7| RdolgtE olfrtow 5A mietuEy A

IEEE Std 2800.2-2026% A€t} %
dule] AgAE dd dAFE = sivh wiA 719 IEEE 15479 = i3 AlE R A8

<
o= T
g rEaoF Ak

2

e/

Reference Point of Appllcablllty @ cgre

s
e - - |like wind, solar, and/or energy storage systems|
: [ two or more of wind, solar, and/or energy storage systems | |
|

[ el
o POM
| | | g&umﬁn;mlzzumm collector
point of connection _— su lal

Lyl et (default RPA)

| « = e.
[

|
[
| | | Default RPA: pointof | /MfErcfrnectio
| ) D— measurement (POM) stem
[

| DN iy S ou—
o : = [ —
[ : ot 7 i
) ! it Rosk 7 _ St ] system (TS)

¥ —H s 7
| | l; L an 18R tie line
: i T Legend

I

[
| Ik "g:;":‘":’/ D s ﬂm},‘:" 1:inverter- basea resource (IBR):
| | [H eg., compensation eg. compensation o) within the scope of this
g S t n(lnd gIBRn :/HRur‘ns,
| U et | o2 e et e o tal 18R devices, feeders, collector
\ b | bus main IBR !rans/ormer etc.

|

| ! | 18R plont’ | |2: hybrid 18R plant: 1BR with various res
|
|
|

3: hybrid plant: only the |BR are within the

hybrid IBR plant’ | scope of this standard

| | |4:plant controller as supplemental IBR

| €8, ynchronous gt 3 i | |device: control IBR units, other supplemental

| | |1BR devices, and 1BR plant equipment ke tap
changers
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9 64 45 279 A48 AA

a9 649 a4 A8 H(Reference Point of Applicability, RPA)2 A& 3tEo uz} tt=of 7]
2 He8de =4 é(Pomt of Measurement, POM)o] A2t @ #=1o] nAAF F4 5 4di
275 A& Point of Connection, POC)s t/do=2 sty WAgt7Ief H AW Alole] F A4
< Ak 81:10] s F ez AWE oA dsd dHEA dA Ass vre]l HUhs
of gttt 7} Aldo A= 8= A TFo] AEEe SHAS WA o s

A9t ride-through®t ZAE, GAE AFJ $HES
x4 Al g5 9 85 7|52 A ride-through®] ©o]4A%} &t H&ES FA = =+
EE e “Eﬂoﬂ/ﬂ & %3 W= Aes A & dH A8dde] 090 pu v E= 1.05
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The 1-cycle time required for DFT (to derive phasor quantities) is
included in specified response/settling time.

No specification of
current magnitude

VRT Performance Requirements
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Model Overview

S inverter

Pg*ldg

I I »> Xe -
primary - E | R b vy g
o | T e < % Generic inverter model

l | * Current-controlled, PWM VSC
/\f‘v\H * Control implemented in dual dq frames:
Outer Loop . £ positive and negative sequences

P* — setpoin e _r lac = Filtering :
peeport || Ve |[ige] b [ias v Controllers developed based on IEEE
7 ] 2800-2022 FRT response requirements
Py - ., | * Setpoint controllers: Vdc, P, Vac, and Q
DE—— Power calculations e

Ref: Generic Photovoltaic Inverter Model in an Electromagnetic Transients Simulator for Transmission Connected Plants: PV-MOD Milestone 2.7.3. EPRI, Palo Alto, CA: 2022
https://publicdownload.epri.com/PublicAttachmentDownload.svc/Attachmentld=82135

I
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19 66, PV 2R o] A3 ret AFY Ao

DC 8o 73t Ak, 94 DC AFY, PV ojgo]e 1-V EA FoA Adsct AAY
P DC= A, AY TEAS Aetrr oy Eddo] =23 AT A7 Ak
[-V 54 2ddiae dst of @3 UrtHEFS A3t} DC At Aot Fadd A

Aol HAdA] A7), AWy JF-F=Z 9 YR dRFEe AT FEAF Ve ©
ARG AFZ, Fady AR Fady A9e ddow e NFE TN weth 2
< Q ARolgt= A Wstet A ZdEd did 54l dE2v. iR HEAE
(Proportional-integral, PI) AFAlol+= dq5 A2 Aledsd 9FS HAbshH, 531 A1

¥ e FguHE o5& A,
138 669 4% 7] F = (Phase-locked Loop, PLL)9F th 3 A
th @ F7|# %A PLLUEC 2= o] S5 a5 AEo] Alod #

Mo
o M

)
98 AHgHT WY AREI, % A¢ ¥ APFE AL TP wA Aofe ARAHE
= Z
=

T
TR 4 AZe GBS ANT + Ak

PV 1% W39 d<d AF A8 84
17 Al &4 FA(Fault Ride-through, FRT)+= o] 3% A
A9 Aojel A A te A7 7Ieor debsta, i @

o PV Rde ¥ 67¥ o] fFadF o, ZAHE W
A Algks AA g
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Fault Ride-Through Control

* FRT control has four functions:

Dynamic Negative
Sequence Reactive

Dynamic Positive

Dynamic Positive

Sequence Reactive

Sequence Active

Current Limiter

Current Support

Current

e

Current Support

Ulun

t dead-band

0.9

0.5

Ireactive/ln

-1.0

Vi
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Current Limiter — demonstrating Example

=

B agre

Example: Current limiter steps:

® Vl =0.540° p.u. . step 1: ChECk|12|< AIIR

. 1122 =(3-§<543C1 2If’-u- s Step2: Al,,=-1*1.1/1.5=-0.73 pu
pos= Bneg = |I,]=0.5*%1.1/1.5=0.37 pu

* Inax=11p.u.

* I1p=2p.u. * Step3: [1p= Irznax - 13, total =0

" A11R= '1 p.U.

1,=0.5£120° p.u.
Ig totar = 1.5 p.u.
Il, desired= 2-j1 p.u.

12, desired = -0.25+j0.43 p.u.

* Step 4: I pc e =1.07<1.1pu

scale_phmax=1.1/1.07=1.028
|I,]= 0.45*scale_phmax = I,=0.46,-113.79° pu

|75|= 0.82*scale_phmax = I;=0.84£176.57° pu

|IC|: 1.07*scale_phmax = I=1.10£20.10° pu
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Model Validation @ cigre

* Objective: Demonstrate that with
proper parameterization the
developed model can effectively
predict the behavior of commercial
equipment under typical operating
conditions with reasonable accuracy.

NLR Test Lab in Golden, Colorado

k

= a00v 13.2kV 3.3kv
i [ ¥
lMW/lMWh_u ’* I _3?_ _%f_ I '\/\/\/J‘m]—i— - =
ey T *G | 3€ ‘ L ol V- SR Y- 3
- Y-A
Inverter Step-Up =
2.2 MVA Transfarmer
420 kVAr
filter
1% 69. Model validation AF-§ =& 2 4
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Parameter  Performance.

Damping
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DDSRF-PLL > FRT
detection
,Hm_ ’ Hr_
RSC control —
d+ 4
P control > -
g : q+ _’l Pl l-»
H LV cont > a+
= contro - H
v d- d-
§ neg. seq. 4 —pl Pl I—’
o = a-
4 control current | S L
E limiter %
< | GSC control & &
g g coordin-
* .
g Vdc control |—»| ation .
8 g+ —| Pl >
g+
= LV control |—» = |_‘,
d- d-
neg. seq. q7= —>| Pl o
control > iy I 5 L

19 73, Type 1II PNSC-FRCC®] RSC, GSC dx AR/ A 7=

-~

He AARE A o] (Balanced Positive-sequence Control, BPSC)¥= RSC9} GSCY AFZ 77
Shth, AR AFE AH AoletA Zormg AN e AEn 77 BEA we 24
A Xr=

[e)

[e]
Els
Hop AAE 2 JAE Ao (Positive and Negative Sequence Control, PNSC)ol &=
Al

2
a9 739] PNSC-FRCCE 9 F#&d5F Aloj(Flexible Reactive Current Control, FRCC)Z
5 =

Akl RSCS GSCel AR AR P2doh F Wiy 2F P48 PEAF, 48 2E
AF, AR FEAF £o7 8% RAT O AT fEAFe 2L RSCe
Aol GSC DC A%k A% th2ug, $HEsdg quA 24 gs A Gddo @
.

A IFAFE AT A dA[F A
ool S HAHSGY EAE I vlus|of gth the AE2 =¥ ¢ A ZvH(crowbar) &
H &g sts] Ao AolE =l 2ot dAE W FFE He 54 F HAA AEHAS
2 At &=

Type II A8 23 AZHH d& I

WAEL 120 kV, 60 Hz EPRI Wl x|ul= 2 A1z} 250 24k A gtuds o17tstoiet. 19
74 #2e 1] dld BPSC, PNSC-TOS® PNSC-FRCCO EA, 3| @AAAY 2 AHAFE=
ZRY it 7t2F d9e solth BEAaNES HLdedes g A 3 2!
Romz A FrbEFS A vlaLsok st
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Oscillation magnitude = 0.533 Oscillation magnitude = 0.409

-~ 1 - 1 Oscillationmagnitudc=0.036L‘ -~ I
20 20 ey Z0
S S hadi ¥
~ 2 &~ 2 = -2
2 ~ 2 ~ 2
=] i Iﬂ" — ’ / . = o "
18 20 22 24 26 28 3.0 32 18 20 22 24 26 28 3.0 32
~ ~ 3 12 -
E S o I 2 W
5§ e Om 'WN'“‘" “1m} I|r i )N 01 }MO. 5-{ i H!fuﬂ'“'flu z HHII Y
-~ 3 : ' . ol
18 20 22 24 26 28 30 32 1.8 20 22 24 26 28 30 32 1.8 20 22 2.4 26 238 30 32
Time (s) Time (s) Time (s)
% 74. BPSC, PNSC-TOS, PNSC-FRCCe EZ, 3| AAAY, AAF
® 9. Y xAxAL A wut
AE (puw) BPSC PNSC-TOS PNSC-FRCC
g At 0.704 0.670 0.727
QG A 0.217 0.304 0.207
Eaxs 27 0.533 0.036 0.409

BPSCE Eaxs3 1.2 pu A/ A 295 Hth TOSE EaFS 0.036 puZtAl 9|
AW HAAAG BA 29 0 P AT GO FRCCE EAAF Azsud A
AR @Aeh o4 TEAR Ao WL FRATh E 99 AR A% A%, g4 4
A olE HwAHT ol e nAkel Ao] ua

] s

o] HlIl= FRCCS At At A A de7t Asitd sl #d & des B+

AWk [EEE 2800 AA| &&9o] 3= AFsA = Zevh a4 A7 7153 vlask 2L 230
kV AE9 mzoi 243 BPSCol A/ 27t &k wela FRCCe e 453 BPSC
o] A= wuE &A FRCCY &4 #AS daz xddlA= <F At

5 Wind Type IV &7 7153 Ao} +3

22 7|A= W3k7](Machine-side Converter, MSC)9} GSC7} DC HAE Aol
i AZE A& HEY] 725 AMESH RS o] IR &Y, X9 2*“%‘: =g 2%
st A 2 AF Ad, T IEI oFAE IFEAES e 2 dA oA
GFL(Grid—following)¥ GFM<S H|usl2 2 3|2 zo]9} #|o] zlo]E Huldle] 4]
=3
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Control capabilities

* GFL operation using * GFM operation using
* PQcontrol * Droop
* P(w) and Q(V) control, with adaptable * Non-PLLVSM
response speed based on IBR performance s PLLVSM

requirements

* GFL current limiting % GEM curcent limibing

« PQ priority-based limiter * Current saturation-based limiter (transient limiter)

+ Phase maximization for determining the * Virtual impedance limiter (steady-state limiter)

split of positive and negative sequence * Phase maximization (positive and negative
cxp.lrrentﬁlmlts . 9 sequence limits)

* Circular limiter.

