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THEME 01
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‘55F' 71 ofL| 2t S5 A|ARL0|CE

SE ASOAM AlEfo] HA =X Al £3F TS, ride-through 2F 7 H-G7HX| HZ ST}
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o Zo| & GlO|E{MES SiLiel p-Q 22O T 2T, YZHT HHMALUPS BE S YT LS
HAEE 2olof LUYSHOF BT WAL IHY AN BUS FA ME 20| 0L, ALY WA
St BEGE RS S oIt

S RMS QF EMT 2, H|O|E{MIE| AMZ|Z, utility M

1=

Stz §Yst= AO| ofL 2t 4 S L& O UL,

A2 H{MESH= CMLD 2, gt PEH ™K £519] ceasereconnect & PERC1 22, UPS 2 E

$IEEE

lrs:
Large Load Modeling \ fps

PSSE: Composite Load Model (CMLD) and Power
Electronic Reconnecting and Seizing (PERC1) Model

PSCAD: PNNL's Data Center Model Library

2l A&9o| =%H: PSS/E 2] CMLD-PERC1 I} PSCAD 9| H|O|E{ME{ EMT library & 2%t}
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X7l A2 A
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CMLD SDH-EH LT feeder'd 22| TB | UPS battery, L5 DC bus, i/ 2 b o 2t
& M 23t ride-through-recovery portion 2| 1 At 2 &
PERC1 undervoltage cease/reconnect, harmonic, 130} AS %, i 2 S H.AFHS| RMS 7|
momentary cessation, CFEF V/f ride- converter L& S&Ed screening
through
generic UPS-PSU-#|0| & #H27], sub-cycle, switching-level A2 2t +2t&l M| AT S -FRT-reconnection
EMT Hof d=%8 42 VFD a5
HiL/field | & controller, relay, S4IX| ¥, D Z7 stel 2Hl-29%8 2X | 244 52, MH, commissioning
vendor &7 ™45

CMLD 2| power-electronic block & ™ 0| 2} p-Q 7F ZAsH 73 Y Of2H0f A E2st= the
TXLCE O] = YEH BiHESHE 2l TS0 R 7| W20 hyperscale HO[E{/AIE{ 2] UPS HiE 2|
M-S, recovery ramp, internal DC bus & &= ESHX| Z9HCH PERCT1 2 0| SIS HR+=

interim model M M| 7HX| & & MSOHA|T, FA| Fot o|E &

=

G20t B B

CHASEX| = Retet.

—

& Evary Secie®

/ IEEE
Composite Load Model Limitations (ches | SIEEE

» Originally developed for aggregate distribution loads (motors, lighting, residential/commercial

loads), not hyperscale data centers.
» Does not accurately represent power electronic load behavior
» UPS battery discharge and recharge
# Internal DC bus dynamics
» Ride-through (voltage and frequency), and recovery ramp/delay settings
» ERCOT therefore suggested an interim modeling approach for near term studies (PERC1)

» CMLD remains usable for the cooling portion in the interim approach

a2l 1-2. CMLD 2| & SHA|2F PERC1 interim ® &
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< IEEE

PERC1 Model \ (s

Option 1

¢ Undervoltage Cease and Reconnect

Option 2

e Momentary Cessation

Option 3

* Multi-Step Voltage/Frequency Ride-Through and Reconnection

al 1. o .
13 1-3. PERC1 2| M| 3% =M: undervoltage cease/reconnect, momentary cessation, multi-step V/f ride-through

A= EH: Fote] 27|t AZh =t FHE H|CHE 0| ofFH Lt

CH GIOJHME = 1824 71 & Qo A2 E =+ AKX ST-LH QlZet= +H0] ZEZICE utility =
Atg 28ar 24
HE S W2 2goty] ottt & AlZh=el 22X ot dEAt & X PE SA0 HE
[y —

o] [ . .
ULt J2HA PG&E £ serial study 2F systemwide cluster & H3stn, A2 THAOA customer

EMTP model I} power-quality/SSO HEE HEIMSZ @ AsiCt,

\ (@hts | PIEEE
PG&E’s Retail Large-load Process
Multiple groups work as one PG&E to deliver

T&D Planning, Substation Engineering, System Protection,

Strategic Commercial Solutions, Service Planning, :
¢ Tariff, Customer Relationship, Project Management,

Operations Engineering, T-Line, Land and Permitting, Law,
Asset Implementation, etc.

Proposed POI Capacity upgrades Cost responsibility
+ Screening POI + Reliability studies »+ CPUC * PG&E Transn'}issnon
alternatives + Cost and duration Interconnection
« Interconnection scope estimates Handbook
of work « Project-specific, based
on studies

* Cost estimates

+ In-service date « CAISO LLWG initiative

Customer questions:

When can | get online? How much and when How much do | need to
can | ramp up?

O3 1-4. PG&E BH WHO| LF K3} planning study roadmap. H& HEE HHXRF &
Zojzict,

What requirements

do | need to meet?

B
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BiT Y= Of |7t OFLICE HIF A S0 10-30 MW & A[4 StLEZL BPS Off OjX|= F&2 o 2 =

AOLt, Hot HS .M O] Y-S 74E O] A|H0] 22 Atiof B3 42, T Th Eefo| 2ist £
UACE ST -HYH planning 72t ‘J& W$t0| QO™ ypgrade £ It E& T APFE = A7|0f SZ

AXIol MW 1t B7H 23 M7, ride-through curve, MEZ XA, ramp limit, LN
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&54 &Hl: Al workload 2| ramp 2} HH5F7|7} A& ZEE ZERIC

Al GO H M E{ 9] idlefull Hgt2 = = O[S0 A Bt=2 4= RACE ?[H2 step 2| A7|T2= Yo X[X|

%=Lt ramp rate, BrEF7|, §&58 AO|BA, 212 S22 ®7|-7|A 2E, UPS 2 PSU X0
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FIO} 2 E, 5-50 Hz SSO, 1-100 Hz A0 4= %2,
50 Hz O|AH2| harmonic/resonance = P26 HSUCH ZA 7t HO) 2t OIL X 2t EM 2

i got= O 7&0tCt

ating load im; pacts near

lfULlu
,J{dnt)

£ 29y Y E2f0|E. B312| Azt HTHO| A ZEL}
o

A oo hE 3 oM 24 LR

0.1-2 Hz LH7|-AE T7/EY BE, plant RMS:-small-signal-PMU POD, governor/AGC-PPC tuning
controller delay

5-50 Hz SSO/SSCI, torsional interaction, topology screen-frequency GFM/BESS/E-STATCOM, X|Of
series compensation scan-EMT MEY Ex
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cable/filter/UPS switching

1-100 Hz PLL-current loop-converter-load impedance/MIMO:-black-box | H|Of CH ¥ Z-X| AH-virtual
interaction scan impedance &%
>50 Hz harmonic resonance, EMT-harmonic filter-switching-layout-parameter

scan-measurement

74d

RSt g & AZS RAGHE HY 252 Mg = A2H, Btz Mt=gh 23 252

= QUCH M2 'FxA HEICE EE 'FA

7 AH| ZHS) UPS battery M2 cooling £ 94X,

=

=2| 2 AASHOF St} West Texas 2022 A0 A= 1,560 M
HS0| ENE|RUCEH O] =X[= LT 7| At11Qt CHE 2H23Fo| BPS (&2

2Oo=Ct

$¥IEEE

B

PG&E Collaboration with CAISO on -
Retail Large Loads

CAISO established the Large Load Working Group (LLWG) in Q4 2025. The approach is fundamentally policy-
and reliability-driven rather than project specific, establishing a reusable framework that can evolve with
system conditions and technological advancement.

The study examines four critical performance dimensions that define how large loads interact with the CAISO system during both
normal operations and conditions. Each area addresses specific reliability concerns identified through stakeholder engagement
with CAISO planners, protection engineers, and transmission operators.

Frequency ride-through (FRT)

Capability to withstand frequency deviations without tripping. Essential for
preserving load during generation-loss events and avoiding exacerbation of
under-frequency conditions that could lead to load shedding.

1 Voltage ride-through (VRT)
Ability to remain connected during voltage sags, swells, and recovery.
Critical for maintaining system stability during fault conditions and
preventing cascading load loss that could compromise frequency
response.

Aggregate clustering impacts

Cumulative effects when multiple large facilities interconnect in
proximity. Localized concentration amplifies individual facility impacts on
voltage regulation, short-circuit duty, and protection coordination.

