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Key Questions for Grid Stability Services

Stable Operation at 100% IBR is Possible... What Stability Services are Needed to Get There?

=7] What services do we need? There has been substantial
—v progress in the industry
= It’s more than just inertia... here
How much? )
Our work is focused on
What are the units? How do different grid conditions change it? quqnﬁfying services

How fast? > Generalized

Technology agnostic

Fast and slow and sustained, it’s all needed. * Repeatable

Where? To develop a framework
that can be rolled out to all
system operators &
planners

Location matters... more for some services than others.



Growing Shares of IBRs and Changing System

Needs

Stable

Unstable

Power System Stability

* Grid-friendly
features
* High ride-through

Good use of
available (std) GFL

0%

* Weak grid features

+« GETS & FACTS

» Control interaction
mitigations

* Further control

advances
* Synchronous
condensers

IBR Instantaneous Penetration

* Grid forming

+ Islanded operation

* Enhanced fault
contribution

? E

e

Some GFM

resources and/or

other technology ——»
step change

. — . —

100%

—_—

Strong Grid

Weak Grid

An Overview of Grid-Forming Inverter Technologies and the Readiness of Power Systems Worldwide to Deploy the Technology
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Efforts Around the World

= System needs are evolving due to proliferation of IBRs and decommitment of synchronous generation.

= A variety of efforts on grid services is happening around the world, e.g. NESO, AEMO, EirGrid and ERCOT have
relatively new services, with varying temporal and locational targets

= This project aims to provide a framework to help define those targets and evaluate capability of various resources

_____AEMO | EWGrid | ERCOT

to provide the services.

Timeframe
Inertia

Locational?

Timeframe
Short Circuit Level

Locational?

Timeframe
Active Power

Locational?

Timeframe
Reactive Power

Locational?

* Different requirements apply to different types of service

System-wide
Regional

Initial response <0.5 s, full
response <1s

System-wide

Initial response < 0.02s,
Full response <0.12 s

Nodal

System-wide
Regional

~1s, dependent on
voltage recovery

System-wide

Initial response <0.04s,
Full response <0.08s

Nodal (case-by-case)

System-wide System-wide
Regional Regional
<2s ~0.25s or ~0.5s*
System-wide System-wide
Rise time 0.04s,
Settling time < 0.3s e
Nodal Nodal






Stability Services Framework Overview

- : Need for Services
Provision of Services Z _5_ ﬁ S— +
(Resources + Transmission)

Acceptance Criteria

Power Type Timeframe Location Operations

. Fastest _
Active Local/Regional Headroom
(cycles)
Medium/Slow : !
Reactive Network-Wide Dlspatch, Line
(seconds) loading




Resources, Direct Impact to Services Z

* All resources may provide one or more of the services Synchronous or Inverter-Based

* The services rendered depend on the resource’s _AV:IJ STATCOM

characteristics & operating condition o
Energy or Non-Energy

e

Generation or Load

Transmission, Indirect Impact to Services ﬂ
Can “move/deliver” services to different locations

Distributed or Centralized
10



What's Not in Scope

System Restoration

- Sometimes shown as a “black-start” service

- System restoration is far more complex than just having black-start resources
Protection

- Sometimes reflected as a service for “short-circuit current/level”

- Highly dependent on the protection scheme, communications, etc.

- Some protection schemes may pose a demand for certain other services like fault current,
zero or negative-sequence current, but we're not tackling this here

1l
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Power Type and Timeframe

/ Inertia el

Respn'nse Time

1 i1 | |
SF B
R

1
,l Favaan
|

Reactivé‘ Power Grid Services (VArs)

%,
%,

-
b .

\‘ ]
\ 1
'\ Grid ! i

k / Voltage Regulation

L J

\Ejtrengt /

\
Rezponse TiMe ol
\ 11

\\%‘Q‘:’{i;’ ,// §§

N ="~

Our stability work will focus on the services in the shorter time frames

13



Slower (Plant Voltage Regulation) Services Fast (“FFR”) Services Fastest Services “Inertia” or “Grid Strength”

Reactive Power Services Active Power Services

kGFN\:\'a'
SM _——

‘- GEMs (GFM13, GFM1b, GFM3a) T

.\.H GFLs (GFL1b, GFL1c, GF

Dynamic Admittance [pu]
Id/Vang [pu]

24 24 2% an

18 i FH] FT] F) 1t ET)
2 4 ] ] ] 12 14 18 ] ) 22

B

Frequency, dqO (Perturbation Frequency) [Hz] Frequency, dqO (Perturbation Frequency) [Hz]

Apply Frequency-Scan Methods to Consistently Assess Responses and Timeframes in a Technology Agnostic Manner

14



Location: Defining Grouped Regions

- Areas and zones from today’s powerflow models are based on ownership/control regions
- It does not reflect the underlying fundamentals of the grid, nor how it is expected to evolve

There are two major physical attributes that guide our regional grouping:

Network connectivity (admittance matrix) AND Resources online & their characteristics

: TH T T i
0 N — T . _.T _f.J_‘@_ § \ GFMSs LGF_M],_Q,_GF_M}E'E_F_@B-a)_- — —-:
J)r- (1= I . i I B e
T,_ T g | || SRS~
T I T L | $ g -“—-—-”___,.--"
4 [ l T ---______S_M- ------
== T & LA GFLs (GFL1b, GFL1c, GFL2a)
R | 1 A e
& & & @ ) —

Frequency, dq0 (Perturbation Frequency) [Hz]
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Location: Buoy v. Breakwall Resources

“Buoy” Resources “Breakwall” Resources
Resources with little provision of stability - Resources with large provisions of stability
services, particularly in the fastest services, particularly in the fastest
timeframes timeframes
i.e., GFL resources, small resources, - i.e., Large SM & GFM resources with
resources with little/no headroom headroom

J=—— — = e - s e
— > gt e

r—o—so—shore— 16

thps://W ‘ekels.copho’ro/green—bouy—on—oceon—
2350584/ 5113384/




Operations: Grid Condition-Dependency

Provision-Side: Headroom constraints

- Margin to Active Power Limits — some resources may
allow temporary limit exceedance

- Margin to Reactive Power Limits — some resources may
allow temporary limit exceedance or trade-off active power

Upper Limit

P and/or Q

Need-Side: Contingency Size

Low headroom
High headroom i
- Generation Dispatch — Higher dispatch results in a larger
P-loss event

- Transmission Line Loading — High loading results in Time
higher Q (I1°X) losses post-event

17



Bringing it Together, Provision Side

4 Pillars of Framework Covered

One Case / Snapshot

Grouping A
Grouping N

Active Power Services Reactive Power Services
(Subject to P Limits) (Subject to Q Limits)
Fast ) (Medium\ 4 Slow 4 Fast A KMedium\ Slow
MW MW MW MV Ar MV Ar M
AS Af Af 14 14 V]
[.] [..] [..] [..] [..] [..]
L] L] L] [.] L] L]
L L L L] L] L]
2{} 2{} X{} X{} %{} 2{}
L] L] L] [.] L] [.]
L] L] L] [.] L] [.]
L L] L L] L] L
2{} 2{} 2{} 2{} X{} 2{}

J \_ VAN I\ AN __

'\\

o = = e e e e e e e = = = o - ]

Operating Condition

Dependency

Location
Dependency

Timeframe

Dependency
18
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Regionality of Services

Reliability within a region is affected by many factors (power transfer, available reactive
power support, relevant contingencies...)

