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DOE OE AGM funded Research (FY22~FY25)
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Oscillation trending for 100% decarbonization:

wewonor (GFIC EVOlution, IBRs Integration, and Macro-grid

Task 1: Analyze emerging new IBR control technologies

Task 2: Analyze potential new electric infrastructures

Assess\

Assess

« What is the new oscillation trend?
* What new oscillation modes will appear?

Improvy

Task 3: Develop novel additional feed-back control
method to damp the oscillation

anrove

Task 4: Develop novel operational strategies for
dispatching generation mix optimally

Analytic-based method

Data-based method

Next-year-task
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Task 1 Prelimi b tion f i R e P N W e Task 2 Preliminary observation for
reiimin rvation r gri e K 06 - .
lask Fre ary observation for g “ 0/ o e e w NG . Macrogrid (HVDC & 60% GFM IBRs):
integration of IBRs (REGFM_A1): Hydropower TR s A\ New generation pattern in WI with seven new
generation in Northwest may drive the emergence ™<=~ 0 0 120 > HVDC injections, same/similar mode observed
of new mode (0.72 Hz) with limited geographical 0 » - at 0.72 Hz but with mode shape differences. We
i - Scenario 1 Scenario 2 i i i i
spread, potentially well-damped. 2% GEM L, A0%GRM i Sé%elnzr:gms > -4 have ongoing evaluation anq testing for HVDC-
p— e R ot s based supplementary damping controller.
PO . perotation (50% cneitaion (Al
ﬁﬁéi:ﬁ 1;‘?; » _p_lc%r;eltrr:tllzgeﬁou » s W | pouelest e Task 1: Analyze emerging new IBR control technologies Task 2: Analyze potential new electric infrastructures o FREQ CGS TRIP
(0.85 Hz, 18%) (069 Hz, 15.4%) (0.71Hz, 14%) (0.72Hz, 14.5%) * Grid-forming control and impacton real systems * Realistic/planned locations of the additional renewables A
* Impact of distributed energy resource on real systems + Dramatically changed operation condition and power flow :
» Impact of hybrid energy systems on real networks + HVDC Control strategies Fo
: » Whatis the new oscillation trend? ' - ‘_“ 2 bun o o
5 » What new oscillation modes will appear? ey - ime f)
Improv / Nmrove LT = Tower structure.
: > c1 e - o
al B Task 3: Develop novel additional feed-back control Task 4: Develop novel operational strategies for ‘ 22.0[m]
Hydmpmr‘q' N e method to damp the oscillation dispatching generation mix optimally Tower: DC2
inoriwest S L5 | $ + PSS-like damping control for Grid-following * Analytic-based method i Sr——
website © oo + PSS-like damping control for Grid-forming + Data-based method i
Task 3 Preliminary observation Task 4 Industry engagement &
for damping control design: operational strategy:
Small test system and preliminary Closely work with the project technical
controller design/testing showed that N . oo D oo oo S advisors and industry advisors
the location and partICIPatlon of 123 0616 124% 3 0645 | 4.6% 1 0.644 * 4.6% (PJM/NERC/PGE/BC HydrO/ERCOT),
individual inverter (|-e-, #2) matter, in 0634  14.2% 4 0613 leo% 2 0621  11.9% outreach to WECC and many members for
the scenario of damping control design w 2 oe7  ew T o6 | 42 data sharing and operational strategy
of mu|tip|e_inverter, mu|tip|e- 0621  148% 24 0620 146% N4 0.623 l 5.6% deve|opment_

synchronous machine network.




o

Pacific

Northwest  Project Industry Advisory Board

* Five participating IAB members
* Emanuel E. Bernabeu (PJM)
» John Paul Skeath (NERC)
= Song Wang (PGE)
= Asher Steed (BC Hydro)
* Yunzhi Cheng (ERCOT)

* (Done) First meeting on 9/30/2022
« (Done) 2" meeting on 1/30/2023
 (Done) 3 meeting in 6/16/2023

« (Done) 4" meeting in 1/19/2024

* In-person review meeting (to be scheduled)




\%/ FY24 Task 1 Progresses
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Northwest  Prototype testing REGFM_B1 for Oscillation Study