* Modules for negative sequence current contribution
* Plant controller model

18 75. Type 4 WTGY Ao deF ¥ 7%

a9 75+ Type IV 824 7](Wind Turbine Generator, WTG)2] A|olE w]udtty, GFM &
&= =&, PLLES AFE3HA] €& 7HY &7]7](Virtual Synchronous Machine, VSM)<} PLL
719 VSMel® GFL EE=+= PQ Alojo F3 2 A =55 F7FE PQ Alojolth. GFM9]
AT # ]??_ I Z3h A AAAE 7Y dudaer AR 2 QAT HE 24 ot
ek GFLA = PQ A9 4dR7 &8 Bao] A&dn weba Aol R=of g
o= ?lé de et ka7t A AlFxds =3t Algslof gk

ANEAES 284 @dy] FIARA FAHOR 120 MW THEXA 9 FEHEH (Point of
Common Coupling, PCC) A&<& 7|02 wehd|(Short-circuit Ratio, SCR)E A A sl¢tt. 7]

 AFAFA M= PCCol 100 ms g5 A7k 7 34 3de Adstez g AlA < A
AR Wb 3 A g o] e =5, PLL VSM, non-PLL VSM#¥ GFL®| & %<&
A 2L 5} 3 T,

Type IV GFM Alo] A=) A5 A& =4

Type IVe] droop, non-PLL VSM, PLL VSM2 #Z& oM ®m Mz 2 $9S Holt
0.1 Hz 34 Ao M= non-PLL VSM¥} droop® FA17} H]$:3la, PLL VSM<2 W37
AEEE o dASHA FHeAT A8, A/ x=7] Eo] At 047]/‘1 &5 HAp= 714

% BEgoln] A% Fos AAFPY AL E5A g

= -
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104 — No PLL VSM
[\ Droop
102 (

— HNo PLL VSM
PLL VSM

Dreop

v . - - N — . . ' * 4= + - = —
o 105 11.0 115 120 125 130 135 140 100 103 110 11.5% 12.0 12.5 130 135 4.0

19 76. Type IV AAY & vl — €% SCR 2, &% SCR 10

a9 762> 10-11 sol 0.7 pu Sk Asts A7kt Ald e @Ak steltt. SCR 2, 59014 += PLL
VSMo] Eetdste] 9% FalolA A2 EAw SCR 104 E Al WA 25 523} wjeia
PLL VSMe] 7[A&E 74 FAo] FAES A& A AAL7HA BAgshA g=v. 4%
o] FGAL droop, ©E%0] FAL PLL VSMo| 22 7t e & FRao} e},

(a) FRT threshold = 0.8 pu (b) FRT threshold = 0.7 pu

[
111 v —— No PLLVSM
: A PLL WSM
’_J - ) ]’X Droop
h } ( : e — 103 ‘
1 s
'l

—— — = —— e — - —r — + — — —— — —— — — —
10.0 10.% no 11.% 120 123 130 135 140 10.0 105 11.0 15 120 12.3% 13.0 135 1o
Time (s Time {5)

1% 77. SCR 2 Tl A gl At &9 — FRT %9 08 pu(9%), 0.7 pu(2E%)

—

772 +25° 91 Al 10 sol A7FE I 12 sof] vbd ", 71 A A 9] non-PLL VSM-2
Agto] AA YrolA 3F&o] AAFA W FRT #HS 0807 puz HHE Hl 1o A=
o] ¢slHt) Alo] =9} A FRT A& 4% H5& AATTE SCR 109 ¥x ¢
A& non-PLL VSMe| #2Al4E 5002 Eojof ke AxnsE A :Fﬂ 3] 5

ox O |4
N Nrﬁnﬂ

¥ o 1 o
g

at

rlo
g

GFLY U E S92 Type IV 249 %z;g} A=
GFLO1]}\:|J‘ X—]Zq‘é‘]- 7:”17‘5_ 17401]}\1% oF i
0.7 pu At A= 1 s FeF 713k Ao \:}. uF = AR Z7}0}J— v&ﬂéﬂ% 71 a7

AAZ FAG, A BA 7 FEAL] An A £E F 08 pur Btk A/1H 9
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50 1173 12.00

0.70 4
3 113 T3 2.00 10.00 10.23 10.30 10.73 11.00 11.2% 11
Time (s)

0.800 =y ™ \
v }

0rrs+

Active Power (pu)
a o
=

0.700 1 \

06751 \ /
N J

0650 + o : }
1000 1025 1050 1075 1100 112% 115 1178 12.00 1000 102% 1050 1075 1100
Time (s)

19 78. Type IV GFL®] SCR 10 AH%+ Ad — Aok A7, & 2 724

GFLL &% AsS %3
AakA] gedl 13 JAE 4
+ GFM/GFLolgt= WArto = % &9
g aof ghS HolFET)

# 10. Type IV Aol d=e] 4 Aol A& =7

A HA ZA3 AA, A& Al FAAE

Droop o 2% 2A44A FRT 7 AgA o] v#H o], droop A ®7H

non-PLL VSM ofg] Abatel M Axdk g A4 wkA e 3B FRT &y, 74 %A

PLL VSM ZIAEE, vEH 4 SH FA < SCR, A& AAHYgNA EotA 7Hs

GFL =2 SCRoIA #4]7F 4&3% FRT AAS Ade] ofAlE dntsls B}

Type IV 292 34, 243 @4 1%, 34 Ad 9 [Ady Fa4 2 94 Ads & 7]
gl A wlarste] Aloid g s 2A& =k FRTS 71A1% 4, At 8. 37
HrtsloF s Ao e} Agr]e] AHE Aol dFo|r) o] R HlWE OEM L+ d%
A% S22 At 3¢ g9 duld FustA FAd Ao e o "t

6) GFM QW H o Hg 2

ekol F& HlulollA yehd Atol= st=glofeh Aol HAHS FEEoF A & ATk AUE
HE7(VSC)et /3 W3] (Current-source Converter, CSC)= =24 329 E{olH
GFM 3 GFL¥} 22 Aol £77F ofynh. 19 79+ DC #a9k =93 =38 2 49 § &
BRI ETACs )
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— e SOoNN  TTT
switched filtered o
voltage output TQU’ switched 1] I filtered ?Q
PN S current output

voltage source converter

dc capacitance behind switches

©2023 IEEE, see [ref]

(VSC) current source converter (CSC)

dc inductance behind switches

1% 79. VSCeF CSCel DC ¥4 8 28 7=

VSCe DC &3 ASAE, CSCo DC #aE= Q49EE 724 540z zheth VSCoA
= 29A A, CSColM e 293 dis FAEdste] &9dn wabA 3= JAde] Hdst
A B A A AdAM FASE = Ao s ok gk
22 VSCellM e Aloj7h frAstel= &bt el mep ofd Sue ek ofF st
WA FEeke o)t R GFM Ado& Heval dddhs efE 9T 5 9l
e 80 A wEks fAsk] SR A 24 Ak 2V R FuE s AoE
Al Sl e waret 2 o - Fols fAstaL oW HEE A =AE Y
o= g

pref pref | vref

or | e D eGP ® e GO Pe-®

= Develop ac voltage to
inject/absorb power.

= For grid events, change
ac voltage to quickly
retain pre-event
injection/absorption of
power.

= Develop ac voltage to

oE = Develop ac voltage of
inject/absorb power.

certain magnitude and

frequency.

= For grid events, change
ac voltage to slowly
retain pre-event
injection/absorption of
power.

= For grid events,
change ac voltage

slowly.

| Increasing grid friendliness/support >

< Increasing bandwidth/tightness of control |

We are only discussing a single inverter here, not an entire plant.

19 80. IHE Ao FA e Al 7HA] JiE Bl

ote] T e fEAY B FEAY A Prefsh QrefS PAWI, ©2E AP A 2
7l 2 ZFEue A Viretsh o_ref® QPNHEth BF wHH V.ACE A4t A% 9
Aesg Fo AAFAR A 24e) BHI} HEb e,
AY nHL fAE F Aol B shbe AR olde] A¥L w2 ARHES wFAGS
s the s o =) 2Fdn gebd 2 P 2 Q ARS AsHeE 3 S
& 27 e,



noAgre Ade zAd x Wato] Sl Aol A
W A2 §4 Aojst PRE

(e}
3 A7 AA= A )
ol IR WA H&EH AR A ¢ d

Non-Grid Forming (non-GFM) Grid Forming (GFM)

Sub-transient Prioritizes current to meet Prioritizes current to meet fixed

fixed P/Q V/f control
Transient Prioritizes P/Q control Prioritizes V/f control
Steady — State May have droop characteristics for controlled V/f response

/
Performance of an IBR’s configuration would dictate its behavior as GFM or not
Further, a resource could be termed as GFM only if the representative behavior within the sub-transient, transient, and
W steady state time frame is provided
19 81. A7+ non-GFM ¥ GFMe| Aol $449
a9 812 7] A%, Bmet AAdEe Al AEEe)A non-GFM# GFME] Ao $-4 39
2 gt GEM of ¥ Alo] o] Fo] ofet AAl FH 7t o AZHEe|A Boli hEAS
SO Yrhsor ok
271 HEolA non-GFME Al Fad=a Fadss HEA7l= A, GEME A9t
Zoks Aold] BLF AFE SAT FE TRANE 22 A Aojgt At @ F A
ol $4&7t fAHY AYYE =Ee F 4P BF 7AY F Joms =g 4
s

[o
fru
D
5y
=
o
)
ol
]
"

el GEMO #H7boll &= %7]
L= T R ) IS =
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Modular that do not necessarily
represent the exact control algorithm

. ofany particular IBR vendor.

/Appropriately parameterized models\
can provide the expected trend of
dynamic behavior.