3 Load ramp-rate control
Management of step changes and modulation patterns. Rapid load
variations can interact with governor response, AGC systems, and
local generator dynamics, potentially causing operational
challenges.

a3 1-6. i E e} M2 = 2319 S3: VRT, FRT, ramp-rate, oscillation, {42 & CHECE

g
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MM 0j A= GFM-BESS, POD-STATCOM, E-STATCOM, hybrid storage 7} gH=
CtEt FX| O| S 2 CH /IX|-CHY-X|H0| ZRSICH GFM 2 HI[H 2 2 7Pt X[ 0] A

Sx4g HBORID 2 YHO| LY 4

QUL EIE 2™ A Z5l= E-STATCOM 2 HSE0

S4IMO X|HO| M|FO[Cf. XMZF=1tof= POD 7} 03| ERstA, of L X|
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2 1-7.1BR 3} HO[EMES] 25 THE Halsh HE UE takeaway. BY, ZA|, B2, BSE 3 HEZ CHEC
M Al o] Hgh: mEHE CiM|St7| B O} engineering cycle & EQICt

=7} M2 Hitachi Energy, MathWorks, Siemens, Eaton HHE = Al & Z2 2|0|2 AMESX| ULt
predictive ML 2 0|&- D& K| digital twin 2750], agentic workflow £ T Ateh sfiA-2 & Aol Znt
Fe|ofl, physics-informed model 2 £&3t H|O|H QoM A& M2 EESH= O ARUALCE S5
HAIX|= Al 7t AlS2BAte| THEHS CHAIBICH= Z40] OfL|2t ALEHO| oot HF EXtet RHE O

o
=
=1 s 7SO 2ot = S=Cthk= FOIoh

33 1-8. HIO|E{ME] £ site screening—power strategy-architecture-dynamic simulation—grid integration 2 £

AAst MUA workflow.
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Al Hg ZOf 28 2ot =M Ze &2of
0f| =-digital twin FQ.0F-HH|HE] o=, 4K HolEz =& SHE R, drift, 2| SHAIQ 25
QX Al
A= xSzt M4 =6 MY 8H2 simulation, 21+ H| 1w @f 212 provenance, &3 log, £ 7t XSS
HIOAM X0t
Mol 24 controller £ 4.5 Y.code generation closed-loop stability, limit, HIL 1f $4%
acceptance
2E XY ZI&-0| &t et Bl EHX|, &7 playbook A Aot 2|, fail-safe, 2GAO|A HY 7ts3t
=7

: 9IEE
Al Enables Orchestrati:m——__\ G

Not Replacement

Rapid Changes in the Grid Necessitate Rapid Analysis
Interested in More Discussion and Demos? Visit MathWorks Booth!

3% 1-9. ‘Al enables orchestration, not replacement’2t= LA HA|X] WHHE ZME o) RA-EF-HS HAE
dZste| 3t A2 7o} Bt

= o [=]

Xl
=

O] ZoflM

rir
Mo

o 52 CIO|HMEE CMLD, PERCT, = EMT 2 E3Y [ OfF OJAtAHO| BEL|=7}?

e ride-through, Momentary Cessation, UPS &2t reconnection 2 A5 7ts%t StLt2| state
machine 22 Zt= = JA=71?

o Al workload spectrum & A& ZEQF AAS & ramp-F

o GFM-BESS 2f E-STATCOM 2| ?IX|- A XS Z2 SHeATE Hlug = UA=7h

o A BXIO|M 1 7|2E X|7|HME utility 7F B2t 54 HOHE

of
o AlZt 4 gt RE2F- BN Y 2 O[S ALEO| CHA| A3 = A=71
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THEME 02

ASZ = Th=gt <Xt7t ot 2t

>
>

Screening & LIEfL = X| =L}

Grid-forming tutorial, low-strength At2l, MISO-ERCOT 2| screening & ¢ Z3H 'O{C|0f|

FAS = AQUNE BHA| FalptLt.

Of #el & SCR2 HE X|&7} OfL|2} WHE 1 Xt screen O|CH CHE IBR, 7|& & H|Of, ot o|E

AR 2 =tgota, 2T 2E2 large-

n

HoE8 S Bhgste{H WSCR-SCRIF-NSCR-impedance 242 2

r

signal EMT 2F HIL & &3l Z[& 278 =I5 of St

GFM 2 G35t droop controller O|E2 2 HO|&|X| Y=Lt A2 'PLL O O|ESHA| 210 A9
A7) #1752 YM5H, gt FU X current limit 2F0| A voltage-source behavior &
[ X|8H=7FO|Ef. WECC generic model 2 droop, VSM, hybrid & CtYst O &H82 X S5HX| 2t

A 452 OEM M O-3tA 7|-2 = plant controller 2F 74| 23 OF St

4 IEEE

WECC Standard Library Grid-Forming f@ﬁs
Inverter Models

Virtual Synchronous Nachi

* PNNL (Pacific Northwest National Laboratory), - —— e
* WECC (Western Electricity Coordinating Council), and :

* UNIFI (Universal Interoperability for Grid-Forming
Inverters) Consortium

i<

}

» Different Entities involved with developing Grid-forming models

* Models represent different grid-forming control
strategies.

» Designed for large-scale power system stability studies

» Approved WECC “Generic” models (Positive-Sequence Models):
* REGFM_A1: P-f and Q-V droop control
* REGFM_BA1.: Virtual Synchronous Machine (VSM) Control
* REGFM_C1: GFM + GFL Hybrid Control

[W. Du et al Unifi Consortium Standard Library Grid-Forming Hybrid Control Inverter-Based Resource Model Specification (REGFM_C1), Pacific Northwest National Laboratory (PNNL), Nov. 2025. [Online]. Available: I
Consortium, Virtual Forming Inverter Model rnfGlMBx]NnELfrPsnoosezsoN« al Renewable Energy Laboratory, Jun. 2024. [Online). Available: https:/

3% 2-1. WECC/PNNL/UNIFI 2| generic GFM model landscape. 2% O|S 2L} X0 Wi} Mg SXg FE2slof Stct.

C2 GRID HUB - 11
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Generic model & Ot&] 1t HEf| SHAZHE X7 SO|C} 7[E IEEE 2800 2| ride-through 27&

GFL2 HXMZ dA = 2&20| 0 GFM 2| voltage-source behavior 2t current limiting 2 &A|0

OFEA|7|7| O L} ENTSO-E 2F VDE FNN 2 current limit S0 & M2 H5S SX|8t= &S

At

HNIAIStD, IEEE P2800 A€ 2 GFM 7|51t & HT £ 26t QUL A= fault T Q priority’

F

m\l
rlo

(o] =

ob & 2 ELt Phase jump, positive/negative sequence, current clipping A|ZH QHE S E

(=13
=1

=

| AleddloF Shf.

fTﬁE
i @pes | QIEEE
Main Takeaways .

*  Existing IBR voltage disturbance ride-through requirements are developed with grid
following technology in mind.

*  Those requirements may be barrier to grid forming technology.

* Thereis a need for revision of grid codes and IBR interconnection standards to remove
barriers/establish new requirements for grid forming.

* |EEE P2800 series of standards seek to address the need. Key questions are:
* What does the bulk power system need from an IBR during fault?
¢ What can an IBR do during a fault?

How to join IEEE P2800 Series Standards:
¢ https://development.standards.ieee.org/myproject-web/public/view.html#/interest/8899
* Sign up for SG4 (response to abnormal conditions): Click here to sign up for SG4 listserv

a3 2-2. 7|= GFL 4 ride-through 272t GFM capability At0|2] 7+,

C2 GRID HUB -
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off = e X7t ofL|Cf

A.50.2F AdlE weak grid £

2 SCR threshold 2 THYSHK| UULCH 7|4

Lo 0|98 Y2l §Y W

IEEE PES GM 2026 SPECIAL REPORT

7| BiXl, GFM

capability 2-&, STATCOM/E-STATCOM, BESS, control retuning, &7 X3, topology 242 HSEE

vt oo
xPCE 22

converter = HtE

e}l OF ShLf.