« System boundaries are traditionally determined T _I
(
-

based on... i
«  Ownership |

« Operational boundaries ‘l'l'\" — T

« Historically observed behavior

* In SM-dominant power systemes, this is sufficient... -
 IBR dynamic performance can vary more than o :l_ R @ -
SMs depending on the plant software ~ —-77 7 ____ Ee | rigedion e

] \
» IBR dispatch can shift quickly due to changing | ‘\l
weather conditions, stressing system stability D SN ™
\

There is a need for a reliable and technology-agnostic method | I/ |
to determine the appropriate study boundaries based on —©— / ; > © 'I'\ =
transmission and generation dispatch S 1 20




Proposed Network Grouping Process

Objective: Group not by historical/ownership boundary, but by electrical attributes
Electrical attributes include both transmission topology AND resource mix characteristics

Hierarchical Grouping
System Data Algorithm Regional Groupings

Group |

Colors show
nteraction Factors

4 5
Busi Groupi
21



INnteraction Factor Calculation

Short-circuit fault analysis is applied to determine the interaction factor (‘electrical closeness’) of
transmission buses within the system i.e. which buses will swing together

Example System Powerflow e Example Bus Interaction Matrix
| <\ (\ o [I'I[EI?EUIJI'I Facoor
v %- % I 2006
% 1= 4 ( IEC 60909 e | Where
g, ~ . SC Fault sasane interaction
l Analysis at J— factor (IF) is:
A | © Every Bus £
- I @ in Network » IF = AV;
N 543011 l] Al/j
T “77 1 Ex: Isolated Bus with
—_— —r e | low interaction factors

543004 543006 543007 543008 543009 543010 543011 543013 543015 541016 22
atBus



Regional Grouping In-Practice

Consider:

« Faultin Region A causes a large voltage decrease in Region B because B does not have much local
reactive power services to prop up voltage in B. This results in a high interaction factor for A > B.

« Fault in Region B does not cause a large voltage decrease in A because the stability support services in A
support voltage in A. This results in a low interaction factor for B> A.

This asymmetry highlights a stability boundary in the system!

The grouping
algorithm captures
this boundary by
accounting for
generation mix as
well as tfransmission
network fopology

Region B

Low penetration of generators providing

active and reactive stability services 23

High penetration of generators providing
active and reactive stability services



Hierarchical Grouping Methodology

Buses are grouped in hierarchical order based on the highest interaction factor.

Hierarchical Grouping
Algorithm

o 0.6
N e ix Each bus begins as Buses are
o : an individual group | sortedinto
e 4| distinct groups
- 04 /| ofvarying size

24




Choosing an Interaction Factor Threshold

Selecting the Number and Size of Groups (Granularity) e o

« Each bus begins as an individual
group

» The hierarchical grouping algorithm
proceeds with grouping until there
are no two groups with an interaction
factor above the user-specified
threshold

« The granularity of the analysis can be
adjusted by tuning the IF threshold
(blue dotted line)

* |In the example shown here: 8 groups
are determined using an interaction
factor threshold of 0.02

N
;| Buses are

Lower Threshold:
Fewer groups

Y sortedinto
3;' distinct groups
if of varying size

5 25




Groupings - Interaction Factor Matrix

For our demonstration on the SPP system, a 2157 bus test system is aggregated into eight

groups...

Group |

Interaction Factor

D.25

0.2

0.1

0.05

26
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Grouplings - Geographic Mapping

; Groub 7

2467MW

25 | 50% IBR:
Group 3 ¥ Group 6
2609 MW 4080MW

N N A Group 5
Group 8 " A 2618MW
2858MW ” ~ : s 2%, IBR
82% IBR

- Group2 |
- 77AMW Group 1
Eight regions for stability services 75% 'BR._; y | 502?723% )
assessment  1BRY
.  Lines to external system
Lines between groups NEgaowa
i s L Gl O‘}“’f“?"“’ City 3 B >
terfia e e o




Stability Services at Group Level

The stability needs of the system and available stability services are assessed by group

« Calculating stability needs for each group:
« Generator outages within the group active
power service

« High-impact tfransmission line confingencies
require reactive power services
« Stability services provided by each generator are

determined from individual resource
characterization and summed by group

28



Grouping Framework Benefits

Groub 7

L

Benefits of a Grouping Algorithm ?,25%67']’;?
« Based on physics, not historical % Group 6
._408OMW

ownership/control (fransmission network

_ g™ %. |BR
. o \ Group 5 i
dafa + online resources) . S T e
« Repeatable method for identifying 2858MW L B 27 (BR
system boundaries & interfaces RAGEh
. !Quns quickly, enobling users to see how . Group2,
interfaces move for different scenarios i ST7A MW Group 1

i . 95% IBR 533M
or contingencies ‘ 0% IBR:
« Can be adapted for different operating

conditions or planning scenarios

Memphs
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Provision of Services in a Region

- Provision of a service in a region = 2
(provision of services at each resource
providing that service)

- Looking at individual unit responses to
have a “quick and dirty” idea of how
much services may be available, and
what devices may be contributing

- Magnitude of response, location
(region), and the time frame (s) during
which the response is provided — all
important factors

- Provision of a service from a device
may depend on availability of energy
(headroom), and appropriate control
functionality and settings

Resources

S S

Per-unit MW on MW

Resource A [MW], [MVAr] True/False
Resource B, etc. base

Timeliness of Delivery

Fast Middle Slow

(i.e., Inertial, Grid
Strength) Vreg)

(i.e., Plant-Level,
Governor, Exciter)

(i.e., FFR, Terminal

0.1s-2.0s
[APg/Af, ], [AQ,/AV,,]

< 0.1 seconds 2.0s-10s

[AP, /Af, ], [AQ, /AV,,]

[AP, /Af, ], [AQ, /AV ]

31



Provision of Services by an Individual Resource

- Multiple resources including IBRs, synchronous
generators and other devices act together to
provide different (active power, reactive power, etc.)
services

- Can we get an idea of how a device will respond in “Disturbance
a dynamic simulation? One approach can be
analyzing the model’s parameters. Resource YA

- But, the device model may contain different —l
flags/settings and it may be a DLL model — analysis

based on just the parameters may require a lot of Measure how

effort and may be inaccurate the resource
reacts

- Another approach: subject the resource to different
disturbances/tests to get an idea about its
performance and how it might contribute to different
services

32



Load the powerflow case

|dentify the resource point of
interconnection (POI) and disconnect
any lines/transformers at the POI
connecting the resource to the rest of
the network.

Add the SMIB setup to the case and
connect it to the POI.

Put the rest of the network out of
service for faster simulation.

Load the dynamic model and data

- Add appropriate disturbance — time

domain and frequency domain
characterization

Resource

‘Disturbance

»
%

—

Measure how
the resource
reacts

33



Small signal frequency domain
injection in grid voltage magnitude
and frequency, and measure
response in active and reactive
power at that frequency

Chosen frequencies to estimate
responses in different timeframes:
0.1 Hz (slow), 1 Hz (middle), 10 Hz
(fast)

Mag (pu/pul

g5 &

Phase (deg)

Phase (deqg)

e
= [ i
e e == —————

Frequency (Hz)

Croi | Vanal
=== Resource 1
——- Resource 2
—=- Resource 3
A
*y
Y
- \M__‘-..
T
—————---.———_____.___p—-—-‘;"—h'-u-:..—_.e’_.——_-:._-
----- 'I;I
. e
—_ 1
T )
- [l
’ "'..,_‘- [
A . ,:l
! )
! LS
;" "'l il
] 'l.
[}
i i
A \
mme == —— v
- % . 1
-4
—— —_ -
10'1 lu]
Frequency (Hz)

Resource 1 — SM | Resource 2 — Type 2 WTG | Resource 3 — GFL IBR




Resource Characterization — Time Domain

- Step changes in grid voltage and frequency are
applied as the time domain disturbances, and
changes in active and reactive powers (compared
to pre-disturbance values) indicate the response of
the device