Characteristics of a single model do
not represent the characteristics of

Advantages

Disadvantages

¢ Software portability

¢ Open documentation

 Publicly available

¢ Designing the future system

¢ Interconnection wide application

¢ Cannot represent every detail of operation
at limits and fault ride through

¢ Should not be used to identify mitigation
measures for oscillations

¢ May have longer time lines for improvement

* Requires adequate knowledge of the models
to ensure appropriate parameterization

L the entire IBR plant. y
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50 MVA

Wind plant

At

240 MW
Wind Block

240 MW PV
Block

9 83 Az Fw A9

9 832 B, ¥ BESSE Halx FakE Fushe Al B HE Aot A
o Al AA AFE =How 240 MW HFF =5, 240 MW $9 &5 240 MW -3¢}
50 MVA GFM BESSE wlA|skgich, 233} 294 3 ojahg wpro] ebgdg Brtat

oo Aol A d AF PR} @
| Abelel A §3S Foli A@e BESS Atn 32
Zoltt, a9 84+ Fask HA &39S 2] 98 10, 20, 50 MVAE W] L gko}

h 84

o
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50 MVA T %9} ofefje &5 Wite Aye 22 54, 219 74 FFoz TaiA=
ot ),
20, ~ - - : .
1.5 ‘ BESS size = 10 MVA
BESC: s m 10, My i 15} BESS size = 20 MVA |
1.4/ BESS size = 20 MVA = BESS size = 50 MVA
BESS size = 50 MVA / = 10§ ‘
= |
S 1.3 = |
Q v \
s x L
()] 1.2‘ a “‘
S o \ !
| = \ I
S 11 - B \ il
|\ < I
1ob— Mp——— il
’ Il [ |
-20! ! L ! ! JA] |
0.95 i 5 5 7 : 0 1 2T‘ ( )3 4
Time(s) =

1% 84. BESS 10, 20, 50 MVA®] A%+ ¢ Fa2dY &9

& #gse AN E 20 ° Foww o4 ol 7
Aee wolzt BE wAN 7 2EPe TP A4 BESS 44 AF ATE oY

= General form of each transfer function (G)
~ G(f) = output(f)/input(f)
— At an oscillation of frequency f, G(f) provides visibility into how the
output signal would change, for a given change in input signal

= Five transfer functions are made use of:
- Y(f) = 1(f)/V(f)

- P(f)/w(f), Q(f)/w(f)
- P(f)/V(f), Q(f)/V(f)
a9 85 Fnrde BAel Ages AYHs
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714 fi= Axe] AF Fufolth wael: ol =rEA YH=ID/NGD), 2545 deld] o

& PO/ AD/(D, Ak AR BT POVOF QOVO B3 ALTLE A58

15 AF 2 A $9e o] Felsts ol

S % AGA 29l AE AL o AdeA o 10 HAAol E 5

o ARz AdaAs GET 5L FRidE O 4L 54 AR 07o] 3
4 o

= =

o webs] 2l gz A AL A kRS S Fdsta a7 o
o .

a

_4

9= dEelor s
® 867 1%l 872 o AIWE S} A H Tt WvIE 7T tidelA EMT 293 F
At 2dS vkl 0.01 pu A A AZES ol A= Model-27F ¥ A gtel Ho A wt
olmmEx FusEsgo s Model-10) EMT E4<% o & Adstadch. =8 Ast 2 75
Sel e fEAHS FRAY ALFFAAE B 7 Jolsk Vehdth webd @ R
AdA gz Rag Austa ga 4 g Fo deds 45 wAE @ Gt
oF ¥t
o] Hlae] e o= Rdo] 4} A E A Zo] ofye}, 22 Rdlo] AJAHE Al
A3t Go dhelel wek e B & UeS F9d ¥ Aok AN 2 Faege 4
g AZHE ATl AeT walo g WS o P 4 = Yok
A—0.075
= 1.66 ©
g ] 2 -0.100
= | P N e e e
81'65 ’V ---- IBR_aggressive-EMT 5—0.125
o —— +SEQ Model-1 (@]
| —— +SEQ Model-2
—0.150
8 9 10 11 12 13 14 15 8 9 10 11 12 13 14 15
Time (s) Time (s)
20.990 =
5 5 0.505
4 0.985 &
3 £ |
= = \
0.980 0.500 ‘
10 11 12 13 14 15 8 9 10 11 12 13 14 15
Time (s) Time (s)

19 86. 0.01 pu At Aldtel st ¥ H4E Zd3 EMT v

ProilWgrid Qroil |Vgrid|

Mag (pu/pu)
g
Mag (pu/pu)
S w
S
i
\|
\
\
\
\
\
\
\
\

—— 1BR_aggressive-EMT
+SEQ Model-1
—- +SEQ Model-2

|
[
5w
o @
|
-
S
N

Phase (deg)
&
)
i
Phase (deg)
|
@
2 o

10°

Mag (pu/pu)
\
Mag (pu/pu)

-

Phase (deg)
Phase (deg)
|
iR
i}

102 10} 10° 10! 102 10! 10° 10
Frequency (Hz) Frequency (Hz)

09 87, A AEAE A5 e Ag Swe A9 94




)

7 A

e

7
o Jo G - e
‘.)NE [ze) h _uﬁ
L3 = o
3 T & 3
S A T R -
) o ar = mm
3 O o i
= S = 5 i
X P iy ,ﬂ =
B T X oji
M £ B ° 5 =
* | < L B o a
_T B m K- = B
7| T Iy k- N Y I
=g k e | ZR | e
T |5 T 5T | Eg | FE
B | wg | rm | S | FR | @
l T B W | AB | ]S | ME
<
gl e
= . o =
. s
x = X i)
<0 X 1o o=
- =
x| 3 = -
X 5 2 W = =
e % & n Y A
._H.VI XA ,.uxwm - oF !
QA = o = | B % m.a
| EE | g% | i N
Jus T — | v +
g Zx | FT | T B
_ i o | T = NF
,LW K _u_mo 5 %o S i N2 i
N |y | B R 9o
T R | Q| 2R | W | ®
T | T | %X | CF | TP | <
= | =
2 | & | 3
> N [25) No
= &= o) T
) @)
A = = = to
M &, = = $) o

Mo

22!

Gl

I} 1A =

2]

FAth. GFM Al

S

i Q. PVOlAE FRT At w4 Alole] @ 72, Type M g A

H] !

X

A

|

37

Al

ol
=

AS7 =l Ao

1
.

7] 3AZE, Type IVelA

"
17r,_

)

) sh Aol

TR

o] A]

71 AlEA

)
)
0

)
—_
o

<

o

Al A ARALE Adule] R R E

& Al
7], FRT$}

]

<V

A el A

Foord, AA R

= 274+

Z
)

+ OEM %

A A%

A%

AL

—

oy

o)

—
o

ol

= d

3

ol gl

=
=

3 A Ao A

[e)
A

g

/gx

|
L

,8’77



Al 2 A 39 EMT sid3t Als o448 d<

1) 39 EMTe| 543 a4 e

oI E 7]¥F 29 (Inverter-based Resource, IBR)¢] =™ 7id Auj¥ olye} = Au] 9
A mdEof AR FAE ATFE 5 vk 20261 8¢ 279 CIGRE C4 4
AfFL oA A ZHES} ﬂz‘% A%S AA7] I} =84 (Electromagnetic Transients, EMT)
FAAA Eelet= Fe &4 E‘rﬁzr‘%i‘:‘r. 19 8804 #HojA Y =24 (Phasor-domain
Transient, PDT) =+ RMS OH = A 2 % Ayl A 7] AlY F
Holl, =2 EMTE ©d ZHEC] Xﬂ°1 4 H& HEC, 49 EMTE =44 J5z83 12
3 @ Aoyt AFgEE= Atdlel HE&dt 11 2H¥E ASE9A 53, Al FAHOriginal
Equipment Manufacturer, OEM) % 7RutA} 2323} =58 7%
o 242 W2 Edo] oW A4S FUIE =l 1 ARrt g
B QL =X o]

Where wide-area EMT fits é;ét)agre

These are three different study levels, not three names for the same study.

RMS / PDT Local EMT Wide-area EMT

Whole system screening One plant or small area Several detailed plants +
wider network
« Simplified fast controls * detailed converter * non-local interactions
* Planning first pass controls * protection + controls
 Historically, the only * plant-level compliance * when the decision may
choice for real-time * nearby interactions change
operation

Today: cases where the wider EMT model changed the answer or the decision.

a9 83. AlF slAe Al %34 F9 EMTS A
2) Wbz AAEe] F EMT AlBelold: hgw a4, ekah o 3z
e A
dnl = Energinet& 7]& #Hol#A g mdwtoz R3] A3AdH FEals AMAS B2E7)
e WHE 73 3] EMT 94 dxE F3=3510 A Ale] 2 o] ] 4= 3 (Supervisory
Control and Data Acquisition, SCADA)3} PDT 224 ZH AHE AAst, 29
ZoF & dloly WIS st § AZAF Rd S Agste] d3FHA 27| vpxjate 2

47 9 54 molet FAYE Ba AA A Mng 2AE Fud
Z] o o

M)

19 89+ 20209 ol %9 AlE wd, FHFREE, Ay ey HAE JE AMde A8
Ardlolt), o Axbe Adg A% A WnE wgow wdi HolH P EEmA o
P FEAD DA $BFVS AESE d ASHAL BEUAE AT 9T 4w 2y

A (High-voltage Direct Current,

2E}E, Bornholm Energy IslandE X383 u4FFH
HVDC) % ti+t& i3 e &3 HEZE o= gk
2

FF Aol APT mde) Fof AL % A el 4, w=F Hug Aty 5



of Wastth x£F Z715s Avele A4 AEsh A Rdw doly FA TH, AL
Y % ANANE P Susjor gk webd 3o mde A/% SeE A% @4 A4
$7 44e WSt PF L fAve FAE 3= o] Fas

APPLICATION OF WIDE-AREA EMT IN Evidence - replicated events in wide-area emt env. és;/;)agre
THE DANISH POWER SYSTEM Weak grid RoCoF

— = = PMU Meas
shudin “ e e— — oo

e Replicate operational events / incidents in the
Danish power system

Identify emerging system needs

Voltage oscillation /
Run revision studies for specific scenarios, e.g. |

weaker-grid operation

Prepare black-start scenarios

Support system-level plant integration studies:
HVDC projects such as Bornholm Energy Island and
GW-scale offshore wind

Takeaway : wide-area EMT links measured events, =
offline simulation and future grid integration decisions. ) [ ’ " ’

79 89, Weka ABe) 4A AD AW ZAeh F] EMT H4 ol
3) EMT 7]t zlo}7] 243 md gz A4 9= AuH A5S 93
OEM<] 4

AA &H AARS 2dy dAdsE P o2 SMA Solar Technology® Hix|¥ Holef o
Aol &S ALEstE AA Aol Z= 7]WH(real-code) EMT 2d& &-83ith 22 Ao 43
oMM AF Folol, exepql W AAZ Edy Jadt A9 dHolA dg RdS AAdstd A
o W& o2 =Y 4 gk vuk AAE mdo] A Hyo] W uEtuE et dAEE=A =
WA w2 A2 s stoh A2 A4 BEE 93 v {A A F(NDA), a2 v
o mtetuly I WL e A Geth

Aol 3t A& AA, A5 ZHO AR 18 2 Hee Bl Ak wep Ad 19
7F gtk EAIgE ZINE AR/ A E  mse] Zolvt g F 3)Ed 4TS F 5 3
tf A5 Ag st=do] AAAE (Hardware-in—the-loop, HIL)JJr HAAAH oz e o
g HAE gQlsta olF ZEAEY ZAHo VRto R ALgs)of st HEe Edo] &
ZANA d¥EgS Hol: Ayt ofyet ot Ay 7 AFgeS sk Aol
5 West Murray Zone(WMZ) At#Elol s e AE7dx9 oe] IBRY A5d8S 39
EMT=Z HAEsta, 4d7] F32 A (Single Machine Infinite Bus, SMIB) ¢ =43 &9
AZSS AASATE 28 90 A #HA 2744 24 AT A $HS vlugc) o]
IS Be AAAE 2dE ZF OEMO s7h8t7] o8& el ®= 7 Aol =4ts Als
T Brists Belt. &35 A dAstelW 249 fHelojst = g metu| gt
-

,89,



Figure 1: The Contributing IBR response to reduction in solar irradiance using
WMZ model

Natwork Voltages

Figure 2: The Contributing IBR response to reduction in solar irradiance using
WMZ model after retuning the inverter as per OME instruction