A= S8 CEL 7|27

voltage source response 2 damping =

Fo/y

£ fault currentinertia- M 4 X| &S XStD

AlZt 1

XM&5tH, BESS & 2T Of| L X| 771X
M| ZstCt H|- H|w = MW/MVAr 2tO| OfL|2} 9| X, Ol 4 X| X[

SR E=

, GFM

3, resonance £

B! fault current, £H4, 7|7 torsional mode, B3 TSR0 SA0
Fady My 2d =H-RX| 2=, £7 resonance 2ok
GFM BESS = M- FIt==-damping, | O X[ current limit, multi- A St RotHEs 22 HA=E
LadE x¥ vendor interaction etatg A7k
GFM STATCOM | MR 7&, WE Fa8d, | Ry oA i3, Mot A2 AlZHCHE| grid strength 2F
031t damping POD E8R 7ts damping O] =&l QI7t?
E-STATCOM/POD | S35} AZ 7|8t 24, BE& | 8458 XA, /K| o|&H =7 HOo|HMECl e HE S
84 7ts A o Aelvte
AS 2Z/2F | transfer 7l lead time, H| 81} O|&& KR FIMED 2T-HE /K|
limit-topology-dispatch & #HF@o| Reletrt?
TERHo R M
C2 GRID HUB -
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SCR OJ|A] NSCR 7IX|: X|£2Q| EFtx= AN EMT 2 £0|7| st A

7|2 SCR2 2t POIOf| A G282 JACE LiF WEAH Z=E 2Lt CHE IBR 7t ZO|H

r

I-

WSCR-CSCR O] cluster o] H7|& ZAgtZ BtFSt, MIIF-SCRIFESCR 2 21E Xt

F:'Q

o 4= F St

OIH

YU HAS 22rotCf NSCR 2 I EA W Ao 55 YU EHAS AFESH GFLGFM-&7]7(2]
XHO|E screen A0 E=Ct X[&#7F S| = SH2 Juet At XtA|7t OfL 2t &M scan IF

EMT & 22 X AtL-2H

Presence of nearby
resources

GFM system-
strengthening

NSCR Considers

Impact of different
resources (GFM vs
GFL vs SM)

Scalability/robustness
concerns

08 2.4 ©F LHEI M NSCR | BRA: ME CHE 7]%0| S 7|ci9t TS POI 4EE8S screening 0 HHE LY.

—

X & Fo U ‘ THE cHA|
SCR POI ttet8 284 CH HLHOl E 1 Xt 2 2 CHS IBR-FIbS 2| & K| 0 XI0|
=2
WSCR/CSCR | cluster &&-H7|& 72| o2 IBR 7} S/3t= ASLE HL | ZAH 7ESX[0f 2
MIIF/SCRIF/ | &= de-57F Ym|EA 1Y gHlol A%t Y =t 71ad S54-2HY mode M3t
ESCR
NSCR Z-matrix-dynamic impedance | GFL/GFM/&7|7| X}0|& =&t B .calibration-threshold 7}
e pol M HASEE =2l e
Impedance/ | It SE-2HF e Fobs, QN EXK], Limiter ¥ E3= 85 EMT 2R
eigen damping-mode shape

MISO 2} ERCOT 7t 2 0{F ‘screening 2| SHIE Al8H’

MISO & 2f 19,000 contingencies 2t 13,000 POIs £ W2 H7t5t= NSCR/eScreen 2 SYTH2E
&1, EMT scan-eigen 2422 291 HFot F, large-signal EMT & fault, limit, nonlinearity,

mitigation 2 2 QI5t= 3 EHA| stack 2 MHIULCE O] 20N S8t H5E screen XHA| 2]
g

et EOF M 240N SHM= ¢ &= fldE E0tLt HA F=ot=71olo.
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Meet MISO il

KEY FACTS

Area Served

15 U.S. States and Manitoba, Canada

Population Served 45 Million
MISO North — e — — !
Eagan, MN Transmission Line | 79,000 Miles

Generating Units Approximately 2,000
Record Demand 127.1 GW 7/20/2011
Wind Peak “ 26.6 GW 1/3/2026
Solar Peak | 18.6 GW on 4/20/2026

! e a SEEUENA
Total MISO Members | 230+
Market Participants 550+
Market Transactions Over $53 billion in 2025
Carbon Reduction Approximately 32% since 2014

MISO’s reliability footprint and regional offices

Data as of 6/8/2026

= ry ; = sk A oAZst= 7o
13 2-5. MISO system-strength methodology 1% &&. L2 candidate & MESI1 4M EMT £ ¢ZESH= A0|

ERCOT 2 series compensation 1} IBR-CHEE£5t2| SSO ?/ &2 topology — passive scan — dynamic

ERCOT SSO Analysis Process

Topology
Screening

Frequency
Scan (optional)

EMT
Assessment

Mitigation ¥
Actions

Monitoring /
Operating
Constraint

Check radial/

¢ Identify sub- Validate high- If Use ERCOT
near-radial synchronous risk cases using vulnerability monitoring
exposure to resonance detailed EMT is found and operating
series capacitor frequencies simulations. under N<6, an limits to avoid
banks under (SHz - 55 Hz) SSO vulnerable
various outage and high-risk mitigation configurations
combinations. configurations planis -
. (For GR and

required.

ESR onl

Key Takeaway: The SSO risk is screened by topology, ranked by frequency-scan damping, confirmed by EMT, and
managed through mitigation or ERCOT monitoring. The assessment process is applicable for both generators and
large computational load (LCL) projects.

13 2-6. ERCOT 2| SSO screening SE2
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r
ret
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°
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0x

=7

O| Mek ‘GFM QU7V'HCE 2SS Al 247}t

[

A

FItE2 2lst performance specification Tf 0| M= HO| =W ELCH AE 7tsst 27L& 70

_|

A 0| QIC} ERCOT 2 2025 4 11 ¥ GFM-Advanced Grid Support 815 S0l 1, 2026 H 4 & 1 L

01>|

Ol EX A3 BESS ¥A 0| M= XS HMAIZUCE dynamic model quality test, unit-parameter
validation, voltage phase jump-frequency change-system strength-loss of synchronous machine Z-&
A&2 Sl label Of OtL|Z} S &S =HQISHCE OEM 1} ISO #EE S&H 22 current limit, voltage-

source behavior, inertia-damping, plant-level response £ ME&XE=E =X|2}s|OF SHCHD Z AL

ercot
Dynamic Model Quality Test - Inverter-based Resources (IBRs)

Technologies

Flat-start
Sinef fecuency detirbence PsSieandPSCAD s UG P 8
i i T If utiliz
Grid Followmg IBR Large voltage disturbance: LVRT/HVRT S‘S:AESAS/:: :::;Z;?;g & PSCAD (not in PSS/e
System Strength and TSAT)
Phase Angle Jump
Flat-start
AGS Small volt. disturbance All tests, except
] AGS Frequency change and inertia response PSS/e and PSCAD Phase Angle Jump,
AdYanced _G"d Support Large voltage disturbance.: LVRT/HVRT (and TSAT if utilizing a are required in both
(Grid Forming) ESR AGS System Strength UDM PSS/e model) PSS/e and PSCAD
., AGS Phase Angle Jump (and TSAT, if UDM).

AGS Loss of synchronous machine

DMVIEW (for PSS/E) and PMView (for PSCAD) are tools developed by ERCOT to perform model quality testing.

om/vi dmview/home, hitps://sites.google.com/view/pmview/home

13 2-7. ERCOT 2| GFM/AGS X}l dynamic model quality test &5. 527t 22 HEZ 2 2a|stx| &=t

- _ f(ems | 9IEEE
Performance Specifications for o
Grid-Forming STATCOMs
GFM Requirement Specification

@ Small Signal Performance Requirements @ Large Signal Performance Requirements
* Small Step in Voltage Magnitude and Phase * Large Step in Voltage Magnitude and Phase
* Response to Step in Short Circuit Level * STATCOM Fault Ride-Through Operation:
:\I:alr;npmgB (TODt $SO, harmonics, DC) Symmetrical and Asymmetrical faults

oltage Balancing * Fault Current Contribution

@ Simulation Models and Documentation @ Information to be Provided in the Bid .
* Software-in-the Loop (SIL) testing * Performance validation using SIL:

* Detailed modeling of converter with o Step Verification for voltage magnitude and
control and protection for all cells phase angle, short circuit level

© STATCOM Fault Ride-Through Operation

13 2-8. GFM STATCOM ‘d&582F2| 7 X: small/large signal, simulation model, bid information & &7H T ICt.
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7t

rr

E-STATCOM: X &% X| 80| GFM 7|52 MHa& = A

E-STATCOM M2 GFM 2 BESS Of| 2 S X| 24Ut DC-link 2F LHE O HX| £ O|&3| &2

. . E - I_
Ao Y 8, TR HS, damping 2 ME3tL, longer-duration energy 7t HRSHX| 842

EH M= GFM STATCOM 2 HE& Xt@lo 2 2L} Hydro-Québec AtEl& &3 H|F0| &2 Gaspésie

A9 TsHY EME HY22 S7|=d7], ASEZ, GFM STATCOM = EMT Of| A H| W21,
Xinjiang 500 MW &3 EFHX| Ated|= control-mode switching, active/reactive power, inertia response,

phase-angle step, short-circuit test 7tX| commissioning THA O A{ =FQIZHCE.

