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PROJECT SUMMARY

Scalable Hybrid Large-Scale dc-ac Grid
Analysis Methods

Develop characterization methods and tools to evaluate reliability, transient
stability, and economics of large-scale dc architectures in ac grids.
Approach uses (i) advanced fast-acting control in HVdc substations for
improved reliability, (ii) high-fidelity EMT models of dc scenarios (with
specialized numerical simulation algorithms), (iii) scalable hybrid simulation
of PSCAD-PSS®E (EMT and TS dynamics) through E-TRAN, and (iv)
economic benefits quantification of dc architectures.
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Primary Innovation

 Advanced simulation algorithms for fast simulation of high-fidelity models of scalable dc architectures to enhance number of nodes studied in dc architectures
(ORNL),

* Library of dc network components” EMT models (vendor agnostic HVdc converter substations, breakers, dc line/cable, scalable radial MTdc, meshed MTdc, and
MTdc grid architectures) (ORNL),

HVdc offshore Scenario 2

- Control algorithms in scalable dc architectures and individual HVdc converter f,',‘,'ﬁ,’,':,ﬁf,‘;’:,,,

substations to introduce reliability-by-design (ORNL), wind plants i s { Hvde
cenario 9, . .

* Hybrid EMT-TS simulation methods for scalable dc-ac architecture studies 1=K ¢ i¢ L ontes
including event analysis on dc architectures (ORNL-PNNL)) and system wide P ;f’,;’kﬁ;’;
feasibility and control benefits from MTdc (PNNL-ORNL), : plants

+  Economic quantification methods to quantify benefits from enhanced reliability - 5 i
and high bandwidth control introduced by dc architectures (NREL with inputs i i
from ORNL) and by system wide MTdc control (NREL with input from PNNL), .

. : Overall MTdc scenario
 Assessment of resilience Support prowded by MTdc support (NREL_PNNL)/ (with incremental build out of dc architectures from scenario 0 to scenario 1 to scenario 2 [with
examples of the scenarios shown in the figure above] to be studied in this project over three budget
period)

»  Development of MTdc TS dynamic models consistent with ORNLs EMT model and for grid-forming and grid-following controls to serve as comparison base of
performance, and to inform about limitations and uses of TS base models (PNNL-ORNL),

* Incremental development of dc architecture scenarios (from scenario 0to scenario 7to scenario 2 marked in the figure — the exact scenarios to be identified in
the project (NREL-ORNL-PNNL))

» Recommendations and guidelines for use of EMT models, TS models, and hybrid EMT-TS models (ORNL-PNNL). 5



* Inform policy makers of the pathway to introduce infrastructure upgrades in
existing ac grids.

 Tools and methods developed to enable reliable and resilient integration of
clean energy, aligning with goals of meeting 100% clean energy target by 2035
(and 100% renewables by 2050).

» Disseminate information to industry and educate planners on methods applied
for studying future ac-dc power grids.

* Provide industry with reliability-by-design approach in control systems for
different MTdc architectures in US: radial, meshed, and grid architectures of
MTdc. Quantify gaps in existing control systems.



Primary Innovation Proposed (ORNL in B

P1)

* Advanced simulation algorithms for fast simulation of high-fidelity models of
scalable dc architectures to enhance number of nodes studied in dc architectures,

Library of dc network components’models (vendor agnostic HVdc converter
substations, breakers, dc line/cable, scalable radial MTdc, meshed MTdc, and MTdc

grid architectures)
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Scenario-1: Meshed MTdc




Primary Innovation Proposed (ORNL in BP1)

Control System Managing MTdc System

Cenftral EMS

* Control algorithms in scalable dc architectures and
individual HVdc converter substations to introduce J' l

Local Local Local

reliability-by-design, ERE A

* Hybrid EMT-TS simulation methods for scalable dc-ac
architecture studies including event analysis on dc
architectures) and system wide feasibility and control
benefits from MTdc (in collaboration with PNNL)