* Integrated REGFM_B1 model to IEEE 39-bus Model
in PSS/E

= Virtual Synchronous Machine GFM Model
= Steady-state current limiting function

* Transient current limiting function

= Grid contingency testing

Active power Frequency at bus 30
6 60.1
60.05
5
60
4 59.95
3 59.9
2 ' ot 59:85
59.8
! 59.75
-5 0 droop 5 10 15 VSM 20 25 30 =5 0 droop 5 10 15 — 20 25 30
——POWR 30[ GBUS3022.000]1 ~ ——POWR 30[ GBUS30 22.000]1 ——POWR 30[ GBUS3022.000]1  ——FREQ 30 [ GBUS30 22.000]
. . f Wei Du, Deepak Ramasubramanian, 2023 September WECC MVS presentation.
Simulated results (aCtIVG power and requency) by Task 1 team https://www.wecc.org/_layouts/15/\WopiFrame.aspx?sourcedoc=/Administrative/Du,%

20W.,%20and%20Ramasubramanian,%20D.,%20-%20MVS%20-
%20Virtual%20Syncrhonous%20Machine%20Grid-
Forming%20Inverter%20Model_REGFM_B1.pdf&action=default&DefaultitemOpen=1

6




- \z// FY24 Task 2 Highlights & Progresses

[Ref] Chatterjee K., S.
Nekkalapu, M.A.
Elizondo, H. Mahmood,
and X. Fan. "Inter-Area
Oscillations in Western
Interconnection with
High Renewable
Energy Penetration
and MTDC Macrogrid
Configuration." 2024
IEEE PES General
Meeting (accepted).
PNNL-SA-192117.

Northwest INtegrating MTDC and IBRs & Controller DeS|gn
NATIONAL LABORATORY TABLE I 90 1
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—Locatlon 1 (NW) —Locatlon 3 (NW) SUMMARY OF MODAL ANALYSIS
60.03 |- —Location 2 (BC) ——Location 4 (BC) | | 0.5
60.021- Modal Damping 150 ’ 30
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< . -
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time [s] 0.84 Hz 19 % . 240 300
Southern California vs. Rest 270
Fig. 2. Generator speeds for the Chief Joseph dynamic brake insertion event. %0 Fig. 5. Shape of the Montana mode estimated from the Colstrip event.
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i . i : _ ; : Fig. 6. Shape of the Arizona-Southern California mode estimated from the
Fig. 3. Generator speeds for CGS inverter trip event. Fig. 4. Shape of the BC-NW mode estimated from the Chief Joseph event. o B
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‘ < 57, Lolis, Mo fMT — Kd_Z VSC at
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g s 3 @ wiHvoCtemina COLSTRIP time [s] time [s]
PALOVERDEIAZ L~ > Iél.}DORADO N‘( | @ & HVDC terminal
/ sreor "2\5"Mw R ke Fig. 7. Modulating the active power set-point at Seattle and Colstrip MTDC Fig. 8. The generator speeds from two different locations in BC, both with
\ === Intrcomnectionseam terminals for damping the BC-NW and Montana modes, respectively. and without the damping control action.
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» Control Pref in the diagram through the =~ <" e REEA
following law:

Grid Following IBR Damping control Implementation

arning!!

Extreme care should be taken in coordinating State - IF Volta
the parameters dbdl, dbd2 and V. V,, 50 as
not to have an unintentional response from the
. trea, - reactive power injection control loop,
* The APref is adjusted by phase

Renewable Energy Electrical Control Model REEC A and REECAI

| 1
ge_dip = 0; normal operation {lginj = 1)

angles difference (AB) between

.
‘e
i\
.
.
.

set walue to byfrz for t=Thid, after which go back to
state
Veeio (user defined)