STATCOM with Energy Storaﬂ.@ﬂ*lﬁﬁﬁ

STATCOM vs. E-STATCOM

Topology Delta / Star *) Double Star + Supercapacitors
Energy storage (active power) No Yes (for seconds)
Grid forming capabilities * Inherent reaction to voltage disturbances in grid

* Supporting integration of RES: fault current and system strength contribution
* Inherent reduction of system unbalances during faults
* Stabilizing the grid voltage also at very low short-circuit ratio (<1)

* Provision of inertial response for frequency support
* Fast frequency response

e ——— !
. I 2 ¢
' a Source: IEEE GM 25 Tutorlal: * Functional Performance
! requirements for Grid Forming STATCOM"
% "

*) Converter configuration performance varies depending on fault type

13 2-9. A8 STATCOM I} E-STATCOM 9| 7|5 H|1. GFM H52 o4X| ME S ECt @7 A|ZHHQ} current limit &
SHH| BtOF BHCL,

ra

:"w' following Commissioning Tests were
ri'i)r>rned and evaluated according to IEEE
)-2022 Clause 6 and IEEE 1303 Clause 5.3:

Control Mode Switching Test

Active Power Control Test
Reactive Power Control Test
Inertia Response Test

Phase Angle Step Change Test
Voltage Small Disturbance Test
Short Circuit Test

fLt2| acceptance

of not
4o
mlo
5]
nz
|
N
or
>
(11°]
I
rot
0
>
n%
mjo
oF
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O] oM HE EE
o TLf A S 0|A] NSCR It impedance-based metric 2| false-negative & O{ EMT dataset 22
=2 At
e GFM 2| grid-strength contribution 2 Q/V, P/6, V/l scan & O A2 HEF 3l AQI7}?
o 57| 2 7|-GFM-BESSE-STATCOM 2| ?|X|2t A S HZ=-ES HEL 85 7|E2=2 HuY =
UAE=7t?

e screening threshold & 18 2f0| OfL|2t A S & Eli-dispatch Off 2 Ailgh = U=t

o GFM-BESS 2} GFM STATCOM 2| 27 X|&A|Zt-current limit-S & A| S

AE71?

mlo
N
or
%
Hu
-
Ar
et
1>
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THEME 03

SSO 2F converter-driven stability At2|E O| &3l topology screen 0|A MIMO impedance,

EMT validation 77tX| O[0{X|= 24 & Fe[ottt

—

o] Fo| &

r

=
=)

4745} 5| THY AH| 9| SCR B K3

=
30N 225k, 2™ FDt limit 7t Z2E

1 a

= =
compensation-7| A %-PLL-PPC-UPS X|O{2| Z&t2 Fut

=
EMT 2 Rt 7 2t=t*o| 9|X|.CHY K|S =+looF ottt

SSO = resonance-driven 1} control-driven 2 2 L}H 2L}

SSO M2 A AHH, ST =7, topology screening, 2 Al frequency scan, mitigation,
monitoring-protection & StLt2| HXIE HZBICE series-compensated line 0 S AT} radial 2
= D™A SSCl = topology 7t 4%t THACH BHH QI B 021 PV-converter 2| 17-23 Hz mode X &

Tt SMIB Lt 7| 20t SCR 2 MY X| 2 AFA2 multi-infeed impedance £440] ZQ3}Ct,

Outline {pes | @IEEE

Fnergy Socien

*  What is SSO and what are the different drivers?
» International experiences/global occurrences
» Resonance mechanisms/conditions under which SSO can occur

* Resonance-driven SSO
» Screening Studies
»  Detail Studies
»  Evaluation of mitigation measures
» Monitoring and protection evaluation

* Non-resonant SSO

» Impedance-based analysis in single and multi-IBR system
» Case studies

» Sizing of a GFM resource to provide grid strength and mitigate SSO

O3 3-1. SSO tutorial 2] N EM HQ|: A 23, screen, detail study, mitigation, monitoring & HZSICL.

—
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(¢ #Es | PIEEE
Summary IGps

* Impedance-based analysis provides a systematic solution for evaluating the
root-cause of power system oscillations using highly accurate Blackbox EMT
models of IBRs.

* Use of SCR can result in over-optimistic estimation of grid strength.

* Grid strength seen by an IBR can be significantly impacted by other IBRs in
proximity at non-fundamental frequencies, which can result in instabilities and
oscillations.

* For more detail, refer this report: Australian Energy Market Operator (AEMO), Analysis of Sub-

Synchronous Oscillations in West Murray Zone Power System in Australia, July 2025.

— Report Link: https://www.aemo.com.au/-/media/files/initiatives/engineering-framework/2025/analysis-of-sub-
synchronous-oscillation-in-west-murray-zone-power-system-in-australia---
external.pdf?rev=91a3c¢919b83246b7b24835f0339b85e6&sc_lang=en

3 3-2. CHE IBR A S0ME H|7| 2FTb=0 A T dH|7} HZ grid strength & HEE 3 QlCt.
Converter-driven stability: H|07| = A S92 Y5C}

Converter-dominated A&2| PHEE =2|= T &SH ¢l rotor-angle-voltage-frequency stability Of
converter-driven-resonance stability & 2T GFL 2| PLL, current controller, plant voltage
controller 2t S41- G4 X[ A2 phase margin 2 & = AUCL 22 HO{7|2te p/Q 2THI A&
AU HATZ} HHY ™ damping O] Z2tX| 1, LVRT & ItE3 R8N F 277t M dip ot 914 HXE

ofstAlZ = QUL

LCC-HVDC, MMC-HVDC, =727 7| 0| ZY & Gravelines Atgl= X2 &4 FEto =2 YD}
RtE tHEY = Q32 B EL 28 2FEM MMC & STATCOM M E 2785tH =7 torsional
mode 2| damping O 23|2{ LitE =~ 10, HE damping controller 7} ER3ICH A2
'STATCOM O| ZLCF7} OfL|2} O mode Off O™ X|0] ZE7} energy & SE0tAL S5H=X|

2t I5t= 0|t

b |
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6. Conclusions

1) Subsynchronous torsional oscillations:
* Inherent shaft mechanical modes interact with AC system,
* Observed in practice on multiple systems,
* HVDC and other converters deteriorate stability,

2) LCC HVDC interacting with nuclear generator:
* Low AC grid strength deteriorates stability,
* High HVDC loading has negative impact,
* Small-signal model enables accurate and convenient study interactions:
* Eigenvalue study,
* Parametric studies,

3) 3-way dynamic interactions between LCC HVDC, MMC HVDC, and thermal generator
* STATCOM has negative impact,

* Instability sis possible, for some operating conditions,

4) Subsynchronous damping control design for MMC HVDC:

IEEE PES GM 2026 SPECIAL REPORT

| PIEEE

* Design using analytical model (input-output pairing, lead-lag and washout filtering,...),

* Verification and final tuning on detailed EMTP model,

* SSDC improves damping of 6.3 Hz mode, but does not interfere with normal HVDC contrals,

. HYDC-F7|7|-MMC 2| 3-way torsional interaction 0| A 2 X1} H|0{7|

Ggg PR RFEAY ZE.

A OfC|-2H flde = A=71?

topology, SCR/NSCR, PMU/DFR

spectrum

g O™ XM 0|7t mode & BFEE=7F? | passive/dynamic scan, MIMO

impedance, eigen/participation

mode-damping-¥ Q-2 ZH =

el faultlimit 2SO M2 S140| H=742 | large-signal EMT, parameter sweep e o limit
activation-mitigation ranking
+g DEMEYIKE AMZE BE £ CHIL/PHIL, field replay, commissioning | acceptance evidence-2%
ol=Tk test 2
Impedance/Admi G | i
mittance Scans i
Grid C ) | /d; Types WPP positive-sequence passive nefwork admittances — Base Case
) computation vs. scan
Zerip M ™ Zypp Stz ens e o
[ A A Eﬂ Ty
Wind Power Plant (WPP) dq impedance at different e ﬁ‘"“ e soletad
active power outputs ;”m N N \ L
:tvml\cykwsw-w-Muﬂ-—le\mpvun(. 0Q Domain) Bk« bt bt < b s ; B 8 < e &
= TN \\MTTF‘TT
Jd3 34 Y UE

C2 GRID HUB - 21



C2 GRID HUB - IEEE PES GM 2026 SPECIAL REPORT

ot =LCt. flywheel 1t shaft & EHY
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MHEMHA EH resonance & MZ 2H5 7t

mass O 22, protectionfault study £ &7H =&50F otCt O] F2= GFM K| # XA = & LStrt.
7| 2F a0 M Zde X7 B F0|M 2 positive damping 2 M&S s A2 OfL|Ct.