Frequency step - active power response

ol

}‘x \\"\._,...-—

————————————————————————————————————

0.0
U —— PResource 1
——- Resource 2 |
—-= Resource 3
I
T

Voltage step - reactive power response

- The responses in different timeframes can be
estimated by looking at responses during different
‘windows’: 0-0.1s (slow), 0.1s-2s (medium), 2s-9s
(fast)

- Similar behavior as indicated by the frequency
domain characterization

— —
u —
I

- —
 —

0.2 —
\ #_*_,_...--"""" —— Resource 1
0.1 i - -~ Resource 2

—-= Resource 3

- Additional energy supplied during a timeframe —
area under the curve can yield a numerical value,
useful when comparing a large number of s 10 5 14 16 18
resources Time (s)

Resource 1 — SM | Resource 2 — Type 2 WTG | Resource 3 — IBR
35
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Need for Stabllity Services

Generation Contingencies

- Trip single largest generator by MW output in each
“Group”

- Usually also the largest by MVA, but not always
Transmission Contingencies

- Trip single line/transformer with highest MW flow in
each group

- These are usually within a group or to the external
system (flows between groups are usually not high)

Monitor Dynamics

- Voltage & frequency of buses, aggregated by
“Group”

-P & Q of all resources, aggregated by “Group”

Group 7 "
246 7MW
’ 50% IBR N

\ Group 6

Uhited 5t g
Group 5 4080MW
Group 8 : 2618MW 0% IBR
2858mMW A
82% IBR G '

g TR Group 1
\ : s i8R 533MW
-.Group 4 / 3 0% 18R
3w - B
T A%IBR . '

.......

37



Need for Stabllity Services

Generation Contingencies Selected, Highest MW Dispatch Maximum Generation Contingency [MW]
Group 1 Group 2 Group 3 Group4 Group 5 Group 6 Group 7 Group 8 1000
266.7 170.0 633.7 107.2 1237.6  881.0 1097.3  208.3 800
Transmission Contingencies Selected 200 l 0 I
GI'OUp kV RateB XpU Pflow [MW] Qflow [MVAI'] Maximum Single Transmission Line Flow [MW]
Group 1 345 870 0.014 202.5 -5.7 800
Group 2 345 1159 0.009 700.3 -41.5 700
Group 3 345 1195 0.027 737.0 9.2 600
Group 5 345 1793 0.011 457.3 3.2 500
Group 6 345 1684 0.016 624.6 62.1 400
Group 7 345 1793 0.012 736.9 69.5 300
Group 8 345 1168 0.003 492.7 38.6 0

0
Group1l Group2 Group3 Group4 Group5 Group6 Group7 Group8

Note: Group 4 was particularly small and had no 345kV transmission internal to it



NERGY SYSTEMS
INTEGRATION GROUP

39
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How Are We Testing the Framework?

Provision of Services Analysis
(Resource Characterization) - v
Services Inventory

Regional Grouping
5P Frcly A | A

System

Data \
Need for Services Analysis 4

(Contingencies)

(Power
Flow &
Dynamics)

Large System Time-Series Simulation
(Conventional Stability Analysis)

Benchmark Stability
Services Inventory
40




Scenario & Sensitivity Matrix

Conventional Summer Peak Case 20% (SCR~12) Mostly SM SPP TPL 24S
Summer High IBR Case 40% (SCR~5) SM + GFL SPP TPL 24S-SENS
" Light Load, High IBR (Wind) Case 60% (SCR~2) GFL + SM SPP TPL 24L-SENS
Very High IBR Penetration Case Modify 24L_SENS
(GFL future build-out) 80+% GFL + SM --> sub GFL for SMs
Very High IBR Penetration Case Modify 24L_SENS
(GFM future build-out) 80+% GFM + SM --> sub GFM for SMs
Very High IBR Penetration Case Modify 24L_SENS Topology
(Transmission mitigations) 80+% GFL + SM --> sub GFL for SMs

Starting here as the Reference Case

41



Overview of Sensitivities

- High IBR, GFL-dominant sensitivity A change in resource mix or

: . S transmission impacts the balance of
-High IBR, GFM-dominant sensitivity services as well as the relevant
- In the future, new transmission sensitivity... stability boundaries (bus groupings)
within the power system

New Bus Groupings

Sensitivity: Change in
Resource Mix or
Transmission Topology

New Balance of
Available Stability
Services

42



Setting Up Sensitivity Cases

Determining Units for “Conversion” from SM to IBR

- Aimed for ~80% IBR penetration by active power generation
- Identified 18 SM units for “conversion” to IBR
- Only the dynamic models were changed

- Topology, commitment, and dispatch were unchanged for an “apples-apples” comparison
with the reference case

Total Online IBR MW Pgen % IBR Penetration by Pgen Change in % IBR
Pgen Initial New Initial New Penetration by Pgen

Group 1 533 0 267 0.0 50.0 50.0
Group 2 774 735 735 94.9 94.9 0.0 Biggest changes to
Group 3 2609 1379 1947 52.9 74.6 21.8 the previously SM
Group 4 344 15 237 4.4 68.8 - heavy groups
Group 5 2619 66 2428 2.5 92.7
Group 6 4080 0 3320 0.0 81.4
Group 7 2401 1164 2262 48.5 94.2 45.7
Group 8 2859 2341 | 2341 81.9 81.9 0.0 o




Resource Characterization of Individual Resources

Replacing Synchronous Generators

125 - a0 -
=]

100 -
3

P

- Synchronous generators
replaced show a range e
of responses (gray) —to P_th angle Q V angle

Magnitude (p
A

e

be replaced by IBRs gl N\ we
providing different levels $ oo 0
of services (colored) € oo e
) IBRS prOVIdIng dlfferent 0.8 Diffarent levels of frequency muplzmrltquum:ﬁrI:HI+ Freavency () wirrerent levels of voltage support
levels of services are [ B |
explored in later slides N | w1 — |
g o0 j”_ s E 1d (
é -n.? ; 1) |

Tirme (5] Tirme (5] 44



Different IBR Models Used for Sensitivity Cases

- IBRs can be categorized based on the services they provide

- Three IBRs parameterizations initially considered:
- IBR GFL Catl — provides minimal/no services (worst-case)
- IBR GFL Cat3 — another GFL parameterization that provides a high level of services
- IBR GFM — provides fast frequency and voltage services among others

- IBR GFL — uses generic renewable models (REGC/REEC/REPC)
- IBR GFM — uses generic grid forming inverter model (GNRGFM)

- GFL Catl and GFM are used to represent the two extremes in all sensitivities

45
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Different IBR Models Used for Sensitivity Cases

- Services provided — depend on what functionalities are activated in the
model as well as on control parameters chosen

- Different control parameters may be appropriate for different systems

- GFL Catl — constant active power, constant reactive power controls (very
pessimistic)
- Uses electric control (REEC) model following the active and reactive
power command
- GFL Cat3 — relatively fast voltage and frequency support
- Uses plant (REPC) and electric (REEC) control models providing voltage
and frequency support
- GFM — different control modes possible for grid forming inverters
- Uses droop-based single-loop control (GNRGFM)

- GNRGFM model uses similar control structure to other generic GFM »
models (REGFM_A1 and REGFM_B1)



Different IBR Parameterizations — Frequency

Domain Characterization

- GFL Catl — provides minimal/no support

- GFL Cat3 and GFM provide active
power/frequency and reactive
power/voltage support

- For the slower frequencies, same droop
coefficient cause similar responses, but
in the faster region there are differences
— related differences in faster controls
and tuning

- Factors such as deadbands and size of
the frequency domain disturbance
chosen may also play a role

Phase (degree)

Magnitude (pu/pu)

100 -

—100

15 4

10 +

P th magnitude

Q V magnitude

==

P th angle

T UL T
1071 107 101
Frequency (Hz)

N\
-I | II qiifﬁfff?;; —100 -

Q V angle

— GFL
— GFL
— GFM

catl
cat3

T
101

T
107
Frequency (Hz)

T
10!
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Different IBR Parameterizations — Time Domain

Characterization

- GFL Cat1 - provides minimal/no support

- GFL Cat3 and GFM provide active power/frequency and reactive

power/voltage support

- In the initial ~0.5s, there are differences in GFL cat3 and GFM response, after

that the responses are similar due to similar droop coefficients

- Factors such as deadbands also play a role

Different levels of frequency suppaort Different levels of voltage support

0150 1

0.125 4

=]
-
=]
=1

—— GFL catl — 0,150 1 T - - 1 S —— GFL catl
—— GFL cat3 —— GFLcat3
— GFM ' [ ' 0,125 - - ! ! ! L GEM

0.100

0.075 1

Active Pover (pu)

0.050 -

0.025 4

T P--
0.075 4 | [

0LOS0

Heactive Power (pu)

0025

0.000

—0.023 A

—0.050

Q.000

M M 0 1 12 13 7 8 g 10 11 12 13
Time (s) Time (s)
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How do the Time Domain and Frequency

Domain Characterizations Compare?