Network Voltages

Voltage (pu)
wim?)

i
o
“ '
’
d

29 90. WMZ %] mde QA i A AE
A (9 A=A A, obeh: F)

4) 35 F7PAHAFNEM) e 39 EMT 24y 43

= 91° 20244 S%J Red Cliffs 220 kV E’_%‘joﬂ*ﬂ %— gk 16717 Hz At xlsolrt. o] Ahg
AT 2 BN RAL A %3 st 3o EMTe) B84L nelEh

AA gGdeE ARGAY TEHEE Y AN ST ot P el A
o) FHAIE Hobslok Gk Aol WA olg A Fastth 20229 64 239 WEF A
AL BAVA AL BN AREL AW F ASLIE MGo] dol FEAY AFo)
R B AN BUS AE olFE AYs £ARs 9 vy WAL mdd
E]_]__

o2
o)
2 38

>
<5
Z
o
1o

of 2~ WAF == oYX &) Al =¥l (Energy Management System, EMS)2] e 5=4 7}

ZHFAKRE RMS ¥ EMT 2dg Wasty »nd Ast S713tet nus gt 2do)

€& He= oY A Fask ALA gk wel Gt dA ATS dEASRE Mg E
7+

ool ggoz Aueles A¥stn wy TR AF FE HuE EMT 89 7,
SoF A3} A48 e fA5EA Fesor At
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@ agre

EMT Simulation: Oscillations

* In March 2024, 16-17 Hz oscillations (RMS) were observed at the Red Cliffs 220 kV

+ To capture these phenomena accurately, high-fidelity electromagnetic transient tools
(EMT) such as PSCAD can be used

West Murray Zone

1% 91. Red Cliffs 220 kV A+ 25 AS (2024 349)

5 39 EMT 2dg 3 Al EdolAd: Ze~ TS0 #H

T FAAE 9 A (Transmission System Operator, TSO) RTE: A& @ =t Awv] 71 A
3483 HVDC A9 9aS =ol7] Yeall 3 EMTE A 3 dolg oL A
AT @Y FZojolA = dadqE sH MKLUS F& AAFEs)], AdESe] &3 Fo] 4
NA H A 3H(SeqCTRLOpt), FHY AlolE 24 FHAstE 483 T FojollAE A=
AoA S o] &3 FF5EY s AF A S AbEste] 22 1HAo] dad A BRdS
EE5Ae AF9dg e @49 A5 A8 A (Unit Interaction Factor, UIF)$} 715 oo Ay=
% 28 Al (Multi-infeed Interaction Factor, MIIF)Z A®E3}a, A8 =9 FEAHREL

(Common Information Model, CIM) % F& AErd &%%E(Common Grid Model
Exchange Specification, CGMES) ©|°o]|E & EMT=Z W33}

InterOPERA 3©#} 253 thd¥ wW3t7](Modular Multilevel Converter, MMC) 714t HVDC
At A= AojAl Fol, AT WAA Fol B FYg Aols ALY HX7F bz 1218w,
1.878] 2 1.799] =olx o F CPU Al7F2 30384 sollA 89.03 s &o] 3418 7F&55 A0
a9 2% 2L 9d 3o Algle FAA8 A VNS RoFE Celtic FE2g Aol A=
6,070== EP2S 107] Jda'Aag2 War HVDCO 10 ps, YA G0 20 psE 483k
APAFE 13,265 s(F 3AI7F 413)l A1 1,240 S(Ok 215 )%2 ZFashe] 10708 74E = Aok oF
5 usE 87ste A S ek A 5 dA|ojth
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Case 1: Generic 3T interOPERA network @agre

Number of nodes: 1221 Methods | Legacy | MKLU | MKLU+RefactPath
* Size of system matrix: 2088x2088 i
* AC voltage sources with impedance: 2 CPUtime | 21.975 | 14.565 11.74
Speedup 1 1.51 1.87

* Transformers: 36

¢ CP Iine/ca ble: 4 Methods m SeqCTRL | SeqCTRLOpt
. . Controls
¢ Wideband line/cable: 15 -
« RLEC branchess373 CPUtime | 162.665 | 83.50s 13.36s
) Speedup 1 1.95 12.18
* Nonlinear resistances: 266 — -
) Optimized wideband cable model
* Switches: 729 Methods | WB WBOpt
* Control diagram blocks: 10423 CPUtime | 114415 | 63.94s
* Average number of iterations per time- Speedup 1 1.79
point: 1.34
* Simulation interval: 3s, At = 20us Total CPU Time 303.84 s = 89.03 s (1 core)
* Intel i9-13950HX Total speedup: 3.41
2026 CIGRE Paris Session 1s 9 29.7

14 92. InterOPERA 3% HVDC R4 ¢ & Fof ALk AZF /A

6) EMT 2x=9] 39 2ddy AJgdolAd 7w &

Arts wEA e d= e dHolgrl Sedo® JduEHA oW g EMTY A=
81 317 o). Polytechnique Montréal?] &5d7= #HolA A dolgolA] Fatd AR
FAEH dol, X.d” > X.d 9 22 VA Fdevg e e 27|87 ofHe AsHd9EA
71(AVR) A4 3 grolB gl QoA #AE thFATh As BAN v, /7 7|8 27]
s 3 CIM ®3S d4dsts Wiolth RTES 400763 kV AtdldlA s CIM EZ224 &
8739717} EMT -t 3637070, 72 W42 243146702 W€ 9ict. dlolg &4e] Watulo

2 Aol W BE A ARV AE FREE AL ol
a9 939 Gaspésie AHEl= EMT == 529070, A &AF 54 A4 o] B8] 8] (Dynamic-link
Library, DLL) 5271¢} #2 3200 MWZ ¥3tgth. Windows =ESo]4 10 ps HA 02 2 s
2 2od u 530 BFEL £xk ARy 563 wekm o] 1 s oF 266 s7F Ak
Linux 79 ¥Xx vluloA = 3758 753 o9 Hol oF 1500==9] AAIZE Aol A|A|
HRom A=A golryEe 3 Fdol dostth NYISOQ 34531%%, 7] 322019t
IBR 547] Atellel A+ 50 ps 7FA 2 10 s& Roste o Z2e A zko] Windows =3F A2k
A 4928 s¥ ot CPU 289712 A8 Linux #HE AtelAE 43 sz Zo] At %7}
114.6W) Eobsth wixlut groll= WHHste} Aye7 WHo] g7 Lgsmz yAs}vte] F
2 A E o Hrh
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Performance with 5 cores @ cigre
Simple laptop: Intel® Core™ i7-13850HX Processor, Windows

*  Windows EMT version, splitting with transmission lines only
* 2s of simulation with At = 10us
* Automatic initialization from load-flow solution
* Balanced loading of CPUs, 5 CPUs are faster than 6
Gain: 5.63 times

Serial Main HVDC_HQ_NB | Matapedia
version 315kV

CPU (s) 2997.55 533.08 535.19 535.41 534.7 534.95

1s = 266s on i7-13850HX
1s = 88s on AMD Ryzen Threadripper PRO 7995WX

1% 93. Gaspésie Al 52 530 HE AN AT (REE 7F)

7) AT EHEA AR S AT G EMT 2] 24 4%

1 LI

el 71 Aol HVDC &S W Ao a9 HE SHo 43S & + Arh
Orsted= SMIBY @4 HEWG 7t 3= A 2 A 55 Aot F8A L 2 AsAw
< #9 EMT=Z xdstth A a4 el ©@2hd](Short-circuit Ratio, SCR), MIIF$} 3
A2 7Rk ofF 2 A AveleE Adstd Ak deoly FEs =9 Advk AA 2F
wel g4d 18] 1,000 MVASIA 5807915 MVAR Wahs Ald A S5 ¢
doll whel Gepx o gt

a% 9v Fe A 7HAel A3 dddel vAe JFgS HoFErh AT HFEE
FE0 AR 2HAAM TH FHE 90 %olA 100 %2 Eol= dn|afa e Eokd
HAARE gzt Al 48 FQlste] AE7] vls 20 %5 4-&3kA HA
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Practical experience on OWF stability study @agre

* Load modeling we
us
* Preliminary studies indicated that the offshore wind Fuo
farm may lose stability when ramping power from 90% s
w a0 95 100

to 100% of full output under light load condition.

s 7o 75 %0 o
 Further investigation performed together with 1SO/TSO Reactive Power at POI

* This includes assessing the mix of loads in the actual
grid and not only relying on the percentages provided 5 o
by standards (which are sometimes conservative). :  ———— ANV

-10

* Stability was confirmed under more realistic
assumptions, specifically 20% of motor load content.

* Marginal motor load content for losing stability is
between 40% and 50%.

« The system remains stable during off-light load
conditions due to a greater number of online
generators in the grid.

* This improvement in load modelling has direct impact

on project’s compliance and time to market Peak Load Light Load
% of System Peak 100% 15%
Motor Load Content: 70% 20%
2026 CIGRE Paris Session 8

a9 94 29 H=Z FH(HET 3 40 %, 50 %) sk 4 7HY
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8 HAZ B 2T HE s Aol A

NESO+= 2021 H2sE5d=2] 8 Hz 7|73 olst s ol ode th== (Multiple
Input Multiple Output, MIMO) T3} 2703 dutsl Yol 2E #HS T3l IBRe &%
£ Hrrskdoh a9 9BolAE 22 dE&FdE % SMIBY AlE dadxE A8
o] 5 off7F 388, W IBR #5445 Eshd 14930t o= HE5A dErg o w Ao
B LS YaEsty] e oty A¥e 3 fdAe] ez JFx 547 Hash
AU & a#ste] wEeta BE A b e R st grolof gtk

A s Abglol = AFFHDLCC) E AL (VSC) HVDC, 83 FAE 578 47](Static
Synchronous Compensator, STATCOM)”7} 23k 99 et A= E vusAt). A%
o] RMS Ede g AA A5 F FUL & = FH L (Transient Overvoltage,
ToV)E W&oy EMTE tE $5S Btk 19 969 % At oA = RMS7t ToV &
A z#34E deEbd wd EMTE ¢4 o]ske] ToVel LCCY HiF743 A3 (commutation
failure)ol] W& ¥kE Aet7}stE st wabA] o] Aldle] €9 Aloke Hu Aol o}
[e)

d

Ir

= & A~ o =) = =
Heb g Ao 5 55 ek Sue 2R Aok @k 4 EMT= 5" @9 29
o = o= o o 3
S AFs Hdx Al T §HS ol st olfE Ko
@ agre
74
Benefit of Wide Area EMT Ana|y5|s
The gain margin value obtained by using
‘ SMIB is 3.88
- /“\ |+ The gain margin value obtained by using
L'/ / Y ; wide area network EMT model is 1.49
\ { e |+ The wide area network represents all other
Ny active elements already connected to the
~— system, provides more comprehensive view
N of system stability risks
\\ /* « The challenges are
N Availability of all EMT model

(including legacy plants)
+ Scan for different scenarios/
operating points
+ Simulation time for multiple
Nyquist plot with the impedance data using Nyquist plot with the impedance data using scenarios
SMIB model and connecting IBR model wide area EMT model and connecting IBR
model
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é:;ip
Voltage Stability Analysis - II & cigre

s
o ToV s violtingthe targeted it

EMT capturing the commutation
failure of LCC convert ter

In this case, RMS showed that the post fault voltage values is lower than the operational timescale limit. However, it is not
correctly providing information on commutation failure of LCC converter.