Closing notes

IBR stability is now central to Behavior of the IBR & Iarg_e load
system reliability controls is now the behavior of
the grid

Significance of performance Industry’s collective

envelope requirements and its commitment to model fidelity,
Interpretation, testing, and site specific validation, and data
validation in practice transparency will play a vital role

1% 3-5. emerging stability risks & 2|8t §1% WHO| closing notes. stability assessment = T+ X|

operating envelope & C}ZC}.

el

7} oLl 2t

O] ZollM He E

=
a =21

e Chirp 7|8t wideband scan 0] 7|& a9 scan It 22 mode-damping-ranking 2 & B2 4|
HESH=IR?

e black-box OEM model 2 0| &% MIMO impedance &3 0{|A| operating-point dependency &
O A Atas2ted A1

o ME 23t K| EME E7Y by 7§ 0| OfL|2t dissipative energy 2t decision ranking 2 2

Hlg = AP

o &7|Z2H7|-GFM-HVDC 2 ™7|-7| A mode & &M ZE2tot acceptance envelope € TtE
UAE=7F?
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Z5-A1-EY EMT = StLi| &

lifecycle 2 HZALHOF SHC}

PMU @t S4% H|O|E{Of| A A|ZFS digital twin, wide-area EMT, utility 23 workflow 771X

O|A{X|= EE HAE FEletLt.

—

of ol B AES A AASHE HBOZE SUILK|ZE MT|K| SHCh PMUDFREFAIHOZ HY
BEoD, DUS S, Al EMT 2 $22 ¥ WD, Z0E 2K E R HE K02

| =Z2| & lifecycle O] 2 RSIC}

A= ExdE o2 MZt=S &M CHECEH

of
Al
o
rlo
flm}

H

Al T2 25, I357]d, GETs-FACTS, 82 A =2 StLtQ| quantitative planning =X 2
O{OF tCt. Cf|O|E{ ME{= forecast uncertainty &t & £ £ 0|1, 7|22 It E0

FECR:
—

k=]
—

4o

S|
T
of

r

FAIZ]0, DLRFACTS £ 7|E& Atte| MEsES 7oA L0 ST 22

=)
AZ 2T EQ -2 playbook O] Rl 72l §F 2= 2Hitdty| Of ELt

o
e
ox
nx

NS

Kiﬁi

. . (eps | GIEEE
Introduction of Tutorial
Outline
1:00 - 1:20pm Introduction and Overview
1:20 - 2:40pm Large Loads Impact on Transmission Planning
2:40 - 2:50pm Break
2:50 - 3:30pm Extreme Weather Impacts on Transmission Planning
3:30 - 4:30pm Transmission Planning with Grid Enhancing Technologies and FACTs Devices
4:30 - 5:00pm Enhancing Transmission Planning with Integrated Planning Methods

J& 4-1. Transmission Planning tutorial 2] #%: large load, extreme weather, GETs/FACTS, integrated planning.
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Gn
Coordination with Distribution \ = | oreee
Planning

* On the distribution system, many utilities consider a “large load” to
be between 10 to 30 MWs. They are often connected on dedicated
distribution or sub-transmission circuits.

*  While the loss of a single distribution “large load” may not impact
the bulk power system, the aggregate loss of many of these loads
can cause reliability issues.

* However, a lack of coordination between T&D planners, may lead to
under/overestimate of upgrade needs, thus leading to inefficient
solutions.

* Distribution large loads should have similar requirements as
transmission large loads.

1% 4-2. 344 planning O £2|E|% of2f Cfy5ste| W 9I¥T upgrade LRE R B + Ytk
PMU 2| Hgt: . WhE 570 otL|gt o L2 29F 7|&F

PMU A2 phasor data 7} 0|0| planning It operation 2 2= HF A2 2 FCH

QI BII0 A& event detection, oscillation-harmonic &4, special protection scheme A7 0f 20|,
=22t 210j M= wide-area protection-control, oscillation detection, PMU-only state estimation 2

K| otct, CHEF PMU /2 MOJ&0f O BO| HEA|SH= ARt 2= XS0t 2 EA7} Oshe 5= U=

mode, damping, ?IX|, confidence 2t 1 Y SO = B Sts|OF SHCY,

J& 4-3. PMU HIO|E{e] 2212l &8 ttE 2 Z-H|0f, special protection scheme, 28X} TS E©X|E HAEBICL
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Operator Tools: Oscillation Detectlok e

Probably the most useful operator application is the detection of
oscillations

The PMU data rates are sufficient to detect the presence of known
oscillation modes

The tracking of the magnitude and damping of known oscillation
modes is a standard application for control centers

This application also allows timely remedial action for oscillatory
instability although most such action are prepared offline

A3 4-4. 2R ERL2MO| oscillation detection. 22{%l R E9| 37|-damping X1} O|X| ZE EX|E LESIC}
O] 2552 & EMT 2 ZYSIX| &=L PMUDFR 2 MA| AHQ| X7| =0t SES M3t

EMT = 25E 40| o M0 2= SHA 70| A HIZRZ =X MSASL} digital twin 2t Al & 02

—_

snapshot-contingency- 878 S EE 5 A4S0, 22 A0 SO REHI} 2[H &2

=
=

A4lotCt matA Ho|H EZ, time alignment, topology version, model parameter provenance 7}

ZHE HM: O 2 A ES 2= WHS Lz} oL

Day 2 wide-area EMT A|432 solver, hardware, co-simulation, data interoperability 2| A2 CHE
BHE2 20 ZCEH NYPA AE ZHEE FPGA 7|8t data exchange broker 2t X}& partitioning = 0|86
vendor-agnostic real-time/offline simulation 2 X211, Hydro-Québec & PROMES 2f EMT-RMS
AAE Sl MZE CHE .= F9| interoperability & 2X 2 H|7|iCt. PSCAD Y HE = PRSIM B3

PNI, OpenMP subsystem solve, multi-rate, PMR, dynamic frequency scan toolbox & Z=g3iLC}.
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18! 4-5. ZY EMT 2| hardware/software architecture & st

o
constraint 7t &H| DA EIC

DLL X H=tE Saff ALtAIZtE SR O] AleS2 "M solver StLIEE HIERIS AE,

H2a, 1/0, B8 42 2
black-box model 2| A|AtH|Q} &
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ks into multiple

S transmission

[=y—
YO0l Mz2 E=0| £t

Utility practice: 72 2L} ZF XA E v mslof StCt

20zt 55| HIERIA solve 7t HEtE+F

partial refactorization, Jacobian update, cache optimization, Linux execution, OEM

Y 2,

OEM

7| 2t/AH e s 710 Qo]
Eversource 10 2 bus 2 QPS 2 &, 500-bus AtEHO Al & 2 20%, co- | solver 2t detailed OEM model 2
OEM PSCAD co-sim sim 2 10x 7% St speedup TS 2
Hn
ISO-New 5,600+ 3 & bus, 700+ generic model E&3}, daily Mg, HEILLCH model
England dynamic instances point-on-wave field replay instance-version- 450 2% 85

T&D S8 At

PSS/E-Aspen/CAPE-CYME

8¢, feeder surrogate

graph boundary, VSM equivalent,

AlSH

[=
gE 2

collector-feeder &M =7}

OrF/BONY ZES HIE 4 US

NYPA

9F 5,500 bus full EMT,

X% ISO update

PF—fault—dynamics—field replay

ACHA EF

x| #ghert

|_

3 X| 22| -identifierzero-sequence

ggol o of34g
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EVERSOURCE 2026 KEY INITIATIVE \ G | o1EEE

Building a scalable, accurate, and efficient EMT study capability

GRID TRANSFORMATION DRIVERS WHY LARGE-SCALE EMT STUDY NOW
& Rapid growth of IBRs RISING RELIABILITY CHALLENGES

_‘ {wind, solar, BESS) More stability events, osciiations,

- rwisance IBR/DER tripping, and
ﬁ & Proliferation of low inertia system performance risks.
8|  DERs and st

STRONGER DECISION SUPPORT
Robust analysis enables confident
docisi

OPTIMIZE INVESTMENTS AND REDUCE RISK
Better insights lead to smarter decisions

and more cost-effective irn
tme

MEET REGULATORY AND ‘ a v

I gladks ~~ <o

Utilize existing data and maodels to improve
STAKEHOLDER NEEDS speed and efficiency i
e = - nad o e

e i

mjo
o
0%
gl
mn

12! 4-6. Eversource 2% EMT i workflow $% & E,. XI=312} OEM co-simulation

ISO-NE Grid

* ISO-NE EMT network
> Buses: 5600+
»>Two-winding transformers: 2400+
> Transmission lines: 4000+
»Dynamic models: 700+

* Dynamic model library in QPTS
»>66 generic dynamic models
> Represent > 90% of dynamic models in
ISO-NE
»>The remaining 10% non-generic
models represented by a novel

numerically-stable negative load model
in QPTS.