- Response in time domain over O-
0.1s (fast), 0.1-2.0s (medium), 2- P_th magnitude
9s (slow)

—

Different levels of frequency support

\ﬁ: | — ¢

—— GFL catl
- GFL cat3
— GFM

15 4

- The following is calculated for 10
Hz (fast), 1 Hz (medium) and 0.1
Hz (slow) frequency domain
response: .

10 +

Magnitude (pu/pu)

AP = (magnitude* cos(phase))* Af P_th angle

- Some differences still exists, 100 -

potential reasons:
- Differences in disturbance —

sinusoidal at a single 1007 / ' : b

frequency vs step —_———— .
101 10" 101

- Nonlinearities such as delays Frequency (Hz) o
and deadbands

Phase (degree)
o




Service Provision by Resource Type

50

40

50

40

20

Average Fast Active Service by Resource
Type [AMW/Af,,]

Average Fast Reactive Service by Resource
Type [AMVAr/AV, ]

GFM offers improved
fast reactive services

50

40

50

40

20

Average Slow Active Service by Resource
Type [AMW/Af,,]

Average Slow Reactive Service by
Resource Type [AMVAr/AV, ]

All plots in per-unit
weighted by
generator MVA

m GFLCatl
mGFM
BSM

No headroom
limits applied!
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Grid Strength Assessment

Sensitivity Case SO0 - 345 kV Short Circuit MVA Scan

Avg: 1825 el \ IL i
- Y o Avg: 5988 o-=-a- oy | Base Case vs. SO IBR Dominant Case
-’/ 40°N ———————UINI T ED-STATES \\ = N \ : -
g ‘ | | [ " . i (Increased IBR Presence in MO, IL, KS)
S : e : | |
o U S g KL Mo . = The ‘IBR Case’ has 18 synchronous
. e 4 3 T Wk . | . .
- - W k e Wi | , IL, KS.
& ! ! I 1 { enerators replaced with IBRs in MO, IL, KS
-------- ! .
a4 - a5 ,fiﬂl'HJIL J:_AR a4
~| - 1 ’ i
o e | - - SN #; “1 i = The reduced presence of synchronous
e Longhice o oW 5w | generators in MO/IL/KS caused the short-
Longitude i ] ] ] ] ]
_ » circuit capacity in the region to decrease.
Avg: 1825 ‘3 et Foc V8 \" " |
Avg:3527 -~ VQ: = e i ST .
| ° ‘ wxi #5777 {\ | = Thisis indicated by the area in the red dash
% -z~ «[ - ‘\ 10: ) circle, in which the yellow region brightens
o «_g-'m»u URTIILAE L B 8 [ § KSR O ] ] ) ] ] ) )
| EAV9L343° | § | EmE Th e e | indicating an increased risk in grid strength.
! l A T | L . :
8 | . i : o The average short circuit MVA in the region
-~ ) 35°N - —i = OK : AR i i
o fomom | Lt S o N reduced from 5988 MVA to 5478 MVA.
o , P T~ }—H TX “ll R
o sl o X 00w oW | 51

Longitude
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Inventory of Services — Provisions

SM Dominant Case

. i Slow Active Power [AMW/Af_ |*
MVA of Online Resources [SM, IBR] Fast Active Power [AMW/Afy, ] pu
600000.0 10000
7000
500000.0 800.0
6000
400000.0 600.0
5000
300000.0 400.0
4000 I I
200000.0 200.0
3000 100000.0 0.0 - l =
2000 0.0 [ | _ . = ] - Grpl  Grp2  Grp3  Grpd  Grp5  Grps  Grp7 Grp8
1000 I I I Gl Grp2 Grp3 Grpd Grp5  Grps  Grp7  Grps -200.0
cpl  Gp2  Gp3 G4 Gps Ge  GrpT Gres Fast Reactive Power [AMVAr/AV, ]  Slow Reactive Power [AMVAr/AV, ]*
Geography of Groupings
i 45000.0 100000.0
. - SCroup 7
. 24£7AN “ 40000.0 500000
e Croop 3 s 35000.0 '
dsh ZED9 AW ! ACECHW 30000.0 60000.0
et UER -t Bf 25000.0
N ; . : 2 f 20000.0 40000.0
il 15000.0
10000.0 200000 I
o T, 5000.0 I 0.0 ~ m N -
T TN Graup 1 0o W _ | m  m Grpl  Grp2 Grp3 Grpd  Grp5 GrpB  Gro7  Grps
5?:*’;';\ Grp1  Grp2  Grp3  Grpd  Grps  Grpg Grp7  Grp8 -20000.0

*Slow services are limited by headroom
©2022 ESIG. All rights Reserved.



Headroom Limitations Applied

SM Dominant Case

. Group 7 exhibits negative
0 Fast Active Power [AMW/Apr] Fasi Reactive Power [AMVAr/AV fast reactive power
service due to a constant
50.0 4.0 Iy or B. characteristic
40.0 3.0
= P fast ‘Q fast
30.0 2.0
= P fast (Headroom limits 1.0 = Q fast (Headroom limits
20.0 applied) I applied)
0.0 nl ' |
10.0 II o Grp1 Grp2 Grp3 Grpd Grp5 Grpé p? Grp8 All p|o’[s in per-unif
0.0 | Il Il B on group online
Grp1 Grp2 Grp3 Grpd Grp5 Grp6 Grp7 Grp8 -2.0 MVA base
1o Slow Active Power [AMW/Af,, ] 20%Iow Reactive Power [AMVAr/AVpU]
6.0

15.0
5.0

40 ®p slow 10.0 BQ slow

3.0
u P slow (Headroom limits 5 = Q slow (Headroom limits
applied) : applied)
SENN NN 00 o e

Grp1 Grp2 Grp3 Grp4 Grp5 Grp6 p? Gr

o

Grp‘l Grp2 Grp3 Grpd Grp5 Grp6 Grp7 Grp8
-5.0 54



Benchmarking: Active Power Services

SM Dominant Case

Frequency Deviation

e £ Ll i | GroupT 1237 MW Generation Loss
Gen Loss ’zﬁfﬂﬂ,{ :

R —
Graup & r

Group 3 QQ'SCMW —-0.00035
2618MW 0% 18R

—— BUSA 1 Derved Frequency (pu)
= BUSA 2 Derived Freguency [pu)
m—— BUSA T Derived Freguency [pu)
—— PUSA 4 Derived Frequency (pu)

BUSA 5 Derived Frequency (pu)
—— BAISA & Derived Frequency [pu)
— BAISA ¥ Derived Frequency (pu)

BUSA 8 Derived Frequency (pu)