= IF Thid < 0, then after valtage_dip retums to zero, stay
dhlj.]., dhd2 in state 1 lor L=Thid,;|!lrr'whi1:h P back to state 0
1 1
L - i
1+ 5T, “'
h]
1F (¥, = Vigip) or [V, = V) then K
. Voltage_dip=1 ’
. ‘., . alse
selected buses, shown in the.followin e 0T e st L® [0
I *, Voltage _dip = 1 Vyaltage_dip =1
., Qen v, i
-, 1 ¥max 1 lgmax Fl: Lqing lgmax
di m i LT
lagra ; P () o
- iy B
g K @ qu + T J 1 " Lyem
H 1
H } [
. oY /@ ! ln !
: {Quy is initialized to a Viin A :
K constant,  or  can be Freszs Seate IF | ! 1
5 connected to an external Vpers (user defined) Valtage dip=11 : !
%, model, eg wpp) 1 ‘;
VDL1 L
Paflag
- 01 nrinrity
v > o
> Current I ’
Limit -
Ll:ug'il: Alter voleage_dip returns o0
W @ o follawing clearing a Fault, then
", e Ale = the maximum real current
A8 e (t) - Governor Response Limits setting modifies these limits — (Ipmas) that was caleulated
0 . LI . Down Onby: max limit is set to initial condition value Fresze State if ;& 'l'-'”“x‘.’p"'-“_h'””“j'“ remaln fixed
> Power gl:l.fi Wlth 2 Fixed: min and max limits are set to the initial condition value Voltage_dip =1 Vi + : far Thid2 scconds. After Thid2
GFL—IBR." —_ - . @ b seconds have elapsed, then the
+ .-.,.. dP wg \ i 1 lpmax 1 calculation of Ipmax will
. . max PFlag |\ J"_ v I continue as normal.
- (B ls initialized to ) \ . r :
....-....a;;qr_lg[:!l.'lt,nrc:n be 3 il  ° ! L
AB connected it e /—+ 1+ §Thgra @ J T R
4l external model) f ‘, —7
1 dpmiu n lm'" =0
Pmiﬂ
*
[*] PowerWorld, REECA1 Model



https://www.powerworld.com/WebHelp/Content/TransientModels_HTML/Exciter%20REEC_A.htm

— =~ FY24 Task 3 Highlights and progress

Pacific

Northwest  Damping control design for single GFL IBR

« Evaluated impacts of additional control to increase the damping ratio of the
wide-area oscillations in the mini-WECC system.

« Evaluated impacts of additional control to increase the damping ratio of the
wide-area oscillations in the full WECC system (20% GFL IBR) through

CommerCIaI SOftware PSSE Tight Coupling between the Damping Ratio of Real Power

Oscillation and Controller Parameter in Full WECC Model
Con1t5o5I Scheme Comparison through Real Power Through mini-WECC line #13

—Scenario 1 (Kp=500)
— Scenario 2 (Kp=300)

13

12D
=
o
=
% 12 Mode Frequency
8_ and Damping Ratio
© Red curve 1.782 Hz, 0.3441
115 ===No Control i 4.035 Hz, 0.4458
= =Q0riginal PSTess Control Blue curve | 1.291 Hz, 0.3485
-+++= Musca GFL Control 2.819 Hz, 0.4504
11k === Real Power Base Case Control i o B 6.693 Hz, -0.1109
_ 9.103 Hz, -0.0303
§ 11.466 Hz, -0.0098
10.5 : : :
0 5 10 15 20
time (s)

[¥] PSTess GFL control. Available online: https://github.com/sandialabs/snl-pstess
[**] Musca GFL control. Musca, Rossano, et al., "Power system oscillations with different prevalence of grid-following and grid-forming converters." Energies 15, no. 12 (2022): 4273
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* On Nov. 30, 2023, Prof. Dan Trudnowski attended the Oscillation Analysis Working
Group (OAWG) meeting sponsored by WECC.

* He presented our plans for analyzing 2020-2023 WECC-wide PMU data to assess
the system modes.

= Details on what data the team desired.

» Discussed how we will use the analyses results to update WECC's “Modes of
Inter-Area Power Oscillations in the Western Interconnection” document.

= WECC officials updated the OAWG members on the process they are using, to
allow Dr. Jim Follum from PNNL and Prof. Trudnowski to obtain the data. This
iIncludes official permission from all participating utilities.

« On April 30, 2024, the team learned that there was significant progress on WECC
approval and related data sharing agreement. More updates will be provided when
available.