& 4-7. 1SO-New England 2| HAE EMT X8 H2|. 2 ELC} generic/OEM model 2|2} field replay 7} 2§ M 0|LC},

EMT Model Validation for
Large-Scale Power Grids

* Power Flow Validation:

* Power flow results are compared against those from the
positive-sequence dynamic model.

* Discrepancies may arise due to differences in swing bus
assignments or simplified representations of devices like
phase-shifting transformers.

* Fault Current Validation:

* Fault current responses must be consistent with short-
circuit analysis results.

* Validated using RMS values obtained from the steady-
state portion of the EMT simulation, e.g., the final 10-20
cycles of a fault event.

* Generator models must be configured in "locked" or
constant-speed mode,

* Inconsistencies often stem from mismatches in IBR

modeling, inaccurate zero-sequence impedance data,
and incorrect transformer winding configurations.

7% 4-8. NYPA model upgrade et §X| 22| 2’4 S 2E S £210|E. X[HH Q! 1SO model HEE E53t=

governance 7| E 8 3}LCt.
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B lifecycle S A7 G2 FFTHC}

OH

F9 EMT Z2HE 9| & engineering time & H2t, =& £7, model onboarding, &4F, parameter
traceability, update 2} regression 2 2 A EICt wall-time O] 10 Hf 2} = |22 OEM model &
S OCE =372 =5 J0| 2R35IM operational value & KM $HEO|CE M2t A7 X EE
simulation runtime TFO| OtL|2} onboarding time, validation coverage, update/re-run time, failure

recovery, false-negative rate 2 ZHatsOfF SHC}

Power flow | V, angle, P/Q flow steady-state snapshot bus-branch mismatch 2t swing &2
Al
Fault magnitude, sequence, breaker | short-circuit model winding-grounding-generator state &
duty <H
Dynamics frequency, voltage, damping, RMS/EMT event pair mode-limit activation-ranking 2Z&
mode
Field replay | point-on-wave waveform, relay | PMU/DFR/relay data 2. 4% time alignment acceptance
action
Regression | baseline case diff, failure rate 0| &2l version AOIOIEZt 7| & QAHEHEHE K|
pEX =

Ove rview (EPes ‘ < IEEE
TAY
- 4T N b ai
- 8 = 457 P
P s Ve | \ |7 =
=== -y s ) !
- Lo ﬁ g s
2021 = - « H
* Regional EMT Models Including all Voltage 2025
Levels (13.8 kv+), Each ~800 Buses * Digital Twin of NYS Grid

Including Full EMT Model

* Hybrid Simulation of Regional Emt With of the Power Grid

Rest of NY Grid In Phasor Domain

e 2022

* 230 kV+ Portion of NYS TX System in * Muliregional EMT Models

Two Real-Time EMT Simulation Platform Including all Voltage Levels
(13.8 kV4)

* ~500 Buses

i .
i LR

13 4-9. NYPA AtEe| ZHE5-2Y S E. &Y EMT £ case conversion 0| OtL|2} Bt 7H5 3t lifecycle O|Ct.
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PSCAD 5.1 1} 1= EMT: M2 7|5 27|

PSCAD 5.1 2| 7|52 M Z2 2 F&35t= HO0| H=SIC}E OpenMP subsystem solve = EHY project
LY &2 HESL PNI = 03 project/process 2 AES 2&8t1 L& A 0| multi-rate & HEdt=
SZHAIZE 83 PMR 2 048] contingency & At 22 @& MAMBICEH PRSIM 2

=
PSS/E-PowerFactory data conversion 1f model substitution 2 &1, Co-Simulation APl & 2%
o2 AAS ot HE interface Ch. [2kA PSCAD 5.1 0] eTRAN 2| 2 E &g ICHE

CHXIBHChD ERESiAlE oF Eict,

SIEQO = A0 =0t & 4= QICt T2 sparse solve 2t state update 7} memory-bound 2tH 22
S RAM UM H22] MES 2 AA 2t #40| RelE - AL CH2E 8x8 GB 7+ 2x32

GB ECt ZCH= OA|£ 8-channel platform & ™A 2 80, Y8t dual-channel PC O & {2

HMEE|X| %=L capacity, channel population, 1DPC/2DPC clock, NUMA, SMT, disk I/0 & Z2

benchmark 0| A Z735}{OF L},

|

of FoilM e &

rir
Ho

e DL O|E version 1} total engineering time 2 =M 3FHA, surrogate-OEM model 2| fidelity 2t
2

S
PMU-EMT M Mol S Ats 2| A2 2 & 43 = A=71
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THEME 05

ASoMe E4: HVDC-E2-FH 2|5

& HVDC g multi-terminal hub, 38 ST &Y, O|H|2|0f ™M =15 oLt 2

O Zo| & HVDC 2t GFM 2| 7|& HsE HL} 42287, fault response, 22, E & replica-Al& 7|F,

Molol 7k=0| HH HES X|HA|ZICE TSO 2 utility = TOfXE7} OFL| 2} system integrator 7}

THel ZAHE ECH AC/DC M 2R 42 EES 20t

HVDC Of tHet =2|+& point-to-point link 2| X0 22 2Lt DC hub, multi-terminal, meshed grid,
multi-vendor interoperability 2 ZF & & ZCH 08 2 GW & link 7} B DC node O HZ [ At
Al D2 M2 £48 27| Q3 DCCB oF MEVA A7t B2 7F LQsC #3517 -grid

controller 7 AH| O| &1} 27A|ZHS ZFRTHC

—_

S8 A MM £ topology 2 cable THHA S AH|H|THO 2 K| 210 8760 A7 £51-F 3 profile,
o]
=

2, D™=E, S7AZ UK =42 A D RUCE multi-purpose interconnector &

FF

siaS=EHa 77t 28 A2l E S2SHAI T, converter-cable 2| Tt & 2 B 21 A& 40| 2R3}t

AR-AS_ME3| A0 = BE 7|5 AZD} real-time demonstrator 7t S§A AZ 1 2|Ct,

Why DC Multiterminal (DCMT) hubs?\ Gpes | GEEE

. integrate 70 GW offshore power into the grid by
2045, not feasible with existing point-to-point-
connections

o create a connected HVDC multiterminal system in
Germany with innovative hubs as part of the target
grid 2045

. development of sustainable and affordable energy
system in the future

. three hub projects have been initiated in northern

Germany for this purpose to become operational in
the timeframe from 2030 to 2034

a3 5-1. 5 A EHE0|M DC multi-terminal hub 7t 283t 0| 8. 7H* point-to-point AIHS %Y 7Hs$t DC
system 22 F+ 20| 2pN|C}
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The first three hubs 6P | ®IEEE

Diagram of DC-MultiHub {

L
B e Ln: = o=
7117 o e
%‘T*ﬁ R = .

5-2. 52 552/ R M DChub T&. L1 2 SHYSE AAE 2ol LE-BE-2FMUS 2H HECL

i

HVDC 7} AlE2F XIH0| &= M 7IX| A=

7t Xtz 0l M

Fots XA HVDC fast frequency response & Z 7T 7| frequency-constrained UC, converter limit,
Ef2hsystem split & X| 2t dispatch Off #H Xog gz
H&gd EQ-HO|YH.FHEAHZ EHHT dynamic cable sensor-digital twin 2%}, ageing, N-1 0| =
rating 22 YA|H thermal reserve & RIZAIZE
S -black start offshore HVDC 2} converter & AlS&+ 222t dead-grid energization, island transition,
voltage/frequency reference 2 & protection-& 4!

- 48

Conclusions NG

Significant operational cost savings can be achieved through FFR
provision using HVDC links

By scheduling HVDC links intelligently, the maximum loss of infeed that

the system can handle can be increased — positive effect on a systems
resilience!

Developed model can be used in the CBA context, and can also be
extended for operational decision making

12l 5-3. HVDC fast frequency response 2| 2F-ZX| X Hol2 Ha|st WE AE,
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\\..
! t;;..
Digital Twins for HVDC cables \ LR :

Mirroring characteristics of real-world cables
Design Grid Control System
- Cable parameters Digital. Twin Model - Protection device settings

- Geological data - Load flow results -

- Ca!:le rou‘te - HVDC/HVAC setpoints i

- _Points of interest Data Cortra / - Realtime grid data E

\ (Data collection i i

and preparation) [ External Data i

- Weather forecasts i

- Market results E

Cable in the field - Load flow schedules A
- Soiland electrical measurements ~ be-e-eemeeeeeeeL : |
- Construction details !
|

33 5-4. Hlo|& €8S 18 FZHO| OfL|2} A H-2E 7| 2EXALE TR E digital twin 7H'E.