—0.0:01

-0.0015

\\ '.;.4-,.,'-—.,. )
\ - \J?;m Grouf ‘l.
e MU N
P e 42 TT237 MW . T : . :
sy AL Gen Loss 0 : 2 3 s - While the generation lost in
‘ | ; iy = " Group 3 is smaller, with fewer
sooone  Tast Active Power [AMW/Af, ] Frequency Deviation services in the region the local
634 MW Generation Loss stress is more pronounced

Fraguency Deviabon {pu)

Common Mode RoCoF;: 36mHz/s

500000.0

—— BUSA 1 Derived Frequency {pu)
—— BUSA 2 Derfved Frequency {pu)
—— BUSA 3 Derlved Frequency {pu)
— BUSA 4 Derived Frequency {pu)

BUSA 5 Derived Frequency {pu)
e BUSA & Derived Freqguency {pu)
m— BUSA 7 Derived Frequency {pu)

BUSA 8 Derved Frequency {pu)

400000.0

300000.0 -
—=0.001

200000.0
100000.0
Grp1  Grp2 Grpd Grpg  Grp7  Grp8
0002

—0.0015 Common Mode RoCoF: 18mHz/s

Frequency Deviation [pu)

Time



600000.0

500000.0

400000.0

300000.0

200000.0

100000.0

0.0

Inter-Group Support: Active Power Services

SM Dominant Case

25t9l’~1'll O
S3RIBR.

343 HIN
U AN IBR

, Griead /

'I237 MW

Graup 7
2067HW

‘bh‘i IER

STEMIN
U BR

Gen Loss

Fast Active Power [AMW/Af

|
Grp1  Grp2 \Grp3) Grpd

Grp6 Grp7 Grp8

Machire P{MW)

Machire P [MW)

Resource Active Power, By Group

4000 :
—— HMachP 1

£ \
':' | Little fast active s
o I POWEr response —— Mach? 3
! . MachP 4
i.l_“l—-—-— ——— Machi 5
1 I —— Machh &
2000 ! "\_:_ a1
1 1 MachP B
1 1
10040 \ 1
o 1 _1 a 4
Tim=
Resource Active Power, By Group
Loss of 1237 MW
s
Significant fast I
000 active power Mach# &
— response from — —  fwrs
— —— mac
2000 Group 6 (red) ::L::g
\\/\W MachF 8
1000 -
[/ _J 4 & g

F Flow (M

P Flow (MW)

FlowP from 3
zuu_L—«\___._ Flomd? 3 10
FlowP 3 1
= FlowF 3 2
Li] HowP 3 2

Group 8 shows similar fast o 1

— Fla'AP 15
- services to Groups 2, 5. S
Group 8 more steady-state e
e response (higher connectivity)
L] 2 4 ) a 10
Time
Active Power Transfer, By Group
Loss of 1237 MW
800 Largest corrective e
contribution from Group 6 FlowP 5 1
500 = FlowP 5 2
~—— FlowP 5 3
400 FlowP 5 4
1 = FlowP 5 5
200 . FlowP 5 6
FlowP 5 7
0 K/\ FlowpP 5 8
-200 ‘\._
0 2 4 6 8
Time
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Benchmarking: Reactive Power Services

SM Dominant Case

. , 345kV
B T e Faul’r&Cqur

Group 7
24670W

*\.‘% IBA.

Group 3
2618MW

G mup I’

ult & Clear
A oM
.. . 95% 2R 533NN
Grv:lqp 1 / = 0% IR
343 m‘i 2 5
A% BR - .

A ey

30000.0
25000.0
20000.0
15000.0

Fast Reactive Power [AMVAI/AV,, ]
45000.0

40000.0 [\

10000.0 I
a1 e IO

35000.0
Grp1t Grp2  Grp3 Grpd  Grp5  Grp8  Grp7 Grp8

Lines were carrying 624MW (Group 6), 736 MW (Group 7)

Bus voltages [pu)

Bus vaoltages (pu)

0.9

0.8

0.7

0.6

03

0.9

0.8

Bus Voltages, Averaged by Group
Group 6 Branch Fault & Clear

—— — BUSY 1
:?-—'_— — BUSY 2
— BUSY 3
— BUSY 4
— | —— BUSY 5
o —— BUSY &
— BUSY 7
BUSY B
\H—\_-_\_‘_\_‘_'_‘—‘—-—.
1 1.1 1.2 1.3 1.4
Bus Voltages, Averaged by Group

Group 7 Branch Fault & Clear
¢~ TN —BUsv1
pRg———— 4 —— — BUSY 2
= — B — BUSV 3
— BUSY 4
BUSY 5
= BUSY &
— UG T
BUSY B

.o—""'-.-'-.-'-.-'-.-'-.-‘

0.7

Time

Highly stable recovery
with high levels of
Reactive Services

More overshoot and

dynamics observed

with lower Reactive
Services
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Benchmarking: Reactive Power Services

SM Dominant Case

345kV
Fault & Clear

Grown 7
2457

Eren /:

R
" 3K16R

Fast Reactive Power [AMVAr/AV,, ]

45000.0
40000.0
35000.0
30000.0
25000.0
20000.0
15000.0
10000.0

5000.0 I I
og W _ | |

Grpl Grp2 Grp3 Grpd Grpdb  Grpg Grp7 Grp8

Machine Q (MVAR)

Machire © (MuAR )

Resource Reactive Power, By Group
Group 6 Fault & Clear 345kV Line

GO0
Group 6, significant response; -
o Group 5, moderate response’ *
4000 Little response from others (even Group 1%
. which is closely connect but has f:ew:se_ervici~
waas &
e Machi) 8 o
10060
L
0 1 Zz 3 4 3
Resource Reactive Power, By Group
Group 7 Fault & Clear 345kV Line
MachQ
1500 = MachQ 1
MachQ 2
N Mach( 3 %‘
1000 Group 6 =fast response :;’:3‘5‘ 2
Group 5 - little fast response, some slow. ., 5 =
<00 Croup 7 shows transient negative response 7 Lc—f)‘

(also observedin resource char) =93

—L___——*’”/'f-—-_'“‘-ﬁ-c:__‘__________
—— .

—_—

0 2 4 6

Time

Lines were carrying 624MW (Group 6), 736 MW (Group 7)

Reactive Power Transfer, By Group
Group 6 Fault & Clear 345kV Line

o A FlowQ from &
_ ,W\J% FlowQ 6 0
FlowQ 6 1

FlowQ 6 2

| ~——— FlowQ 6 3

1 ~—— FlowQ 6 4

——— FlowQ 6 5
FlowQ 6 6
FlowQ 6 7
FlowQ 6 8

—-500

—1000

Group 7 shows negative
transient response (also
captured in resource char.)

0 2 4 6

—1500

Time
Reactive Power Transfer, By Group
Group 7 Fault & Clear 345kV Line

Flow

Flow
—200 Flow
FlowQ
FlowQ 7 4
FlowQ 7 5
FlowQ 7 6
FlowQ 7 7
FlowQ 7 8

=h
=
o
E|

(VR S

—400

—600
—800

—1000 5
Croup & provides most response

Group 5, little fast response

—1200
0.5 1

Time
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I

I

|

I

I

. SMs converted

o to GFL Cat 1
0.00 2,00 4,00 6.00 8.00 1000

SM-Dominant Case

Available Fast Active Power Service [AMW/Afpu]

All plots in per-unit on
group online MVA

4.00 6.00 8.00 10.00 12.00

GFL Cat 1
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Benchmarking: Active Power Services

GFL (Category 1) Dominant Case

e T R 634 MW

' i Group 7 :
Gen Loss 2670w -
’ S50 1IBR "

. \ Graup &

Group 3 ACECMW

2618MW 0% 18R

. T amw Grog 1
o A : 95% 18R S33MW
. Gragp 4 / i 0% 16K
sastny 4 1237 MW
R A%IBR - L :
L Gen Loss
Fast Active Power [AMW/AT, ]
20,000.0 P
80.,000.0
70,000.0
40,000.0
50,000.0
40,000.0
30.000.0
20,000.0 I

10.000.0
[

0.0 .