% FY24 Task 1 Progresses

Pacific

Northwest  Industry Guidelines on Modeling Hybrid Power Plants

NATIONAL LABORATORY

» References used by PNNL team

NERC
e ———]
NORTH AMERICAN ELECTRIC
RELIABILITY CORPORATION

Reliability Guidelm%

Performance, Modeling, and Simulations of BPS--.
Connected Battery Energy Storage Systems and
Hybrid Power Plants

Modeling Renewable Energy/Battery Energy Storage System
Hybrid Power Plants

WECC REMWG
August 27, 2020 March 2021

[*] WECC REMWG white paper. Available online. https://www.wecc.org/Administrative/\WWECC%20White%20Paper%200n%20Modeling%20Hybrid%20Power%20Plant.pdf
[**] NERC Reliability Guideline. Available online. https://www.nerc.com/comm/RSTC Reliability Guidelines/Reliability Guideline BESS Hybrid Performance Modeling Studies .pdf



https://www.wecc.org/Administrative/WECC%20White%20Paper%20on%20Modeling%20Hybrid%20Power%20Plant.pdf
https://www.nerc.com/comm/RSTC_Reliability_Guidelines/Reliability_Guideline_BESS_Hybrid_Performance_Modeling_Studies_.pdf

—— % FY24 Task 1 Progresses

'E'%?tm"est Industry Guidelines on Modeling Hybrid Power Plants (cont’d)
= Definition of hybrid power plants:
= Co-located
» Coordinated operation: especially in voltage control
= Two main configurations:
= AC-coupled (separated converters): more flexible with existing storage, RES models
= DC-coupled (common converter): avoid power clipping, requiring locations to be close

AC-Coupled

Energy Storage System Energy Storage System Inverter upled
Energy Storage System Energy Storage System DC-to-DC Converter
I —_—
—
—r— Solar or Wind lnverter
-1 |
- — —
Solar Panel or Wind Turbine Solaror Wind Inverter L GRID Salar Panel or Wind Turbine
I = GRID
I
L
—~ | AC-coupled DC-coupled

[*] WECC REMWG white paper. Available online. https://www.wecc.org/Administrative/\WWECC%20White %20Paper%200on%20Modeling%20Hybrid%20Power%20Plant.pdf



https://www.wecc.org/Administrative/WECC%20White%20Paper%20on%20Modeling%20Hybrid%20Power%20Plant.pdf

% FY24 Task 1 Progresses

Pacific

Northwest Industry Guidelines on Modeling Hybrid Power Plants (cont’d)
= Any plants with rating above 20MVA requires detailed modeling

Interconnection . Equivalent Equivalent
Transmission e Collector Pad-mounted
Line UETID el System Transformer
1 2 3 4 5
Equivalent
@ @ @ Generator for
— | Solar PV
Point of i EVD”
Interconnection - Gt
6 7 3 Equivalent
Generator for
T2

Note: the actual detailed plant configurations can vary, depending on the voltage ratings at the
POls of the chosen plants to be converted to hybrid power plants in the WECC 2031 HW case

[*] WECC REMWG white paper. Available online. https://www.wecc.org/Administrative/\WWECC%20White %20Paper%200on%20Modeling%20Hybrid%20Power%20Plant.pdf



https://www.wecc.org/Administrative/WECC%20White%20Paper%20on%20Modeling%20Hybrid%20Power%20Plant.pdf

Plant control REPCA1 REPCA1
REECC1 (PSSE 35)
Electrical control REECA1 REECCU1 (PSSE 34)
Generator/Converter model REGCA1 REGCA1
* RES: renewable energy source ES: energy storage

** Dynamic parameters are adopted from existing dynamic model database
in the WECC and El planning cases
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REEC_C1/REEC_CU1 Warning!

Vrefo (user defined) Extreme care should be taken in
H 1: dbd1, dbd2 coordinating the parameters dbdl, dbd2
u EIeCtrlcal ContrOI mOdel for Utlllty If(Vt(Vdip) or(Vt>Vup) then and Vg, , V,, so as not to have an
Voltage_dip=1 Verr lgv unintentional response from the reactive
scale battery energy storage clse Vo Kqv power injection control loop.
Voltage_dip=0 £
system | -
e _Freeze State if Voltage dip = 1 _
Qmax lginj lgmax
P, —» + 8 4
E +
» ~ (E\ > lgema
\J 1
Qext—P. Qm - | :
(Qeg is initialized to a Qgen  Vmin "o
constant, or can be ] X
connected to an external Vier1 (user defined) : 1
model, e.g. wppc) | I
VDL1 A4
t | Current
Limit Pgflag
v (1) Logic 0 - Q priority
tfile Iz 1 - P priority
Governor Response Limits setting modifies these limits Freeze State if
Down Only: max limit is set to initial condition value Voltage dip =1 Vi VDL
- .. s s t_filt |
Fixed: min and max limits are set to the initial condition value — P : o v I
dPyax < @ = =Ppmax 1
(P,of is initialized to / : I_ :
a constant, or can be P L Iy
connected to an ' / I _I ot
external model) :
dPin i Ipmin
1
S0Cax I +
ifSOC = SOCpay : :
. [ SOCI; ‘;pmm =0 W _____ TR |
ES SOC modelin ) | e
g Iymay =0
Sor. . SOCmin