RMS model results indicated that ToV limit reached whereas wide area EMT model provided ToV value lower than the limit.

Wide area network EMT model provided a more representative constraint in this case compared with the RMS model.

2026 CIGRE Paris Session

1" 96. Abel II: EMT7F 23 LCC AFd gk Ao ek RMSe] ToV

9) EMT 29 =dd At A+ Also] 24st= A3 SMIB &Zdo] 7}
gl oF sh= A

Manitoba Hydro International(MHI)2] F+ Al#l:= SMIB7F 948 o2 7FAstsE 3 & ddy
A, B A7 QI Av] S-S F9AlEe] o9A AARs=A BRoFrh it H
A7 Ty 2 kg Aol FAle] FEetH w@EAlFolA =eubA] gk EEg 7)Hk =4
of TAZE BT 7 vk 7 AHEE Y A AA AECA Aste] A AR, A

T AbaLel RS oF gk
a9 979 GFM(Grid-forming) ®#iE 2] ol A 4 %A 2~ 4l (Battery Energy Storage System,
BESS)2 ¢ 100 ms, 9% 250 msol|l A A= 24 A& 13 Fo= 48 FAAAT 21
XJ T fFEAHl 9 100 MWOlA 200 MW= Z7Feta F-ad o] oF —130 MVAr=Z 94
B AEE oF 25 s AEHH F AAFE EFEAT. dAAH 94T B RIS 9AA
4 095 pu =AYy AlF AL oF 094 puol HMEZTE 0.01 pugl %i‘%‘} ako] woll HA
o] HAEA & o] EAYTE EEEAL 5 ms ElolH R ulz)

A
He A o= P Aol 4 Adoln EE GFMel 22 Eholr

O

i

Fele 1 tg Aos FEAgel WEH Aol wEps W A

©% A4ek Atk STATCOMS A9 wlae} Ao} #x4o.

A% BAE Aasdin. 3 LR AR FARdE £4 03
kil =

o AH e Aok A Aakeld 2w ABH Ao
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Case 1 — Grid-forming BESS, post-fault trip

* Avirtual-synchronous-machine-based grid-forming inverter assessed in a wide-area EMT x| |
model. 3 =t

* Contingency: a 2PhG fault cleared in 250 ms at the far end and 100 ms at the near end, from
a starting system frequency slightly off nominal.

* The plant rode through the fault itself without difficulty.

* After clearance it did not return to dispatch. Active power rose to roughly twice the pre-fault
value (= 100 MW - = 200 MW) and reactive power reversed to about -130 MVAr.

* That abnormal condition persisted for approximately 2.5 seconds before inverter overcurrent
protection operated, att = 7.8 s.

* This is not a ride-through failure. It is a recovery failure

2026 CIGRE Paris Session

19 97. Al 10 GFM BESS®] 35 Hojot A7 EY

@agre
Case 2 — Wind farm and STATCOM, interaction

* A wind farm connected by a long line from a weak lower-voltage
network into a strongly meshed transmission system, with a
STATCOM connected close to its connection point.

* Contingency: a 2PhG fault- clearing time 0.42 s.

* Pre-fault dispatch = 200 MW. Through the fault, POC voltage,
active power and reactive power all carry a sustained oscillation
of approximately 30 Hz.

* The plant rode through the fault. Shortly after clearance it
disconnected on its Multiple Fault Ride Through (MFRT)
protection from a single fault.

2026 CIGRE Paris Session
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19 98, AbEl 2:

ERCOTE %H7|F34 o]3 2% (Subsynchronous Oscillation, SSO), & 7} whehy)
(Welghted Short-circuit Ratio, WSCR), IBR¥} ta& H-3ste] Ho 2 HE e Aoj7f ddd A}
1 EMT® T8 A&t ow Aokt A A5 du &S F9 40,737 MW(202613 6
), B3 39,794 MW A7) 21,1568 MW (202613 7¢€)olth. WSCR 15 "7 & g%
Aol et A HES Fdsky 2015958 Ayt IBRl EMT 225 273kl 2020720214
o= FEAIFY st=de] WA utaE Frhetdth dlE Feke] 2 899 PGRR14M4+ A=
7155 2026 24 5-E oA HE SN
Panhandle ¥17% 467] IBR =25 vixg 1719 &dlolB 4270, & 437) EMT AHHZ2 Y
o] AFstArTt 30 s Bolo= of 2.5*]7J°l AdAglow F7|x247] A dedel 2AE Al
shith vrt 4371 AtelE 4370 AH|E Eseis ¢F Ak AERA 7o 55 Ao R=
N-1olA Wddn7F AE ZdAo WAV dZA4¥ = F4& Aldst= PGRRI200] Xﬂf‘]ﬂ"i
th. WSCR 1.0 m¥ke] Mk A oA = EMT7} #HelA e
I o dAg 9 FAE FAAeH Al BAo] FR AT o] Al

i

[e:
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Wide-Area EMT Study — Panhandle Region ‘i@c'@e

= Significant amounts of inverter-based resources
(IBRs) are in and near the Panhandle region e y
= Multiple EMT studies were conducted in 2016, »._\ o 7
S ®

2018, 2019, and 2020:

o Benchmarked phase-domain analysis results =

against detailed EMT simulations Lo

o Supported ERCOT's first synchronous condenser

installation by confirming weak-grid mitigation | Slave Case ' ‘ Slave Case | | Slave Case |
needs y i =

o Highlighted practical challenges of wide-area
EMT, including high computational burden, large
data output, ongoing case/model maintenance,

model quality and usability concerns Panhandle

Network

= More than 25 GW of significant large load
according to recent project proposal is expected
to connect in the future, prompting revisit of the
area | o

19 99. Panhandle X9 39 EMT 79 g8 o +4
11) IBR A v} AlEe] st = HAIE 9k AA|7F @ FAAZF EMT Al &
g o] A

L
3 2 AolEe XA AoAE o] &
A S-S EEs= WA ol EE 2 ordel AdRAgES gl
o AAE &g R
3= 9 3 A ] & (Software—-in—the-loop,
SIL)& A4 Alzke] 7]Ee] 475w sojuvte= diAl, 2O Tbesd Al rEE oF 10wl
100,00054 o] g o= gats Wtz AA A, R &4 e 54 Rl AA

B A ge FReef
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=
Adol V& FHFo &

f
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>
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o
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OPAL-RTE Az s718ket AN s 7les exodl o Abgste H2S AlAl
stAth 5718k 7S §ll ARl A = AAIZERT oF 20 % wE A o] JhE AN e
2dy A wet gl T2 500 kV o3 Als AbEle 34 == 850071 ¢ HVDC
1071E 600=0] 2 70t o] &% ZzagmE Ao]lE o ¥ o] (Field-programmable Gate
Array, FPGA) 7I¥F Al="lo] AZste] Q1 LCCY Al dFAst AdE Hristdd
WECC 10,0004 w2 A= 900054 #Hol# gofx 55584 EMTE ZAdstat. o+ A
2 uE 2d e 2 Ao Atgolt

R AAtel A= 45 stEl OEM AlojRdle] T8 3 A&7l Wiol & & vy 2+ <
Hoo]~E AR Windows DLLS =7 IF oA &% % twA A s Egtste] of
1725, ®<o] gled of 276577F 288 AbElZE AA = 2" 1002 3007H DLL % 4,000
B 2l of 500720 FHHAAE AAZtET 38 =g om DLL ddo] £EE A s}
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k. mebd ;o S ohueh mal lEjslelx, AW Y} wAg Bslor Ak EF o
ok 4% 1] B 7% Adelr] RE Aol oln] rahE FHOR HANHAE

OFF-LINE SIMULATION 300 DLL AND 4000-BUS GRID MODELS

Several Computers for
additional DLL simulation

% Each Windows DLL blackbox
runs at its own time step - multi-
rate simulation with
interpolation

<+ Blackbox models simulated on
the same standard computer as
the grid

«* Scalability —

.
4,8, 16 to 128-core Windows Computer for * from Small laptop computers

EMT and hybrid EMT/RMS Simulation of +* to large servers (16/64/128
¢ Main Grid, DER plants and cores), HPC or Cloud for large
<+ Blackbox OEM controller emulators 20 x 18-core 4GHz AMD PCs grids

¢+ With hundreds of OEM
controller emulators

. ) Dedicated ARM
<+ Standard computers- Windows (off- b:selfiaLleNUX system

line) or LINUX (real-time) for grid and = if required
blackbox Jean Bélanger, OPAL-RT

19 100. 3007F OEM DLL# 4,000 24 =4 Fejiy Ko #+4

13) Q.¢F
F EMTE A= 78 Av)el na 2 AoE 3/ xmdste 7)& a4 7tAHS A58
a1 S vbEQttE o 9tk MHIE A 3E AF- wE BA weiAe oOF
STATCOMe®] ¢]d MFRT &2 AA dAA zrol A3t NESO+= AlE w20
914 IBRS X33 of etHE o] G7} delx 1, LCC AFA3 A7t &9 A9 +A7 =
T AeS BT WMZe Alo] 24, sidasde H3 7H4 #S53 ERCOTS Als 27 Ab
i 7S B Ad=T)
e W= 7)E A or w@elx Eale AR 3o mdo] FrE =ous Aty Ao
e A7 2 Ly FAS vjFow AHafop s el Hoy wEk A A 2w wHd HE
I AN S R S} g A gA|olt) AlZEY w]go] 2 wE gl HlEste] Al
Uz o s Mdsta wg 2d g AlFrds fd3dok sk dolEAlE e GFME] AASH=
o2t oH Ao FES] thFA £33 & FA o F 12 V| #d gl Ayer A
L2718 Ayt
¥ 12.C4 935 2xd 94 Ve, 8 23 48 =7

4E (718) g4 7% =g A3 g 274 2 34
1. Energinet SCADA % PDT 2§24k, Aed As 28, F3+ 4 A= Seof, Wy 2 A
(dv}2 TSO) wd Zoky Wek g ®d (A A% Alde B ApA | md EA w5 Mule) wA

A, wolo] 4uA AR} A9 ®d, Ay sh=9 ol

2. SMA (OEM) |#Heol9l 2e Ao m=2  |[H5HE 99 2d3 SMIB 24  |NDA, Eddtx Heo] A
THE A Aol = 7]k 2 WMZ 39 A5 A #e 29, dd WMZ
EMT =d; 234 HIL, Al Y] #9 2de OEMY
Ao A& AF THEA e
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@xE (V1)

4 7<

29 A3

44 27 2 @A

3. AEMO (&F)

EMS Z~¥Ake] RMS 2
EMT w3y 5713, A1
7% &

Red Cliffs 16717 Hz & A
Ao] 44 o] F oA

B

3}

AA Aol R A

E%]Q] C>E1;‘<] UT:-“ 3L A 3

=2 ™=
AR e

4. RTE (=&~
TSO)

MKLU® & ¢

Ao A FNA AZ@,
FTEo9} oF AR 4,

CIM/CGMES ¢l °] ¥

7t e 4 ¥E

153,

InterOPERA: ©¥ o] 303.84
— 89. 03 8(3 4IHH) Celtic
6,070==: 107} A=~ 3A7F
413 — 21—r(10.70‘ﬂﬂ)

Wy 2o 22 A7
Z+A(10 ps, FF 5 ps)ol
=2 A%

5. Polytechnique

RMS dlolE A3 »4g

Gaspésie 52905, =E&

CIMdl EMT & H4;