: -
Summary and conclusions (#es | SIEEE

~ Frequent small-signal stability issues in converter-based systems

» Frequency-domain analysis: powerful de-risking solution for power systems
* Accurate and detailed component modeling
lictions D

High-fidelity models are essential for reliable stability prec

+ Assess stability across a wide frequency range <—j>

Evaluate both low- and high-frequency dynamics to ensure stable integration
o Z=R+sL
* Include both AC and DC dynamics 2+ ] o) sinhp()D)

Consider AC and DC system dynamics to reveal potential AC/DC interactions s

13 5-5. converter-based AC/DC A 0| A frequency-domain analysis 7t 283t 0|32} ZZ 2%,
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Hz: X2 AFYHPFELC 'CHE 2FSHEH0| EH|Ct

GFL-GFM IBR 2| fault current & &7|7|2F A 7|& OtL|2} sequence, ®, current limiting logic 0|
CEECY positive-sequence S &, M2HEl negative-sequence current, current clipping 2t | Of
RE He2 & AT g AL AS EEHS HE 4 QUCL O] IEEE 2800/P2800 Al 21t Z=

grid code 7} fault ride-through @} current injection 2 MZAEsH= 0|} 0|Ct.

29

—

S

gt

18l 5-6. £7|7]| SN HE0|M converter S4 AEozo| Mt HS Q7 Ha}

HOIHAHE 25 CHARI SA|0 A S0 S F= converter-based element Ct. Al & LHE-9| UPS,
PSU, VFD, microgrid controller, backup generation O] A|2 C}E voltage/frequency threshold 2
S2SHH BPS AHAO] facility mode transition 22 S5 &= ULt M2tA grid-connected(GFL) —

22| - islanded(GFM) — S 7|3} — Y HA A IHE protection-control- EMT/HIL 2 Z S8 OF Bt

1 Power Transfer in 3 Centralized
Data Center
" Grid o

| !
&Qnmmer & Swltchgeaq
dlataa

" UPS & Battery 1

O | |
l

|

Q PCoolingSys. “ Mlééellaneouﬂ

33 5-7. HIO|E{MIE] Lj & MHTXL 740t EMT 2 A SS 2t oiT L&,
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3|2 M. 7|Z SILt7) OfL| 2} O|AFZE O] A|ZHE

|SEA] QAT AP 2l

Resiliency of the Power Grid I A&

tot7| = Et

Skl

! AR A

C}o
— =

2EE

AO|H-S58-213 2R 7t SA[0

e

tEE

-
(e}
—

F29, X9, B3 2, HOlE H2=E FAIeof

ot

_

u]
[

91X

tofl Zjojet =

| Xts2

3
2|

scenario generation, outage prediction, /|

Al =

ol
L

A

[ AtEol o

Aifg

CH7F OtL{2t O | OB 2F 7+

‘Al E M

o|#|2|o} FFo| FZl F1: §2 StLie| FX| 7} oLzl Aol ALt

ofl

=13
=

2025 A 4 & 28 & O|Hf|2|0f S CHE oA 2t RTE

=5, =7t

& Moo 7, A& topology, EH-F5t

A ZEE overvoltage-driven cascade 2t

system margin O]

d 7|1&9| §%7t ofL|2} voltage control 1t

to|[2|of HH2|

e
o
—

13 5-8. RTE HE0IAM Ha|

OtL|C}. 23| 22 MOAHES

0| At#|ZF GFM O|L} HVDC 2]

, @ZH & current limit, protection, wide-area oscillation, islanding,

g

Ch= 2 7O[Lf Af

Jo!

restoration 2 &2 acceptance case Of|A] =+QI5}j0F

- 34
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PMU-SCADA-DFR-Z T 7| - X Of| L X|-Hi T At &I X} B|O|E{ & S-& timeline 1t topology Ol S OF S,
M2 CHE REHO| 22 M =ME ModSt=X| AS8H0f ott.

b |

of HoilM e &

rir
Mo

e multi-vendor HVDC 2t GFM & X[2| 7| SAIYE model-replicaHIL AR 2 O{EA AA
A7t

« IBR fault response 2t EZ 3 XS sequence-current limitmode transition A EEse 5
Us7t?

o CIO|E{ M| microgrid 2| GFL—GFM H 2t} XY 5 7|3HE CHYSH workload ramp OflA] ZE et 4=

AU=7t?

TN

o | SEHEY A7 SFAIZHE OfL 2t SRME|A-HE G HOIH ME2(=S e BI5t=71
0
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THEME 06

ot 2|0 M =l PMU-AIEMTHIL 2| ERS 4T 7t I+ E &, HIOIH A, metric 2t &9

[0a

FPMU GOl e — ™ screen —» 22 AM =B HIE — RMS-impedance- 1% EMT —
HiLfield replay — 2% EtEHS StLEC| THH 7t 3t pipeline 22 |0t S SHIf OfL|2t O HE

S E2E ATSHA Erot| flgt 4= EHolLt.

#1 architecture

A o M 7ls #Z metric

1. Observation PMU, SCADA, DFR, time-topology ‘&%, At &HX|, coverage, latency,
weather, asset/event data data quality confidence

2. Data PSS/E, short-circuit, GIS, identifier-version ‘82, model manifest Het @ 78,

foundation OEM, event data onboarding time

3. Risk screening | topology, SCR/NSCR, 12/" POl-contingency-FIht T2 MY | recall, false-negative,
operating snapshots H LA ZH

4. Detail /& = mode- 712 boundary-timestep-model fidelity X+-& decision preservation,

allocation EIES] model cost

5. Simulation RMS, impedance, EMT, ol A fimitH M-S AlLZ| 2 runtime, mode-event 2 X|
OEM co-sim Hot

6. Validation fault, field waveform, PF—fault—dynamics—field—regression limit-ranking-setting &&
replica, HIL

7. Decision layer mitigation-operation- GFM/HVDC/STATCOM/2 @ ZX| H| cost, robustness,
restoration candidates acceptance envelope
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M ANl 1: HIO|E{ M E{ benchmark

X benchmark = M3 4& ™M ELCH HO|E{ME load step-oscillation O] M gtstC Y& spectrum 1t
AtA =271 Hekstn, HMEH strength 2F boundary &M =7t 5 236H, GFM-BESS: E-STATCOM-
POD 9| Q37X B7te &= ULt &2 snapshot 0| SCR/NSCR/impedance metric 2 A 4tst Y2

sample BF &N EMT ZE2 2 BHE F, screen O] 2/E case & YOIt EX|X| (=X FHYBHCL,

woncerns in all Inverter Microgrids N s

PV plant bus
| Wind plant bus
oMW ry I ~ 30 b phem 110 Lromyepnue i Ins ™
‘f’ﬁ‘,"*\w""" Ireagepha e

S 6 Wva

r R e T
6 Blocks of Py ) - = | L
] ! 6 Blocks OF Wind
(R
3
“eo PH Nwva

VW 0NW W 1w
el e 2

For proper operation one needs to ensure Analysis of such system can help understand

1. Stable operation for large and small 1. Grid following requirements for the PV and Wind
disturbances plant in the system o]

. Transients should be within operating limits of 2. Ride-through and stability be
the devices baseloads

. Ensure that protection devices operate as
intended with limited current

a3 6-1. cHYFSH-X| @XM xgte| SEE Hlmet % A} oAl M= oHE 2XHE OtL|2t 22 ranking 2ES

4o
r
e
-4
=
=
N
(@)
=2
=
©
N
re
(7]
(@)
Q
=
=
o
o
o
(0}l
oM
fot

2 gt =1t impulse scan 2 AlZH £= S HESH|Of X <F0| QU A|ZHO)| 2t

= A

T T

FUt=7F HSHE chirp & 3 ¥ =8 wideband impedance & =311, 7|E sweep 1t
mode-damping-stability margin & H|$tCt O] Z1HE GFM resource 2| Q/V, P/6, V/I voltage-source

behavior 2f HZSIH "ERSICHE S9N FTEL /AKX ZA s &=t & + ULt
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M HILA| 3: PSCAD 5.1 speedup-accuracy map