HVdc offshore
transmission line
linking all wind plants - T

J E-TRAN [ PSCAD }

] [ Fast HVac Converter Models High-Fidelity Model

PSSE

Scenario-0: Radial MTdc




Collaborate to identity scenarios

Develop MTdc capacity expansion model
and PCM for Scenarios 0 and 1

Develop MTdc network component and

advanced control/protection models in
PCM

Develop the economic quantification
methods

Collaborate to identity the long-term
impact of the advanced controls

AC power flow + ETRAN
TS dynamics
(PNNL)

Capacity Techno-
Expansion Economic
(NREL) Analysis




Innovation Updates (NREL in BPT)

NREL team leveraged existing ReEDS model and developed capacity expansion models for
VSC macrogrid design.
NREL team developed the capacity expansion models of:

baseline system without macrogrid design

baseline system with proposed industry HVDC projects before 2026

5 potential options of radial MTdc system in near-term future (Scenario 0)

3 potential options of meshed MTdc in mid-term future (Scenario 1)

Based on the system cost, wind and PV capacity expansion results, we provide the most
valuable Scenarios O and 1 design options (and is iterating with ORNL and PNNL).

NREL coordinate with PNNL to identify the PCM and AC power flow baseline cases using
WECC 2028 ADS and MMWG EI 2026 raw cases connected with B2B HVDC lines.
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* Most valuable Scenarios 0 and 1 design and the associated VRE capacity expansion maps

Scenario 0 Scenario 1
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Scenario 1

Scenario 0

Baseline

-500

Scenario 1

Scenario 0

-30

System Cost (S Billion)

500 1500 2500 3500 4500

B Capital mITC mPTC mO&M ®Fuel ®mTrans mOther

System Benefit (S Billion)

NI < I -
HIE - D -

-10 10 30 50 70 90 110 130 150

M Capital mITC mPTC mO&M mFuel mTrans EOther  Total

TABLE INFORMATION:

The tables demonstrate the total
system cost of the baseline, the
selected Scenarios O and 1 design
and the system benefit (avoided
cost) of the 2 scenarios

Scenarios 0 and 1 will both introduce
system benefit to the baseline

Comparing with the total system
cost, the benetfit portion is relatively
small since the capacity expansion
model can only roughly estimate the
operation cost

Detailed system cost-effectiveness
study will be performed using the
PCM in the next quarter
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» Collaborate to identify scenarios

» Develop continental-level ac power flow
models

 Adapt industry-grade TS dynamics for
full continental-level system

* Develop MTdc phasor-based TS dynamic
models

* Simulate hybrid PSSE-PSCAD with
ETRAN

PCM (NREL)

AC power flow

(PNNL)

EMT dynamics
(ORNL)

ETRAN
(PNNL/ORNL)

TS dynamics (PNNL)

14



Develop ac power flow (P
transient stability model (T
e HVdc planning studies

Models coordinated with NREL's

in th

Industry-grade power flow models +
transient stability dynamic models

e Western Interconnection (WECC)

PCM

PNNL

e Fastern Interconnection

Process to combine 3 models

Elizondo et al, “HVdc macrogrid modeling for power-flow and transient stability studies in North American
continental-level interconnections,” CSEE Journal of Power and Energy Systems, Dec. 2017

Fg and

HVdc topologies from NREL'S ' ‘*
ReEDS, and input from IAB I

e TS MTdc model developed by

) to be used

WESTERN
INTERCONNECTION N ~

(WECC) ’ S

_ Modify power flow models to
accommodate HVDC injections

—» Adapt and test dynamic models <

Test and adjust

Combined WECCand El
system with HYDC Macrogrid

EASTERN
INTERCONNECTION

b (E)