Montréal / CIM-EMT ®3} 2% 530]2] 5634 7F4; NYISO A ZAF DLLQ| Linux ¥ %2}
PGSTech %713te} ¥E3} Linux 7F% 34,5315, Windows <=2+ AAL |42 &4 Z 8
tH] CPU 28970 & Al-&-3 Linux
HaE Aol 11469 714
6. QOrsted whehn]) MIIF, 99 d 2 7) A7) el 20 % Agow e Adn 2d gr 2
(FNFZE JdAb [ AE 3 F9 EMT;, 2AE | AR 28 45 A oA HE 2d A8 A Ao
OEM =43 AZ" 571 FA(HF 7] H3) vF A AL s Al 97,
A% 0750 %) Tl 37/4YE o]
7. NESO (3=) |MIMO 99~ A7 Ol5 o 38394 1492 #a; |dd - 2 mdo
gl ol AE W, ToV ¥ LCC A7 A& Hlaolw M) x4
Fo EMTeF RMSe tials | FE3ke] Frt org A3 TE
H] 1l
8. MHI Feo] wdo] MAsE 1 |AbEl 1@ GFM BESS B4 ZoF QA nAL AfHT
T QuEa B3 B2 AI7H [HEA(094 pu, FE 095 pu)E  |HHE] S&3F WA
Ak 3& AH, 01@ 4 n] I}HF EY, 5 ms o]z Fgor BE
= NA; Ardl 220 STATCOM

434§ 30 Hz 1522 MFRT
Eg, STATCOM A|z74

9. ERCOT ("] =)

SSO, WSCR 15 v ¥ IBR
92 ooy R 43, AHA
) 47 A& 7=
2015 o] % 215+ IBR EMT
2d e

Panhandle 9719 571% L7]
FeA el WSCR 1.0 w9t
e & FAY HH 1A

PGRR120 =) ¢

10. RTDS A3t 99 U gEse) 12,000 =4, 16 HVDC £ RMSE tAISHA ¢fa1 H$H
{lﬁﬂuﬂr 2 7|9k B A2~ | A A7 B9 (China Southern EMT A% #g 7=
o PR Grid); SILZ 100,000 24 ol |1]A
11. OPAL-RT AAZE Al B ol E 9 DLL B3 172%(#%) U 27965 |%& A9 4% 11522
QzehQl 7bE, CIGRE/ZIEEE 5000 S8 2~F= DLL X2 | =% Ak sto]Be=
DLL %% #¥ A7k 3] =¥ Baa As5e84d AF
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Al dlolHAlE &} 22 tiqfR F3le] AedAdAe &% SR A Fat He, 1%
Al Ui dhde=zol A 9 AlF HAVE A, Tl vA e 9SS HESoF g =3
A 2y Wzbde], AGGA 5o 2d vHE AT de &t Wtk =9y gl
o 2 A= AL HiolHAH Y Fat 543 Ala S$9S AuEa A4 Adoew &85}
7] 918 Vled 219 JE, 9 2 B Ueks Aeet
= o 3

A 1A = Iy 7|9k Hale] Alg A, £, A8

D ot de A e deloh BEeT Wl
2 dEHdx H3F(Power—electronic-interfaced load, PEIL)= AH A #Ax=S F3) A%
of H&sl JEH o R = FgHoR FR4= AFAA, AT, dd T3 JFE v
A 7 e FeAAY, Y SRFAAE AT RS Ax, Fa JTEd we G| &
g A 22 CIGRE Aot Ao+ dEHQA MW &Folv} HEAQF 7+ dinl AleddFs 7+

o= 3t
T8 g2 deolHAH, fri*§4 HHEM e HP‘:Xﬂ Al
|

R otE S

: %‘ﬁiﬂﬂﬂ (LNG) 4w 273}

A3l BRIt AHel Aolsk vﬁw Aege A
Aol B9l elgrel whgatw AW Aule] Wato] YR FewMEoR st

How are emerging LLs different from @ aigre

traditional ones?

Power electronic-dominated
IT equipment, UPS/PSU, BBU systems,
power converters

Primarily electromechanical

Motors, pumps, compressors, O
HVAC, industrial processes

Technology
Makeup

Relatively steady and pi Load Profile & Highly dynamic and variable

Slow changes, limited short-term -'W'\r s _izass Fast ramps, frequent start/stop,
s S Variability 3 1

variability wide operating range

Controllable and potentially flexible
Can modulate or curtail; can provide
ancillary grid services

Limited control and flexibility

.
Minimal ability to respond to grid ?é
conditions

t

QB M 2 B

; Controllability &
Flexibility

Greater power quality impact
Harmonics, flicker, unbalance,

Lower power quality impact

Power Quality
Generally benign impact on voltage

> 22 Impact ics
and harmonics voltage sensitivity
\I;;)\rller :ynamldc t:n]:er?ctlo: risk (~  Dynamic :-:Ilghelr d_ynamlrf |nterf'a(;tm.r; r:;:;
) el un‘ lerstood behavior an &) Interaction omplex interactions with grid, i
interactions controls, and other LLs
Established models and data Modeling & Limited models and field data
Widely available models and Q Data New technologies; models and data
operating data still maturing

O H @@= E

z s . s s g
Mature interconnection process o Interconnection = Evolving interconnection needs

Requirements and studies are E Process Y= New data, studies, performance

well established requirements, and milestones 8
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CIGRE Cl, C29 C49 F5z9qL A9, %0 3 FE5A Pk 3k voly, nd 9 AF
ASs dAAEe HEIC A Ui dY AR Eel HEHANA ATl atsE AsS I

=
A AEST, 1E mds Y&/ F0] BRI BEA 2E AL TH AT Yo Fatq

o},
2) A8 Bolrl AGAA A m A= G

%2 PEIL®] &4 7= Fault ride-through, 11%3 @ Ao] 435288 37 tpEu}h oA,
AGAnE WAste] 7| 259 o4y 1S 9% Ui AWEe v dFet Ao
Fags der g HEHY sRevter AAE HrleA ¢ka, AWE, AolE, W
71ef o FAlES 23 A7 TS A soF S
A e 1ARE AdH Fue WA aTEHE HEH w42 AESske
oty AMS & FALVRT), #A &4 FAHVRT)9 F3b &S x3air, 4
A2 A Ase ngFdH AAA ] sto] AFgin 44 H 98 A (Uninterruptible
Power Supply, UPS)7} %A 5l A B 7] <% (Information Technology, IT) -3}ol
gt de 52 FAHYSGE AF Fov 548 7 Ak ggA] AA FAA 39 A
3

T A 8FE FESIY] W3 9 Bo 2A& AA Gk g

< &4
]

Sub-s

h osdllation
201 = [EC 62040-3 Curve 3 (Standard) ERCOT (Proposal)
Super-synchronous| 180 ITUCBEMA (Standard) ~ © EirGrid (Proposal)
osdllation 160 = = Energinet (Grid Code) = = RTE France (Proposal)
2f; —— "
g0
100
)
0.5/, 4 o
Slde-band “
osdllation 20
0 - -
Is ! 10’ 10 I 10’ )

time [ms]

Performance Gap for Data Center Loads Against TSO Requirement
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19 102, AE Ak WA= 3% AE Ride-through &2 zhol

a9 102+ Axle] A WA B9 AsEIA7E 248 Ride-through W92l #}o]l & W]
sz}, 7E 71 Al dAe] Aol A E3EO th HE HEANM= HgeAds A
A Ak 1, 1 Aol dhAsE o], AEATR mE B & R A dzzol
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azxvh el AWE e axv WE SR ofys A, HEHAN], AT Fued oy
7k Aastrh dAFAA A wals A4 AZAFA SAAIe} x5 FE9
FEAn & dAsloF g wErdely AlE dvdze exke dY JA A A e
FRAFIG ooz ojojd 4= gt}

GX A S ATEDY 1z AT

Nz RAe Gfjgxe] 5A4S AA JETAH A8 F doof drh. A AE Thévenin
Rdle 3x3 Agdy Fued Jdydas @ sty R AT =9 JFgFS wredst
ATk A= FEAE P, FEAE Qo HE5A 71ES A VI 2S5 W Al dYd s
b @A 712 gt thgk axuto] Ao 94 SAo] AU wepA Edol = A
AHESE P, Q9 V =& 3 Al s gkt

ASAFLE 7 7Y, A4 AolE, Ad dads 9@ AT EYAZ FAHAT. G9A 3
MM A& EAoRE F ZAWHI A4dE AEe ixsE Aibsta AA S43 v weglv
o] Ax= M ] AFFFPE ofet FA 1 A F dFdAE E3ek mdo] A
A8s Hrket

Validation Results
’—| Cable1 |——| Cable2 T Grid | _Grid Emulator |

impedance

Power Quality Analyzer
I Converter 1 Il Converter 2 |

Thevenin Equivalent model Norton Equivalent model

Case |Actual | Model Error (%) Case |Actual | Model Error (%)
(%) estimates (%) estlmates
%

o 046 10 A 0.42 o 27 36

_ 0.90 0.86 4 o 90 0.64 29
_ 124 127 24 n 1.24 1.46
_ 1.07 1.06 0.9 _ 1.07 0.57

modelling and analysis for co-located renewable hydrogen system”, master thesis Kenneth Yeo, 2025.07.15, Eindhove ersity of Technology
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9 103 F AWE Age 2xv SRS SR FE%
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% 1039 Yl AlgelA Thévenin B2 Atk 10%, 4%, 2.4%, 0.9%°]3 Norton =2
© 36%, 29%, 18%, 47%o]th. 1ol E3W ;e A=z FAHgom AANT e 77t
°F 9.52%, 4.44%, 2.42%, 0.93%%} 35.71%, 28.89%, 17.74%, 46.73% = Wr& 9ol wE x}o] H e
AN dA gttt AAE 2 AH-A G Aafe A= Thévenin Edo] AZAA T FHANE

o Wl A oAE B Aot wepd Ase A
AlE A " AA A Aok g, o]& B 1ZE3F X ¥} Thévenin 2 Norton 5 7F
gzl Autdel A% Sl o Ak AAe 8T wel da A®, 29 Auzd
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Sub-synchronous resonance reported in [3]-[5]

* Example waveforms — change of grid inductance
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R .
o]F W3 UPS= AC/DC AF71¢ DC/AC JIHE Atele] DC A& &3l IT Fatel d8s
w3tk wE gl DC/DC AMEE 53] DC Ja0] 29 4 gtk 17 1059 v +4
220 - 500 kV &l A 11-33 kVe 400 V ACE AA UPS, »
a1, 48 -50 V Rack busolA F 1 Vo Z2AA ddoz Hstdtt =249 gz A4y
HFoAstag e EZ g wep e

E3
2
o,
o
il
o
ﬁ
!
o
2

T e B B B R S R e R R B e e e e e N N it o 1

End-to-end conversion chain I e e e e e .

‘
: Facility UPS

\
| ]
| |
] I
Transmission grid HV/MV transformer MV/LV transformer ! UPS rectifier UPS inverter !
220-500 kV AC — 11-33 kV — 400 V AC il 400V AC—~800VvDC 4 ~800 V DC — 400 V AC
1 1
1 1
L 1
|
Always present i
Il Aways p : Battery DC-DC
- Optional / topology-dependent ! battery < DC link
|| source/bus / load |
.