71s 2747t ot 2t AFE HEMSH map O] ERSICH 5L A S0 A memory channel, SMT, OpenMP
thread, PNI project 3=, multi-rate timestep, PMR case ==& ¢t =4 HFL 1 runtime-memory
bandwidth-parallel efficiency-communication overhead-waveform error & =& $tC}t. PRSIM BiEt

case = power flow, fault current, dynamic response, engineering time 77tX| baseline 1} H| w 3L,

Ay = Hlo =#H & Wz
=2 52 82 2-channel vs all-channel bandwidth, NUMA, peak RAM, page fault
balanced
Tt project OMP 1/2/4/8/16, SMT on/off speedup, subsystem imbalance, CPU utilization
SZH-AZE 28 | single vs PNI 2/4/8, uniform vs multi-rate sync overhead, waveform-event-time error
Al B sequential vs PMR vs PNI+PMR throughput, license/core efficiency
ik manual baseline vs PRSIM/eTRAN 7t& PF/fault/dynamic mismatch, engineering time
He

« False-negative rate: screen O] & A EMT 2| =% case E EOtL} SX[=7

e Decision preservation: boundary-surrogate-multi-rate 7} mitigation ranking 1t operating limit £
BES=7L

e Model lifecycle cost: {22 OEM model It network update & ¢! case 0 BtFst= A7+
ORIt

e Validation coverage: PF-fault-dynamics-field-regression & O &0| At52tk| A =7t

« Total engineering time: solver time 1t AFE S| H2t="H. AT AlZtES E2(3 L0t S R=7t

e Reproducibility: snapshot, model version, setting, random seed, hardware £ manifest 2 X4

& et
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< IEEE

Real-Time Simulation: \ (apes

Process of HIL Testing:

* Model of Interest (MOI): The portion
of the system of interest (SOI)
modeled and instantiated on a real-
time simulator (RTS) .

* Hardware of Interest (HOI): The
portion of the system of interest (SOI)

I T T CHIL Hardware!
| i
I
I
I
I
I
I
Al L > I
existing in hardware (original physical |
I
I
I
I
I
I
I
I
I

Hardware of Interest ' 1

(HOI) SHE

Model of Interest |CHIL
(MOI) S, | Interface

CHIL CHIL
| Interface in| | [Interface in
Software Hardware

Sub-Model of
Interest (SMOI 1)
Sl

Interest (SHOI 1)

i
!

E Sub-Hardware of
! Sei
i

Vi
I,
V2
Inz

Vit
m

form) and interacting with the model
of interest (MOI) through HIL
interfaces.

Ina

* HIL interface: The interconnection
facilitating the interaction between a
model of interest (MOI) and a
hardware of interest (HOI) in a
hardware-in-the-loop (HIL) setup. @~  —————~—~———————————

Vitm

Tiia

O3 6-2. HIL 9lM model of interest, hardware of interest, interface & BA|Sl= WAl 1% EMT pipeline = Z |2t

Mg 22 £+Z0= 7|S8of Bt
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HE A pay'¥ MM XE

(@)

el EE 2TAO FRY HRHOIN © MAS CHA &7 I8 XCh S MMO| o3 Ft

A & ALt ZHY XX FH ol B XLt

N4 =M #Z

1 Large Load Integration in Modern Power Systems — Modeling, Challenges, 1% OB Z--AHA-HIL

and Reliability Impacts (Tutorial)

1 Grid-Forming Inverters and IBRs: EMT Modeling, Real-Time Simulation, and 2 GIMEE, 5 22, 6 F HIL
HIL (Tutorial)

1 Methods to Address Emerging Challenges and Opportunities in Transmission | 1% T&D planning, 4 & S&H =

Planning (Tutorial)

1 Stability and Resilience in Inverter-Dominated Power Grids (Tutorial) 3 & converter/HVDC ZlE, 5 & A|AE
=g
1 Assessment of Risks of Sub-synchronous Oscillations — Screening and 3 % SSO-impedance

Validation (Tutorial)

2 Hosting Data Centers in Distribution Systems — Challenges, Strategies, and 1 & BiH hosting-EMT model
Solutions
2 Wide Area Modeling in EMT Mode 4 % platform-solver-HPC
3 Modeling and Interaction of IBRs with Large Loads 1% Al 25121518 K], 38 4358
3 Alternative Solutions for Integration of IBRs in Extremely Low Strength 2 AAE solution portfolio
Networks
3 | GFM & MM 2 GIM 7|S-AH, 5 E=
3 Data Center / HVDC panel and presentations 1 & HIo|E{HIEH, 5 & HVDC integration
4 Screening Methods for EMT Studies and GFM Needs Identification 2 & NSCR-screening, 3 & ERCOT SSO
4 Wide-area EMT Studies of T&D Systems with High IBR and Data Center 4 utility workflow
Penetration
4 The Role of Synchronous Condensers in Emerging Power Systems 2 % K[ @Y, 3 & impedance/torsional
4 IBR Standards and Next Steps / Fault Response / GFM Protection S EHS.HESE
4 Designing the Grid for the Digital World (Super Session) Executive Brief, 1 & A 2.29F
4 Resources for Large Data Centers (Super Session) 1 & resource portfolio-F ¢4
5 Resiliency of the Power Grid (Super Session) 5% | 2EHE M
Z=7t | HVDC Grid Evolvement and Related Grid Transformation in Europe 5 & HVDC 2 ¥-DC hub-dynamic
rating-&
Z=7F | Performance Specifications for Grid-Forming Inverter-Based Resources 2% GFM 4&57|FERCOT-OEM-ISO A
Z=7t | E-STATCOM Applications and Field Performance Testing 2 % E-STATCOM
7|5 X G A S-commissioning
=7} | Simulation and Analysis of the 2025 Iberian Blackout 5% dMYetge-5 |2HolH
AHHEA
Z=7t | Impact of PMU Measurements on Grid Planning and Operations 47 B#E5 S EXl-wide-area control
Z7F | Al'in Grid Planning & Operations / Industrial Al and Data Centers 12 &H Al 4 Z digital twin-workflow
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o] EnAoflAef ofn|

CILR A& Q2 = customer-initiated load reduction. CHE MAHESIo| Fe 252 matsict
CMLD So TR R D YN 2SR Sl feeder & MR E HHBICE
PERC1 O M2 MXt £519| cease, momentary cessation, multi-step ride-through 2t reconnection &
HHsHE RMS AIE 2.
GFL/GFM GFL2 2IF M 7|&2 =Bt GFM 2 T 9| 37|42 @ H35l= voltage-source
behavior & X|2gFstrt
SCR/NSCR SCR 2 tH POI 2] t-E ASHE X[H, NSCR 2 LtS POI 2F 7|58 &5 JLEHAE BHHSH=
=3 X HLO
SSO/SSCI/SSTI &S 7|0t 0[52| TS, converter control 1} series compensation 2| &= %8, M Xef
1A= 42 HES 44 Yxd= 0.
Impedance scan KA S Fat+SEHE Y| resonance, mode, stability margin & £245t= gt
Wide-area EMT HMAS e g9 92 AM EMT 2 7438 converter 2 B HMY. D30 1M 2M5tE
workflow.
PNI/PMR PSCAD Ol Al H &2 02] project/process £ L& B QIE{H|0| AL} 02 AIHIE SAlO
HAHSH= FE run
CHIL/PHIL A Xl controller & power hardware & real-time simulation 2t ®Z 3 model-interface-setting =
dE5t= Al
Decision Hokts mEo| ot oLzl /20y T, limit, mitigation ranking 22 A EE S
preservation BESE HH
PMU/DFR S7| Y- Fat= MY HF Ee o E AIRIIEE 7|56 Atd X, 22 2, 2.5
AS0| r= A F 7|4t
E-STATCOM GFM HMOjet MohH ol fadd SHE Zas| M| HS-damping & Z2tet STATCOM 71 &.
QT XZAZD AFZHE HASHOF BT
Dynamic cable rating | =HZ7-H0|2.7| =51t digital twin & 0|83l #0|22| A|Zt7tH 1882 Aitstes 2E7|H.
Agentic workflow | AMZO| oot A&l-MA-HE X} QoM RH.C I E S E5H D A0S Helst= Al 7|8
orchestration.
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O © Ok
xOo 2

O|H GM 2| & O 82 HIO|HMEHLE &Y EMT o 202 &8 X|X| &=Ct C

H
ASKIE 7|2l 2fof et Al=l-2do ZA 7t HoX| D ACh= FOo| HYO|Lh FAS BFSHL,

Offf D=2 dFSIH, OfH Aoz g5 ROS0|L, AL [f OfEA Eo.=7g A7t O
ZES OfLtO lifecycle 2 2= [ o1 B2 HAA| 7[9S HOl A2t LA 7 H=3HA
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