Combine modelsinto one

HVdc Macrogrid

Envisioned

topology
Desired
transfer/inje
ctions levels

Build power flow
model

v

Add synchronous
* —— condensers to strengthen
short circuit ratio

Build dynamic
model

15



Transient Stability

Electromechanical phenomenon

« Transient stability studies
« Governor control

(frequency response)
 Transmission planning studies
+ Simplified HVdc converters

Less detail — larger area

PNNL will develop MTdc phasor-
based TS dynamic models

Hybrid Simulation

Middle ground

¥ \

Electromagnetic Transients

Electromagnetic phenomenon

Switching surges

Sub-synchronous resonance
Detailed HVdc converters

Current interest in large scale EMT
models to study high penetration of
IBR

More detail — smaller area

16



Primary Innovation (PNNL-ORNL): Hybrid Simulation

 Study the HVdc's control responses to different contingencies and grid events

* Investigate the interactions of modular multilevel converter (MMC) — based MTdc system with bulk
power system.

 Radial (scenario 0) and meshed (scenario 1) topologies
« Approach: hybrid electro-magnetic transient (EMT) — transient stability (TS) co-simulation

 Expected Accomplishment: co-simulation framework to integrate the EMT models of MMC-MTdc
system and the TS continental model eastern and western interconnections

The size is determined by VAr injection approach

1 -

_E BuifferZoneE PSS/E Model Buffér Zone

’ / Biound;lr).' Bu&cs'( . \

[ _ PSCAD Model . | |

: K ll AQ et MM(‘E .................. : | .....
o> ' | I AV, Rectifier  Thverter | |
AC infout (MW)Q i
WECC
(equivalent power injection at HVdc terminals) (full dynamic model)
v
Images from previous work: Liu et al, “Hybrid EMT- E-TRAN

TS Simulation Strategies to Study High Bandwidth PSCAD
PSS/E
MMC-Based HVdc Systems” IEEE PES GM, Aug. 2020 High-Fidelity HVdc Converter Model



HVac: High-Voltage ac

EMT: Electro-Magnetic Iransients

[S: Transient Stability

MTac: Multi-Terminal ac

MISO: Miacontinent Independent Systern QOperator
PCM: Production Cost Moae/

PF.: Power Flow

VSC: Voltage Source Converter

ReEDS: Regional Energy Deployment Systern
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Economic Operation = Why round trip PCM to (AC)PF: Planning issues that cannot be

Load, Variable Operation reliability dealt with only PCM or PF

resources, Transmission « PCM: cannot deal with voltage stability
Generatofﬂ?et — PCM s PF |- voltage and « PF: cannot deal with resource adequacy, flexibility requirement
characteristics, power flow

F;rilispsrii;:, analyses = Challenges to perform round trip

Network E

——————

topology

. DC to AC power flow conversion

Time consuming: Typically, it takes several days to months
to create a base AC power flow case from PCM data

To address this challenge, we have developed C-PAGE

C-PAGE uses AlI/ML, combined with PCM and PF
tools, to discover critical contingencies as they unfold
over time.

Used C-PAGE to develop the WECC 2028 ADS cases
Leading WECC’s Anchor Power Flow Work Group
(APFWG) in the “Round-Trip” capability

EPRI and GridView to adopt C-PAGE

interest

10% unsolved

Automatic or manual
settings to help
convergence

Select 100s of 90% cases automatically
hours of solved within minutes

Finally, 100% of
cases can be
solved within a
day or two



Scenario development survey Use ReEDS to develop capacity Use PLEXOS to develop PCMs for
with |AB expansion models for Scenarios O - 2 Scenarios 0— 2