(

1 Server PSU 1

1 1

1 1

| PFC front end Isolated DC-DC (LLC) ! 48-50VDCrackbus | Rack BBU interface
: 400 V AC — ~400 V DC ~400 V — 48-50 V : buck—boost or DAB

1 !

| | T

1
1 1 1

s 28 [ 2nininieteiuietainininint
One-stage option Two-stage: IBC POL / VRM CPU/ GPU / memory
48 V — ~1V POL direct 48 V — 12V intermediate 12 V — sub-1V rails ~0.5-1.8 V DC rails
4
2026 CIGRE Paris Session 7
19 105, F-NA IT Fap7bA1 o] A9 4=

=)
THHTE © BAE UPS, A AR A@VDC)3 wr=A] W <t7](Solid-state Transformer,
SST)+= AL Fz2ot RnsAo] g2t} A8 IBRY FAHS A8 dx Qe Ho]~E A}
= TAo wel &M e gy web dA A
A EEZRZAE B HAA VEor Ata, A& AN I dA e A7) dijke] s

UPS9 WA A IT Mu|29] AEHEAHS FHets s Alsde S84 e
F Atk Holg Ay @™ AbgolE oF 74 MWYE-E 3 GW Z371A 9] Ba7k4s 2 A3 ArA
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Overview of Real-Time Management of Operational Security & Stability

INPUTS System/Market inputs
Real-time data Real-time measurements,
and conditions ﬂ“ forecasts, topology, scheduled

that inform exchanges, outages, etc
operational

assessment. l

PROCESSES o

@ agre

TSO (re-)dispatch Stability assessment e Energy management
Real-time tools tool (N-1) system

and workflows Determine and issue

real-time control actions [4— [ i

used to assess o A o 9 Evaluate system ¢ /\/~/ Optimize and coordinate
ased on In| S an -

and manage pu stability under credible generation and demand

system security
and stability.

assessments. contingencies. in real time.

e N

OUTCOMES o Continuous time dynamics o Real-time generation
Result§ and system Observed system response and demand
behavior that are ~f> (desired and actual), including }€———————— Adjusted dispatch and
continuously transient, voltage, and demand levels.

monitored to frequency behavior.

inform ongoing
operations.
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Bring Your Own Generation
¢ Data centre provides on-site
dispatchable generation and/or storage.
* Potential participation in markets
© Highest system benefit but also highest
investment and operational complexity
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e Better alignment with real system
Level of controllability

o Limits triggerecronly wher.1 grid or
conditions

© Requires coordination and control
capabilities from both parties

generation constraints arise

o
7]

right choice depends on local conditions

1
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Static Capacity Limitation

e Consumption capped during predefined
time windows (e.g. seasonal peak hours)

* Simple to implement
More sophisticated solutions unlock greater controllability and system benefit but come with higher costs and complexity. The

* May not reflect actual real-time grid

needs

l
=

Flexible connection agreements help resolve grid planning challenges, but their implementation differs on multiple aspects especially on

Flexible connection agreements

Own Generation

Lead Time and Controllability
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FadZoe= HAF A& FE ot dAE FAH 7hsES WEhE= Load trajectory’l 2

S5ttt ’\]Zl 3—01, 74]@% ZRtdo = ARk, 42, 7EE 349 7lE FEdT 1
5

Data centres load categories @ﬂm

Data centres electricity consumption is driven by three categories of load with distinct characteristics

IT Workload Types

" Al Model Training — Location-shifting, high flexibility potential
Batch Processing & Analytics — Scheduled, Time-shifting

Backup & Disaster Recovery — Volatile, medium flexibility

To0% Al Inference - Diurnal, latency-sensitive, dominant by 2030

IS ()

80%

60% Web Services, SaaS & CDN - Traffic-driven, latency-sensitive,

40% low flexibility

% of annual peak load

20%

Transactional & Real-Time - Steady, 50 uptime, lowest

0% flexibility

Days of the year

N.B. load profiles show variation with load type, seasons and
geographical location
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07:56 Fault detected on a 230 kV line in Dominion

* Load transferred to back-up generation causing high voltage and
transfer of additional load to back-up generation

* Load loss of ~3.8 GW transferred to back-up generation
* Fault cleared properly - no relay misoperations or stuck breakers
08:06 Balancing Authority ACE Limit excursion recovered in 9’ (<30’)

RTO Load (MW)

RO ACE (MW)
101,000 46225.33032,99,984mw Lm(hqw) M(MW’ 4

4,000

100000 16225.33108, 3,928 mw 3,500
98,000 e

2,500
98,000 2,000

97,000 1,500
1,000
96,000

46225.33108,96,205wmw 0
96,000 }
46225.330

94000

Frequency (Hz)
60.10

6008 M

6006 Wi

oo ‘ _ W
A W, o 4 Y b

o s/ Nz ot W I~

6000

5998

5996 4+ S — S S ———

e e e e T e e e e e e e e e e

Distribution & Transmission Source: PJM
working together

29 113. 230 kV A T <k 38 GW FslA3 AE oo

i

57 Ads AHS Ao

a9 1139 A GA|o] 2 2H(Area Control Error, ACE)= AojxX e HAe =3 Sy dHd
A 3zolth, AFA F ACE7F 3 &EHJAthal dHolHAHZE 2% AfESIdTtr dds 5= gt

AT e AF, QM) WRAL Feish AA B8 BAE 27 Ssof @),
de] 15 GW AHL 20249 79 109 FHAAAFS] 230 kV 97 mgoz 24k

o =

A e ABAN Amel wek 82 s Bek ol wel wge]l wAPm A Age

_l

0.2570.40 puZkA] etk M Aoje} Bl uwil dolHAE Falrb vl Moz A
stglom FA] EFSA] &t FHRFO 1 AAL} FIF E47F 22 AR ojyE=
e weky}l o4 2t W% 4 Hrhsfor ko),

oI E 7]WF H3}(inverter-based load, IBL)9 Alal 9 HEJ+= <AWE 7j¥k A
(inverter-based resource, IBR)9] &2 Ad % s 4 vt Ax7F A, Fi¢ WIS 3
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HV Internal Grid

Bulk Power SSDOkV#1
+345kV

]

2]

& |
Q

Local GSUs
(Gas, Solar, Wind) !
E-STATCOM, etc..

—

‘w
DHA DHB
-
5 Loops/DH
Each 4x5MVA
DHB DHC
~100MVA ~100MVA

a9 114. GWH 73

o=
i)
[
lo
w
o
S
~
I\
[O%)
S
~
w3
e~
[S2
~
<
=
4z
)
of
£
>

HFalidAis ot 39 A2E oFo® 25+ 2N Ao AR Alal A A9 HHAdL A
@olof AAF-o A= FEFs ven F o IRV AA" AHddAE Y Ao w
2 A Az & & 3RAE dFS = 5 Ak E AACA = 230 kV AT Al
GPU~7} sigl2] W] ] (battery backup unit, BBU)Z A3stes A25 A3t 33 42
o THEAS FHste AAY 1 T AW ALdFA Y 4 HSo] A HAF ofoltt

1% T3 A B B #3Y 3F BT

FTAY MNEFEZoA A= P B dFE M sk, o] dAsH 1 s
gstal B4 TRl e FAER AYS Tt 2gx Ay 2 2

Location, Isolation and Service Restoration, FLISR)®] #}%&3}= A HYS

o 29 1159 #4tY D-FLISR2 & wid§ 7H9 &2 (Ring Main Unit, RMU) 8747} o] %
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SWGR [x-1) SWGR [x] SWGR [x+1]

= q
LeftNesghbour —.. | RghtNeighbour

:I:'l:l [xIw2 [x+1]W1
-

T‘fr]:

u} .

AS AA R sty AAZE gAE o] (Real-time Digital Simulator, RTDS)2} A A |
t=slol 5 43 HIL(Hardware-in-the-loop) Al &ellA of2] A=At A E oz b
3 LHARANA FAS g o] AyE BHEe A iy =g HFolw B F
TETAIbe] BAAETE 55 olYT)

okol I¥l 1140l dHelH &3 o/ Fx, F2T 4x56 MVAZE #A ¥ o] Slth 7 100 MVA
v 9] dHolHE AAN Xt HAAl Fu 7Med §HS 4T W= 3 dnjet 2N S
o] AHE S wkgsof gtk oy AelA WHAAE Uro] THEe Afdde THE F
Aol vy Pt AE diitelt

HA-FF A (power supply unit, PSU)= AlGolA ¥ d8HS Ao Hadh zgor W3l
th 19 116S BBUZ A9 3 PSUS HirEdy A %A} 4] 2dS vwdlt Zojtp & »
9 b

Aok A, FERAE SHol wAE, Wi 2] dea AE EA7A ASd AL of
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Yoh AA delHAE e Al SR BrhsHW mde xd® gAs A% Fe] welE
WA selaof ).

PSU Modelling

o 300 renane R e ad ]
Average model (Voitage) A ot
Nodel provided by the Vendor (VoRage) 30 3000 n-.:.:mu by e Vender

Average model (Current)
Nodel provided bty the Vendor (Current)

.,
]
g

g

g
=
Input RMS Current (A)

¥
:

Active Power Input (W)
g 8

Input RMS Voltage (V)

g
)
g

(\7‘!

| J

3 a 45

=)
oo
o

s 4 45 1.3 2

38 ?
ime (s)
(a) (b)
Fig. 4 Comparison between the developed aggregate critical IT load model and the analytical one provided
by the manufacturer.

fime (s

14 116. BBUE A9 g PSU H#Ed 3} AxA Bd v

% 1169 = dste] vrobd o dAF+ FUFstoF 0082 fHAStal A 3)E S5 vA 52
W, FEAYE 9 ¥ EFgn. o] BlulE BBUZE gl PSUS d71% Sl &t A
H7F B 25 E dEes saws ¢k Ale dEy olF AF 5 AR dxE 2d
gaflof gttt PSU @3 AdAASS AdsA] ol A AA As 9FdFs &% 4T
T At

md Blael HIL Alge &9 tide] b2 a8 1162 24789 &9 wuelau, 13 115
o] D-FLISR #5& AA Aol st=do]E& B Algel A4ds] BE 2, NH 545 &<l
g Zolty. mdlo] A7) 543 AFA Y w4 A4 HES F AA dd A} AA o]
Al z27e) 9= gddof gkt

Ao] st=9 o] A A E(Controller Hardware-in-the-loop, CHIL)2 2 A A|oj7|¢} HE 2 &=
Al =85 PGrista, 19 =9 o] AAAE (Power Hardware-in—-the-loop, PHIL)S H 8353
7] T2 S AA YA SRS e F UHES RAToRE FHsH] oy dE
g5 FelsteE ol X Al 23 st=lojo AlF WAE WAsoF gt

B AR AE3E Bdde UE %xﬂﬁsﬂr wE A7, wel A9 AW, A B Al
5} 5

]
do] Aejdgat st vk Rshrp vl v A= @ @rrsjor vk 19 117 H &
7] % (Information Technology, IT) F3&to] that A<t A7) Fu4 Fadzdat 714
| Ea8 ReojAoltt, dE7|Y VAEAS} HAVY AV EAVE AR gE S22 W
st A9 vlEd Fdo] wiEd = ot} AA FyR & S Fristewd A
H