[*] PowerWorld, REEC C Model



https://www.powerworld.com/WebHelp/Content/TransientModels_HTML/Exciter%20REEC_C.htm

Pacific Dynamic model of Hybrid Power Plants (cont’d)
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i State Transition - switch position

Warning!! - . .

. - State 0 - If Voltage_dip = 0; normal operation (lginj = 0

Extreme care should be taken in coordinating State 1 — IfVoltage dig — 1, Iqinj goespm posiﬂggll )

RE EC A1 : the parameters d_bdl’ c.ibd2 and Vyyp, Vyp S0 as State 2 - If Thid > 0, then after voltage_dip goes back to zero,
— not to have an unintentional response from the set value to lgfrz for t=Thid, after which go back to
. . reactive power injection control loop. state 0

| G eneric renewa b I ee I eCtrl ca I - If Thid < 0, then after voltage_dip returns to zero, stay

Viero (user defined)

control model o

+ dbd1, dbd2 in state 1 for t=Thid, afterlwhich go back to state 0

1 Verr qu ;
K Fpreper b7 g !
I S fil —
= Electrical control model for roffene £ _ ;
If (Ve < Vgip) or (V; > Vi) then '\r% ’
large scale PV Voltage_dip - 1 v
else 2 @ 4~
pfaref tan Voltage_dip =0 Freeze State if Freeze State if [qfrz. / ®0
Woltage_dip = 1 @ IWoltage_dip = 1
PfFlag Qgen : Vma Vt filt : [qmax I 1
X | inj
1 1 Qmax B + /— VFIag )"/ + /_ QFllag q -:- gmax
o - T
1+ sT, .
= 1@ PP+ Kop + 57 [ 2 | lem
Q >0 1
- 0 Qunin _/ @ 0 I _/ @ v Iqmin :
(Qext is initialized to a Vinin qmin A !
constant, or can be Freeze State if : [ 1
connected to an external Vrer1 (user defined) Voltage_dip =1 : !
model, e.g. wppc) 1—" @ I ;
VDL1 1
P
1+ 5Ty, . gqﬂa}g X
> - Q priority
5 t_ Current 1 - P priority
= Limit

Logic After voltage_dip returns to 0
Vi file @ t N following clearing a fault, then

the maximum real current

Governor Response Limits setting modifies these limits T (Ipmax) that was calculated

Down Only: max limit is set to initial condition value Freeze State if : ? ?urlng the fault will Tfimam fixed

Fixed: min and max limits are set to the initial condition value ~ Voltage dip=1 Vit v o or Thld2 seconds. After Thld2

i . seconds have elapsed, then the
dp wg \ e 1 1 calculation of Ipmax will
o max * PFlag ' N continue as normal.
(Preris initialized to 1 \ .
a constant, or can be ‘ 1 1
Pref /—\'> — > Ip:md
connected to an \ |1+ STpord
external model) \
v /
dPin 0 P..
min

[*] PowerWorld, REEC A and REEC A1 Model



https://www.powerworld.com/WebHelp/Content/TransientModels_HTML/Exciter%20REEC_A.htm
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= Example of how we replace New buses
an existing RES by HPP 700000 800000
—10.0 0.0 —~
New RESRE 7oz ® .—<17093R % New ES
s Ko7 S | m05

AAAL AAAL NeW

— i’ B S
1 1 transformer
Original 1 S
RES
] S 193
' Regulated
b voltage bus

SS 17

WECC Transmission Introduction,
see https://www.wecc.org/epubs/StateOfThelnterconnection/Pages/\Western-Interconnection.aspx



https://www.wecc.org/epubs/StateOfTheInterconnection/Pages/Western-Interconnection.aspx
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FY24 Task 1 Progresses