Group Group Group Group Group Group Group Group
1 2 3 4 5 ) 7 8

¥ Deviation (pu)

L

Freguery

pu)

|
L

Freguency Deviation

—=0.0005

—0.001

—0.0015

—0.002

—0.0025

=0.003

0.0005

=0.001

0.0015

=0.002

Frequency Deviation
1237 MW Generation Loss

BUSA 1 Derived Frequency {pu)
BUSA 2 Derived Freguency {pu)
BUSA 3 Derived Freguency {pu)
BUSA 4 Derived Fregquency {pu)
BUSA 5 Derived Freguency {pu)
—— BUSA & Derived Frequency {(pu)
—— BUSA 7 Derived Frequency (pu)
BUSA 8 Derived Frequency {pu)

Common Mode ROCOF: -0.00070pu/s = -42mHz/s

Ly
tea,
e

«
ta
.
tea,
tea,
tea,

1 2 2 4 3
Tirme

Frequency Deviation
634 MW Generation Loss

BUSA 1 Derived Fraquancy {pu)
BUSA 2 Derived Frequency {pu)
BUSA 1 Derived Frequency {pu)
BUSA 4 Derived Frequaency {pu)
BUSA 5 Derived Frequency {pu)
BUSA & Derived Frequency {pu)
——— BUSA 7 Derived Frequency (pu)
BUSA 8 Derived Frequency {pu)

Common Mode ROCOF: -0.0004pu/s = -25mHz/s

Time



90.000.0
80.000.0
70,000.0
60,000.0
50,000.0
40,000.0
30.000.0
20,000.0
10,000.0

0.0

Inter-Group Support: Active Power Services

GFL (Category 1) Dominant Case

Graup 7
2067HW

Bor

) STEMIN
U5 1BR
243 HIN

T AKIeR | 1237 MW
e - Gen Loss

.A\G;i:t.ud /
Fast Active Power [AMW/Af, ]

Group Group Group Group Group Group Group Group
1 2 3 4 5 ) 7 8

Machine P [MI)

Madhine P (MW

Resource Active Power, By Group

)

-ml:-u—"'—L-—'—'—'—'—'—'—'—l \ ‘ Mathf
;o No fast active Hache 1
1 \ Machp 2
w0 ! pOwer response Mach 3
1 Machh 4
1 | T e MachP 5
1 I e MaCHP &
o0o . l X Machp 7
1 f Mach? &
1 1
100 \ ]
] F g (1] = m 17
Tinme
Resource Active Power, By Group
Loss of 1237 MW
mun‘r\/“?’w Mach® 1
—— MachP 2
Croup 6 -Some (less) T T 07
3000 fast active response MachP 4
~—  Nonefromothers — — ="
20040 MachP 7
HMachP 8
10400
1] 2 4 -} B 10 12

lime

P Flow (M)

P Flow (M)

Active Power Transfer, By Group

Flawi from 3
2nu_l-—\__._ FlowF 3

Flow® 3 1

—— FlowFP 3 2
D_Lf_“& Flow®P 3 3
FlowP 3.4
Flawi 3 5§
-200 Flows through from the FlowP 3 6
rest of the system o
FlowP 3 8
-400
1} 5 10
Iime
Active Power Transfer, By Group
Loss of 1237 MW
a0 Largest corrective B
contribution from Group 6 __ ppess
waa ——FlowP 5 2
FlowP 5 3
400 —— FlowF 5 4
—— FlowP 5 5
E'JD_l\__k__“_ FlomP 5 6
Flowp 5 7
Dj Flowp 5 B
R
—=200 N e
a 5 10

lime
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Benchmarking: Reactive Power Services

GFL (Category 1) Dominant Case

345kV
i Fault & Clear Bus Voltages, Averaged by Group

e AT Group 6 Branch Fault & Clear

*m 1BR ‘3; _____ - — BUSY 4
R ) BUSY 5
d - A O i —— BUSY 6
535 18R : - = — BUSV ¥
L E e BUSV B
5kV @ Some overshoot and dynamics
\UH«&Cqur with lower Reactive Services
su:::r::: M 1 1.1 1.2 13 14
3 ' Time
Bus Voltages, Averaged by Group
Fast ReGCTIVG Power [AMVAI’/AV Group 7 Branch Fault & Clear
15000
N = — BUEY 3
10000 E : — RN — BUSYV 4
m ‘ ) BUSY 5
7 Seo - g —— BUSV &
o E ':"g — BV 7
0 - BUSY &
o0 = 8 High overshoot and dynamics
iy [ —— with lower Reactive Services
-10000 ' 1 1.1 1.2 1.3 1.4 1.5
-15000 Time
Group Group Group Group Group Group Group Group
] 2 3 4 5 ) 7 8 63

Lines were carrying 624MW (Group 6), 736 MW (Group 7)



Benchmarking: Reactive Power Services

GFL (Category 1) Dominant Case

345kV Resource Reactive Power, By Group Reactive Power Transfer, By Group
Fault &cﬁ'f?m_ Group 6 Fault & Clear 345kV Line Group 6 Fault & Clear 345kV Line
e S Little/no fast response —— MachQ 1 A —— FowQ 50
¢ & e Maichil 2 = Flow(} & 1
AL g 3000 —— Macha 3 —_ - e Pl 6 2
‘3ﬂ5kV i Mach{ & g F:nw{z b:
It & Clears 20w s S f — newaes
: : b earo —— MachQ 6 T _1000 Q
Z - , N E Machg 7 % . Flow3 & &
B signie T 1om Mach( B o Group /7 show negative :WQ &7
iy A / ‘ : N = ~1500 transient response (also ans
T aRieR T : | . —— capturedin resource char.)
'.J‘ ; 0 1 2 3 4 o 1 2 3 4 3
Fast Reactive Power [AMVAr/AVDU] Resource Reactive Power, By Group Reactive Power Transfer, By Group
15000 Group 7 Fault & Clear 345kV Line Group 7 Fault & Clear 345kV Line
10000 1500 Little/no fast response — Macha 1 EIEE f;.ij' F
5000 - —— Machg 2 A FlowQ 7 1
= —— Mach( 3 g 0 v FlowQ 7 2
= — Mach() 4 FlowQ 7 3
0 -E 1000 e —— Machi] 5 2 FlowQ 7 4
—— Mach & hag FlowQ 7 5
-5000 £ Mach() 7 u_g_ —500 FlowQ 7 6
I MachQ® o Croup 6 provides some FlowQ 7 7
-10000 3 | | FlowQ 7 8
n slow response
-15000 0 == -1000 Group 5, little response
Group Group Group Group Group Group Group Group R
1 2 3 4 5 6 7 8 0 1 2 3 s 0 1 2 3 4

Time

Lines were carrying 624MW (Group 6), 736 MW (Group 7)
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Benchmarking: Active

GFM Dominant Case

Power Services

! 634 MW

s | Group 7
Gen Loss 2867MW :
’m'mum
< \ Graup 6 %
Group 3 UMW S
2618MW 0% 1BR =
P
g
Greuf: 1 3
\\ : 953 13R ST E
. Grv:lqpl / i 0% IBR
i 70 1237 MW
T 4% IBR ‘ :
s T Gen Loss

ss00mo  Fast Active Power [AMW/Af, ]
200,000.0 .
a
150,000.0 é
100,000.0 >
e
50,000.0 %
0.0 l - I [ | l . I