“~(Operation and Maintenance,
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Positive Sequence RMS Voltages Generators Frequency
—MSG-EMG —Machine output —GEN 1—OEN 2—CEN 9
145 616
11| 12
?1M ,l. &
™ I‘."'n‘.f. AAAMAARARRARAA
; [} ] "’ . I ‘“J"'\' 'l“ U\lll' l“l, "w‘l ‘|l IJI l‘\'} '~| il \' 11
085 535
0s 532 .
81 85 68 63 &7 71 15 718 54 55 53 63 &7 74 75 18
Time [s) Time (3]
(a) (b)
Generators Active Power Generators Mechanical and Electrical Torques
—GEN1 GEN 2—GEN 8 17-M-:h,anu-lpu]-»ﬂ-:,'-qu-(pu)
11
i" ‘ |
‘ l Hﬂ‘ H H i:;rlw ”“V'L aIpl 5l “‘
‘ 7 Fos “»Vv»p»}qh RS AN A A A
“ w T M'H'“f“rr
o3| | { [ | | ‘
; J : ! : ) : %25 52 54 56 63 € 62 64 65 68 7 72 74 76 78 8
5 54 58 62 68 7 74 73 Time [s)
Time {s)
(c) (b)
Fig. 8 Simulation results of the pulse load behavior of the critical IT loads
9 117, E2 1T Fstel tig #d7] A7), 714 &9 AlEdelA
a9 1174 = 22 FRdge mE AVIEA Wb A3 VAEAE did e el
EA Zol7b wiEEHSY @S Wrbsteld et A w54, 7H Fueeh o wk
BxAS 95t &9 2 A B (Operation and Maintenance, O&M) A& 2 HsjoF st
thomel e93 A4 W e AFL PR Ao Fasy
W Hes Ales a3 o8 Ix=E ddd % drh. WECC 240524 Edo A= 0.1710
Hze) 717 Faig did 2475 498 ARaarh Fa W Fo4o AE 4
Aerze] Fago] 77 AH 54 fxlolA SHo] SFHs Bd 237t Axdn. o=
HEa el Adw AyE d 2xA @u, W PR FH ndre] FEAS A e
T TbeAde WY Favt lEe HolErh
ol gk A& BN Vs Aol 2US Aste 27F Eoh wE ot WEo] e A
b gw, WAl FAo] WEAow Agst wEY, A A% v TR PR @
o ©d gRe] Ao & ALY A ARt g AA AHO bFEE Adst] ofH
OodiE = 209 3 ATS et A 4 AR S Besof gtk
171 A&, Al A du] 2 o720 &
GWH AnjelM = A3 A A& &5, A 20 FAsjof g W7o a7]9F #HA
3 HaEs Fo]7] 98l YNynd AAX3 145 FohA] $4-27](On-load Tap Changer,
OLTC)E #&3ate Wete]l AAHIAT 23 Ad =4 w2ox dE 71719 A% Al ool

o35 Abeol .
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‘[OT E = 1
Ask A3 22ad, A& daper AS A ddsts Aol

Alignment of Current Demonstration Efforts

Flex Options:

Grid Code Impacts
On-Site Power d

» Compute flex * Cooling and UPS * N ONISIEPOWE = Rowerqualif + Demand curves —
boundaries driven flex Jot BCKs > Fault | ops 593“3' and

* Input to flexibility boundaries ( e/prime), * Load volatility! planning inputs
tiers * Input to flex tiers - GUEENES) ° |7°ad profiles over

* Utility program * Utility program g S time
options options J ity prooran * Programs

+ Planning inputs + Planning inputs otions) * GC impacts

"
=
[}
£
=

2

Z

€0
[S]
)
[
Q
(7]
Q

o

Al/Cloud Workload Mgmt

(1) Phoenix, AZ (Emerald Al)
) Lenoir, NC (Google) Compute & HVAC Load Demand Curves and!

) e L (B ) Flex / Input to Flex Tiers HV O FUE! CKUP) Pl t F ough Load Profiles over Time /
Oracle, Constellation) (7) Ashburn, VA; Chicago, 9) DAlIASTHIRY(COITIpESS)) 3) Programs

(6) Ashburn, VA; Chicago, IL IL (Dominion, Emerald, ( cide, (7) Manassas, VA
(Dominion, Emerald, NVIDIA, NVIDIA, Constellation) Bi ) I5] (Dominion, Emerald Al,
Gonsteletion)] s (8) London, UK (Emerald e T(P=d0) oad Volatilit NVIDIA) :

(7) Manassas, VA (Dominion, ” E -
Emerald Al, Oracle) Al Naﬂonal Grid, NVIDIA, o “ ; (8) London, UK (Emerald

(8) London, UK (Emerald A, Nebius (Dossii srellel 2l Al, National Grid,
National Grid, NVIDIA, (9) Dallas, TX (Pado) NIDL / NVIDIA, Nebius)
Nebius) ¢

(9) Dallas, TX (Pado) (9) Dallas, TX (Pado)

Current Efforts
(W/ Paﬂners)

% 119. DCFlex A5 &5 7<=, H7F 949

A FAES e AgEd AAANHEE 24sta Bashd tE Aol wiEsks WAl
o Wdn = S ol8ste dY AMEAAES =4S ¢ Uk AR AT oHd TT
& B7FeAT 8 W 2 TR AulA Ad, SEof AFE 23 we @i
e AGEA SEH Az A 2 Wd 242 Had 29 3 odyuArt gERe AH|
25 ek Aejof gt

dF ALY AZFZFA 28 =2

A = A L2 AR sESs FASEAM AE FHe Eole ool A b
A, Als JE A A FEH A AdLS AR e 543 fdxns zrev EdAdy
of Bkt dolHAE e e AlE FEA dAAEE Wk HES S drh ATl 3
odth= AMdE BE 7T AT dRE YA ¢ H, 27 1199 Potentially %713
H 7beAd AE dAs AA 8 25s ok I

G BHol= ZFEARY, wE, A FA Akl vk wiE ek W] BHTVE AE AH A
of Abgste™ A thujol Bag oot MulA AlE Fo 5 =15 FHEjoF vy Wz
W A A =24 W= MY 2R Muls Aokl &t el weh @Ekxith 7}
LS w2 Jre ¥E eH R HEHA dAz Aed ¢ e SHS #daof dvh
e WEe gstde ¥ ke 9 F

Compensator, STATCOM) &s°] AEHIIT o= A Haf Hes &Y AAA Y} 1 ¥
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FAZbOIHA A GREE 2 A% dSolth &F¢lA Do ES] AR SAAIES 5%
Zafolth, A BEAAZEE 2 ARE 24 AL offola, A&EAFE 24 FHE F4
St Algtolm 2 o dhr
o] HHE & A 7IEE whdsty] $13 <rolth TEHTOR A Hes BatA Fa,
EANZY, ALY, A BN S-S 747 gAsok dvh A HEA ke o st £33
Ae WER A% P8
AvelA Bad FAxel siol A A¢), W7k UPSs @3 Ao =3 dddnh &
e T3 g FARe] Fo RE g 8o £d ot dath A9 Ade) W
Aks dld ¥ 1 A A A Aoy, AdAs Aed dve Flsn 193
e 2 sEE 45 AEd wdE & A
Fd4E NI 37t S AsF W)
AE &% (headroom)e 7|<E 24, v = F71 8T & A= FIE KTk Hol
HAE7F AlS &gl Aleko] HAst= Atde] Fo5 Y & Adu¥ AT F&9¥Ho] &
olg & Atk AT Fecge dolHAEe $2 24 vd, wH ¥R, £ A, .
T 200 AU A9 gl weh gk 29 1202 FE s EUtell A dAg 4
203 A SH AFAA wrdshs HAH S BolEh
Stylized RA Outputs Operational Simulation Tx Reliability
DCFleX in action Output (Zonal) Outputs (Nodal) Outputs (Nodal)
Unlocking System ;
s i
Headroom : 3
3 i .
Understanding how much additional é i """
load could be support by the existing ¥ ! -
system (i.e., no new supply or delivery £ ' ]
capacity)—i.e., how much “headroom” [ i
may be unlocked on existing systems 2 1
by large load flexibility to absorb the § !
effects of DCs |
Starting Headroom With Gen With Sub-hourly Tx Locational
Headroom is a dynamic feature of a (with Uncertainty ) CaTnstramls& Ops Constraints Constraints
power system, affected by factors such xLimits
as the level of flexibility DCs may Realistic System Constraints
provide, transmission constraints,
curtailment rules, and other supply- Increasingly realistic constraints
demand interactions. I Headroom Unlocked
« This solution aims to develop a With Inflexible DCs YXiTBFIfX;?LToEgeSJCIaSSC
fra{ne\s’olr-k fo assessting headd Fapm With Flexible DCs—Class A With Flexible DCs—Class D
gs}\igé:i;ndﬂz\z’?/rgsl{isdear:seagn (critical peaking) - (A +B + C + fast response)
implementation With Flexi.ble DCs—Class B With Flexible DCs—Class E
(A + peaking) (fully grid responsive)
Aol A% AFe wgd Fgoiy A
Qe A, A2 RS FAHoR 2 FRF S e &
4 WAZE £ Al A ARG v S F
43 JEFe et A wwol fle dEolrr Az wre FolE AA GW &
B ShabekA] @ Al AFHow FF HEFS s oF
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Survey on the Use of Al and Advanced Technologies in Substations

Executive Overview | 27 responses

@ Respondent profile @ Digital maturity
utiities 0sorrso) | N NN 14
% ‘ - Moderate / partially digitized 21
ﬁ Engineering firms _ 5
£} Manufacturers (o = 5 27 B High/ centralized 5
responses
&. EPC/Contractors | [ 2
Low / paper-based
hj Production facility 1

Data is becomiing digital, but it remains fragmented and difficult to search;
organizations are highly open to advanced technologies, especially
Al-assisted search, knowledge transfer, and operational support.

Core message

0 Main barriers are clear

S0

e Al interest is strong

o Knowledge transfer is a real concern

&3

Average seriousness score 27 out of 27 respondents

Data quality & availability 20

3 6 are open to advanced
technologies.
O O ° / 5 g é:g Integration with 20
q_\ 23 out of 27 respondents existing systems
15 of 26 respondents @ are somewhat or very interested
dthe i 405 in Al / RAG for making digital G Cybersecurity & 1 9
rated the issue at 4 or 9. data more actionable: data privacy concerns

(B ) Source: Survey on the Use of Al and Advanced Technologies in Substations (n=27). °

a9 121 WAL Eok AL FdVls €8 AE A3 (CIGRE WG B3.70)

3) Ak Y AlE &€& 7] 945 A - Akira Okada
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PARIS

SESSION

The Result: Erhunced ba

a9 1220 AUk Y AIE &89 HAEAA 54 HeE AU AA(CIGRE 2026 Paris
Session, WG B3.70 Workshop <34})

Navigating Our Co-Creation Journey Today %‘C'S'e

A human-centered roadmap through our Substation Life Cycle

01 02 03
—@ (5

e . Anchoring Al in The ethical boundary.
= BaselmehAlS& SRN»R = domain-specific Human responsibility,
o, s o legacy knowledge input curation, and out;’)ut
L Cycle = (g, Technical verification
Brochures). B
Extragting:and Dynamic dialogue ==
$ surqmarizing @ arzld decision 2 ‘(ﬁ — - @
static data. ‘ support. ‘ ‘

of)o Facilitator Note: Today blends advanced digital tools with traditional human brainstorming = )]
an (paper and sticky notes). Human insights still matter most. =

WAYP:)INT 3
The Trusted Steward
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