ReEDS-to ;.
—P
PLEXOS link
A
constraints
constraints
Resilience Assessment Benefit Evaluation Use PLEXOS-PowerWorld tool to ~_POWer -
id . | bl . flow case \W/
Valuation Metric of Interest | E"tlf‘l vuinerable operating —
L ected Expected ..
T_E“:'_“ ":::nl rt:t:: tirne coO nd Itions PEC!{fIIENEJI[Eh\:'IJEEt
e 8:3gm Cost-benefit ratio i L
N i i i }I i? !: i - i 1{1 Target Timestamps Updated raw file with target
Dayahead (DA)  pm3 ot operating power flow
simulation Timeline, £2,00a 1an 9 800 <« Efficient use of resources ) BT & RTS-GMLC_Y2020MIDZHHIMMO 0w | 1y
1 | » | | 1 1 l L4l | ~ ower
— — T Tt _ 0200601 05:00:00 & RTS-GMLC_Y2020M06001HHISMMOD.caw
 Nesbmapr) | NN Congestion Management o S RTS-GMLC_Y2020MOED14HHOSMMcaw  TIOW CAS O AK RID GE
—t L e 2020-06-14 05:00:00 & RTS-GMLC_Y2020MIED25HH1EMMOD.raw > :
jan 2 2-156m AL (L Dynamic Frequency Support 2020-06-29 16:00:00 &3 RTS-GMLC_Y2020MDSD2SHH1 TMMOD raw National Laboratory
& RTS-GMLC_Y2020MOTD20HH1 SMMOD.caw
) 2828-86-29 17:80:08 )
Capacity Value &) RTS-GMLC_Y2020M0TD20HH20MMO0.raw

2020-07-20 15:00:00 & RTS-GMLC_Y2020MOTD20HHZ 1MMO0.raw 21



ReEDS with transmission updates EXiSting IndUStry HVDC PrOjECtS lVIap Scenario 0 Design

DC costs & losses

Transmission fixed

O&M (FOM) cost

N
)]

N
o

Converter capacity [GW]

LCC DC macrogrid

s
a

VSC DC macrogrid

-
o

[$,]

D Multi-link transmission
module . a
for curtailment reduction

10 GW
300 miles

o

Iterate until convergence

Existing Industry HVDC Proposed VSC route and
project modeling substation optimization function

« ReEDS is a capacity expansion and dispatch model that relies on system-wide least cost optimization to
estimate the type and location of future generation and transmission capacity.
e ReEDS with transmission updates can generate scenarios with VSC macrogrid designs
 VSC: 1) Meshed HVDC network; 2) Converter and line capacity independently optimized

* Existing industry HVDC project modeling and proposed VSC route and substation optimization functions

have been added to ReEDS model in Q1 for scenario selection. .



* NREL has developed capacity expansion models of 5 potential radial

MTdc system options in 2026 and selected the optimal one
Scenario 0 Onshore, Offshore Wind and UPV Capacity Map
Scenario 0 VSC Line and Substation Map (g BEse * proposed, greens_ 0 £EM80 + Proposed, 0reenc.0 AR * Proposed, orewns. 0
\ "I'.J?Illitm'.Jj L, ) fr.l ! . ff%ﬁp‘ "L K- ;o
25 -'f:JEiIli_F: ;. ? Y X ; IHH;TT‘.L
v _

20%5 e — [ —
— 0 20 40 0.0 25 50 7.5 0 20 40
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15 ®
Q . . .
] Scenario 0 System Cost (S Billion)
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o
z 1790
15 3 1800
: . ) g . i 1300 1222
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300 I I 5
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« NREL has developed capacity expansion models of 3 potential meshed

MTdc system options in 2036 and selected the optimal one

Scenario 0 Onshore, Offshore Wind and UPV Capacity Map
Scenario 0 VSC Line and Substation Map pufiess ¥ ppcesd, gréers 2 78898 + proposed, greens_2 ;- Base + proposed, greens_2

S A
Z35propLCC_VSC_green5_2 (2036) | & : . 22 : o . |
= T 3 y > AN : _ ;
& -—’i __ 27y g (e

25 Y

—r——
20 g 0 20 40 00 25 50 75 0 20 40
S wind-ons 2036 [GW] wind-ofs 2036 [GW] upv 2036 [GW]
158
5 Scenario 1 System Cost (S Billion)
_10'%3 2300
S
£ 1800 1739
15 O
10 GW U F : Lo 873
300 miles N ' \ 800 610
' 300 I I 2
-200 . e

65 41
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