WECC 2031 Heavy-Winter Model with HPPs (cont’d)

Dynamic simulation results

(p.u.)
1.04

1.038
1.036
1.034
1.032

1.03
1.028

1.026

Hybrid power plant voltages (pu)

Regulated voltage at POI

0 2 4 6 3 10 12 14

Time (s)

16 18

20

VOLT System POI Bus [13.800] ETRM700000[0.6900]RE

ETRM800000[0.4800]ES

18
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Northwest  WECC 2031 Heavy-Winter Model with HPPs (cont’d)

= Dynamic simulation results (cont’d)

POWR700000[ 0.6900]RE POWRS800000[ 0.4800]ES

(p.u.) (p.u.)
0.10002 1.12F-08
ﬂ 1.12E-08 ﬂ

0.100015
1.12E-08
0.10001 1.12E-08
0100005 1.12E-08
1.12E-08
0.1 1.12E-08
0.099995 1.12E-08
1.12E-08
0.09999 L E 08
0.099985 1.12E-08

0 5 Time (s) 10 15 20 0 5 Time (s) 10 15 20

19
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= Frequency support function in REPCA1 model of the RES

Freq Flag
0
°
o—»@—» Pext
1 ; (Figure credited to PNNL)
y: % Low-Pass Filter
Auxilialiy Loop
1+sT, For Inertia
Response
Pbranch
Real power generation from RES (MW
10.003 60.005
10.0025 60 .
10.002
10.0015 59.995
10.001 59.99
10,0005 o 08e Frequency at POI Bus (Hz)
10
59.98
9.9995
9999 59,975
9.9985 59.97
0 5 Time (S) 10 15 20 0 5 Time (S) 10 15 20
Frequency Support Enabled Frequency Support Disabled Frequency Support Enabled Frequency Support Disabled
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Pacific

Northwest  WECC 2031 Heavy-Winter Model with HPPs (cont’d)

= Next steps:
= Continue to add and test more hybrid power plants
= Current observations: initialization issues when adding more hybrid plants
= Plant parameters need to be tuned

= Study frequency support capability of these hybrid plants

21
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Xiaoyuan Fan, Ph.D.
Senior Staff Engineer & Team
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www.pnnl.gov

22



	Integrated Modeling of �Renewable, Storage, MTDC for Wide-area Oscillation Assessment and �Trending Analysis
	�PNNL Team and University Collaborators
	�DOE OE AGM funded Research (FY22~FY25)�Oscillation trending for 100% decarbonization: �Grid Evolution, IBRs Integration, and Macro-grid
	FY23 Achievement Summary & Highlights 
	Project Industry Advisory Board
	FY24 Task 1 Progresses�Prototype testing REGFM_B1 for Oscillation Study
	FY24 Task 2 Highlights & Progresses�Integrating MTDC and IBRs & Controller Design
	Grid Following IBR Damping control Implementation
	FY24 Task 3 Highlights and progress�Damping control design for single GFL IBR
	FY24 Task 4 Highlights & Progress
	FY24 Task 1 Progresses �Industry Guidelines on Modeling Hybrid Power Plants
	FY24 Task 1 Progresses �Industry Guidelines on Modeling Hybrid Power Plants (cont’d)
	FY24 Task 1 Progresses �Industry Guidelines on Modeling Hybrid Power Plants (cont’d)
	FY24 Task 1 Progresses�Exemplar Dynamic model of Hybrid Power Plants
	Dynamic model of Hybrid Power Plants
	Dynamic model of Hybrid Power Plants (cont’d)
	FY24 Task 1 Progresses �WECC 2031 Heavy-Winter Model with HPPs
	FY24 Task 1 Progresses �WECC 2031 Heavy-Winter Model with HPPs (cont’d)
	FY24 Task 1 Progresses �WECC 2031 Heavy-Winter Model with HPPs (cont’d)
	FY24 Task 1 Progresses �WECC 2031 Heavy-Winter Model with HPPs (cont’d)
	FY24 Task 1 Progresses �WECC 2031 Heavy-Winter Model with HPPs (cont’d)
	Slide Number 22