A ga o) B 5 b 1 3

—0.0005

—0.001

-0.0015

—0.002

—0.0005

—0.001

-0.0015

=0.002

Frequency Deviation
1237 MW Generation Loss

BUSA 1 Derlved Freguency (pu)
BUSA 2 Derived Frequency (pu)
— BUSA 3 Derived Frequency (pu)
BUSA 4 Derived Frequency {(pu)
——— BUSA 5 Derived Frequency (pu)
BUSA & Derlved Freguency (pu)
—— BUSA 7 Derived Frequency (pu)
BUSA 8 Derived Frequency {pu)

= e T

-
-
.
-
LT7o%
",
0
*ay,

v,

Common Mode ROCOF: -0.00064pu/s = -38mHz/s

2 3 4 5

Time Short timeframes have
Frequency Deviation significant locational differences

BUSA 1 Derived Frequency (pu)
BUSA 2 Derived Frequency {pu)
BUSA 3 Derived Frequency {pu)
BUSA 4 Derived Frequency {pu)
— BUSA 5 Derived Frequency (pu)
—— BUSA & Derived Frequency {pu)
BUSA 7 Derived Frequency (pu)
BUSA 8 Derived Frequency (pu)
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Common Mode ROCOF: -0.00033pu/s = -20mHz/s
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Inter-Group Support: Active Power Services

GFM Dominant Case

Graup 7
2067HW

FE

, Griead /

2 ST
% UK 1B
34y 1237 MW
4% I6R

i e e GEN LOSS

Fast Active Power [AMW/Af, ]

Machine P {MW)

Macnine P W]

Resource Active Power, By Group

1\
_— . - MachF
o No fast active e 1
1
P power response Machp 2
aong | ! MachP 2
! MachP 4
1 1 s MachP 5
aonn 1 L1 —— MachP &
'| : MachP 7
60 MachP B
000y
\ 1
\'I
] 2 9 (+] -] mn 17
Time
Resource Active Power, By Group
Loss of 1237 MW
_h\_',-—"'_"‘..—'-'_‘-\—'—'_‘—'_ . I
A000 Hachi 1
\ —— MachpP 2
3000 Group 6 - Some (less) ~ —_mee?
= fostactiveresponse — e
2000 L None from others e
HachP 8
1000
L1} 2 2 -] B 10 12

lime

B Flow [MWl)

F Flow (MW

Active Power Transfer, By Group

Flaw#® 3 1
':'_l\_/—-_-—<—-_-— - E
Flai 3 4

-200 Flows through from the FlawP 2 §

rest of the system :‘;::; -

-400 Flows 38

a 5 10
Time

Active Power Transfer, By Group
Loss of 1237 MW

Largest corrective

B0 conftribution from Croup 4 Flow® *
—— FlowP 5 1
Lo e FlowP 5 2
400 Flowh 5 3
— FlowP 5 4
IDD_k__h________ FlowP 5 5
Flowh 5 &
— FlowP 5 7
FlowP 5 8

=200 L —
i} 5 10

FlowP from 5
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Benchmarking: Reactive Power Services

GFM Dominant Case

. , 345kV
e Fqul’r&Cqur

Group 7
2467MW

*\.‘% IBR.
- 2609 MW

535 18R Group 5
2618MW
2% IAR

G mup I’

5kV
\\
N T Faulte Clear
3 1 /9wma suiér‘\:s:
< Graup 4 . ol
e by " a , ;

retas 4%. lBR

Fast Reactive Power [AMVAr/AVpU]

60,000.0
50,000.0 /\
40,000.0

30,000.0
20,000.0
10,000.0
Group Group Group Group Group Group Group Group
-10,000.0 1 2 3 4 5 6 7 8

Lines were carrying 624MW (Group 6), 736 MW (Group 7)

Bus Woltages { pu)

Bus woltages {pu’

0B

0.7

0.6

0.5

0o

0.B

07

Bus Voltages, Averaged by Group
Group 6 Branch Fault & Clear

1.1

Fast voltage recovery

1.2
Time

Bus Voltages, Averaged by Group
Group 7 Branch Fault & Clear

-———

P ="

12
Time

Some overshoot

1.3 14

— N S
— BUSV 4
— BUSV 5
— BUSV &
—_— REY 7

BUSY B

— BUSYV 4
BUSY 3
—— BUSV 6
— BUSY 7
BUEVE
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Benchmarking: Reactive Power Services

GFM Dominant Case

345kV Resource Reactive Power, By Group Reactive Power Transfer, By Group
Fault & Clear Group 6 Fault & Clear 345kV Line Group 6 Fault & Clear 345kV Line
i 2:.;""1: Vo 4000 . Mach{ i Flowg from &
n Little/no fast response —— Machq 1 —— — FlowQ 60
¢ N s —— Machg 2 R
P B oo g 3000 — M3 e _E:E:’g:;
Lt A5k i o :a:ﬁ ; % Flowd 6 3
"’ & Clear"}| 2000 R E:: . —— L — F|an.5.q
Wl e R wos 3 | S
e ' st T 1o MahQE O Croup 7 show negative E:“’Q:g
i o / ‘ : N = ~1500 fransient response (also e
SeE PR : | 5 —— captured in resource char.)
) . [ 1 2 2 4 ] 1 F] 3 4 5
. Resource Reactive Power, By Group Reactive Power Transfer, By Group
Fast Reactive Power [AMVAI/AV,, ] Group 7 Fault & Clear 345kV Line Group 7 Fault & Clear 345kV Line
60,000.0
. MachQ Flo
50,000.0 o Little/no fast response i ’ o
. g g , o
30,000.0 E_ 1000 L Macha4 2 Flowg 7
o —Ma:hq& — S0 Flow( 7 4
20,000.0 w —— MachQ6 & —— FlowQ 7 5
£ 500 MachQ7 Croup 4 provides some :'”‘f“f e
10,000.0 . I g | | MachQ 8 slow response FlowQ 7 &
0.0 - - M oo Group 5, little response
Group Croup Group Group Group Group p Group e
-10000.0 —— 2 3 4 5 6 7 8 0 2 3 3 8 10 12 o 1 2 3 4
Time Time

Lines were carrying 624MW (Group 6), 736 MW (Group 7)






Compare: Provision & Need for Services

Consider the Fast Active Power Services, Provision & Need

Provision of Fast Active Power Services Need for Services

‘0 SM-Dominant Case [pu on MVA base] Largest Generation Contingency [MW]
1400

50 1200

40 1000
800

30
600

20
400

0 l I 0 l .

Group 1 Group?2 Group3 Group4 Group5 Groupé Group7 Group 8 Group1l Group?2 Group3 Group4 Group5 Group6 Group7 Group 8

« Group 3 has less fast active power services than Group 5
« But, Group 5 has a higher need for services...

The ratio of provision / need is about the same between 71
Group 3 and Group 5 for fast active power services!



Compare: Provision & Need for Services

In the fast timeframe (< 0.1s): The local grid stress in Group 3 and Group 5 is similar (initial local frequency deviation)
In slower timeframes: Group 5 shows a larger common mode frequency deviation (larger generator outage)

Group 3 Generator Contingency Group 5 Generator Contingency
Frequency Deviation, SM-Dominant Case Frequency Deviation, SM-Dominant Case

0 _— 0~ ~— BUSA 1 Derived Frequency {(pu)
— T —_ —— BUSA 2 Derived Frequency (pu)
g_ \H/% a —0.0005 ~— BUSA 3 Derived Frequency (pu)
= -0.0005 % - = : —— BUSA 4 Derived Frequency (pu)
-S el T —— 2 BUSA 5 Derived Frequency (pu)
2 T 2z -0.001 ——— BUSA 6 Derived Frequency (pu)
A  -0.001 a “-g""%__ ~——— BUSA 7 Derived Frequency (pu)
f:b; g —0.0015 BUSA 8 Derived Frequency (pu)
a @ .
g -0.0015 Common Mode ROCOF: g - Common Mode ROCOF:

—-0.002
0 1 2 3 4 5 o 1 2 3 4 5
Time Time

« The ratio of provision to need for services is crifical
« Pockets of the grid that have few services experience more local stress
« These differences will grow as the grid evolves unless we keep an eye on the levels and

locations of services /2



Comparison of Fast Active Power Services

60

50

40

2

o

o

0

There is a decrease in available fast active
power service across almost all groups

Group 1 Group 2 Group 3 Group 4 Group 5

All plots in per-unit on group online MVA base

This plot shows per-unit fast active power
service without consideration of current limifs.

It's expected that current limits would reduce
the capability of IBRs but not impact the
services from SMes.

mSM
m GFLCatl
m GFM

Group 6 Group 7 Group 8 73



Benchmarking Fast Active Power Services

Loss of Generator Contingency, Group 3

SM-Dominant Case

0- y —— BUSA 1 Derived Frequency (pu)
— U —— BUSA 2 Derived Frequency (pu)
g_ /%\ —— BUSA 3 Derived Frequency (pu)
T -0.0005 % —— BUSA 4 Derived Frequency (pu)
% Seeel === —— BUSA 5 Derived Frequency (pu)
= - ——— BUSA 6 Derived Frequency (pu)
&  -o.001 —— BUSA 7 Derived Frequency (pu)
BUSA 8 Derived Frequency (pu) H
g Loss 634 MW generator in Group 3
g -0.0015 Common Mode ROCOF:
i
-18mHz/s
-0.002 &0
0 1 2 3 - 5
GFL (Category 1) Time o m SM
m GFLCat]
0 . —— BUSA 1 Derived Frequency (pu)
— ) L "'i. = BUSA 2 Derived Frequency (pu) 40 = GFM
é 0.0005 | 4 ——— BUSA 2 Derived Frequency (pu)
c : ——— BUSA 4 Derived Frequency (pu) 30
E e, T BUSA 5 Derived Frequency (pu)
= -0.001 ~—— BUSA 6 Derived Frequency (pu)
g ——— BUSA 7 Derived Frequency (pu) 20
) BUSA 8 Derived Frequency (pu)
S -0.0015
5 Common Mode ROCOF: 10 ‘|
i
-0.002 -25mHz/s 0 III' I : I I-I III
1
o t 2 3 N s Group 1 Group 2‘ Group 3 Group 4 Group 5 Groupé6 Group/7 Group 8
Time

GFM \ !

—— BUSA 1 Derived Frequency (pu)
= BUSA 2 Derived Frequency (pu)

S ooos ’ e e e o0 , ,
D e vy (o) The frends from the time domain results
8 —0.001 ——— BUSA 7 Derived Frequency (pu) .
: sk pered rsauensy ) correspond with the framework
3 -0.0015 Common Mode ROCOF: 74
= -20mHz/s

=0.002

(1] 1 2 3 4 5

Time



Benchmarking Fast Active Power Services

Loss of Generator Contingency, Group 5

SM-Dominant Case

o-
=)
£ _o.0005
c
o
B
2 -0.001
-t
la}
S _o.0015
@
=
4
= -0.002
o
GFL (Category 1)
o-
2 —o.0005
c
S -0.001
=}
o
&  -o0.0015
oy
< -0.002
=]
3
2  -o0.0025
—0.003
0
GFM .
5
8 _o.0005
c
o
B
3 -0.001
@
(]
E -0.0015
3
51
2 -0.002
(1]

—— BUSA 1 Derived Frequency (pu)
= BUSA 2 Derived Frequency (pu)
= BUSA 3 Derived Frequency (pu)
—— BUSA 4 Derived Frequency (pu)

- BUSA S Derived Frequency (pu)
S - ——— BUSA & Derived Frequency (pu)

= e —— BUSA 7 Derived Frequency (pu)

BUSA 8 Derived Frequency (pu)

Common Mode‘hOCOF:
-36mHz/s

1 2 3 4 5
Time

—— BUSA 1 Derived Frequency (pu)
—— BUSA 2 Derived Frequency (pu)
——— BUSA 3 Derived Frequency {(pu)
——— BUSA 4 Derived Frequency (pu)
——— BUSA 5 Derived Frequency (pu)

° ey = ——— BUSA 6 Derived Frequency (pu)
"'u,. —— BUSA 7 Derived Frequency (pu)
. BUSA 8 Derived Frequency (pu)
Common Mode ROCOF:
-42mHz/s
1 2 3 4 5

Time

——— BUSA 1 Derived Frequency (pu)
—— BUSA 2 Derived Frequency (pu)
=——— BUSA 3 Derived Frequency (pu)
——— BUSA 4 Derived Frequency (pu)
——— BUSA 5 Derived Frequency {pu)
——— BUSA 6 Derived Frequency (pu)

.
*ayy
.

fea o —— BUSA 7 Derived Frequency (pu)
Te. ey, BUSA 8 Derived Frequency (pu)
Common Mode ROCOF:
-38mHz/s
1 2 3 4 >

Time

60

50

40

20

o

o

Loss of 1237 MW generator in Group 5

Group 1 Group?2 Group3 Group4

- -

mSM
-~ m GFLCatl
u GFM

Group Sv Group 6 Group 7 Group 8

\ I
\ 4
~N_7

~ - -

The trends from the time domain results
correspond with the framework
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Change in Fast Reactive Power Services

The GFL case consistently has reduced fast
reactive power service, while the GFM has
increased fast reactive power service.

5

i

w

xe]

o

Group Group 2 Group 3

-1
-2

3
All plots in per-unit on group online MVA base

This plot shows per-unit fast reactive power
service without consideration of current limifs.

It's expected that current limits would reduce
the capability of IBRs but not impact the
services from SMes.

mSM
m GFM
m GFLCatl

Group 4 Group 5 Group ) Group 8
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Benchmarking Fast Reactive Power Services

Branch Fault & Clear Contingency in Group 6

SM-Dominant Case

== — — —_— ——Susv!
o \/“"/}' —— BUSV 3
3 09 —— BUSV 4
i o - Fast Reactive Power Servrces
s - Stable —_ ,
s °7 (overdamped) Rt . mSM
0.6 J \‘ m GFM
0.5 \1 : == == = 2 ,:' ' mGFLCatl
GFL (Category 1) ' rime ' 4 : '.
1 1
— A~ =T 1 B
2 —— BUSV 4 2 : :
== ] .‘ !
g s Voltage overshoot il ; S I “‘ ,’ III
Group Group 2 Group 3 Group 4 Group 5 \Group 6: Group 8
o 1 1.1 1.2 1.3 1.4 _] \\ I
GFM Time -2 St
= P — BUSV 1 3
N T —— BUSV 2
§ 0 —2U:V3
i P —— BUSV 4
5 0.8 ~— —— BUSV 5
g —— BUSV 6 . .
g . Less overshoot than g The frends from the time domain results
2 GFL BUSV 8 .
3 os correspond with the framework
0.5 \\ 77

1 1.1 1.2 1.3 14

Time



Benchmarking Fast Reactive Power Services

Branch Fault & Clear Contingency in Group 7

SM-Dominant Case

—— BUSV 1
—— BUSV 2

g \ o Fast Reactive Power Services
o /
g Some overshoot BUSy & = SM
2 o8 [ 6 u GFM
o7 1 1.1 1.2 1.3 1.4 ° m GFLCatl
GFL (Category 1) Time 4
3
—euev: 2 I
- B 1
£ oo \ — susvs . mmm II. lll
3 o More overshoot Busve ] Group 1 Group?2 Group 3 Group4 GroupS Group 6| ‘Group8
0.7 -2 \\ /II
GFM 1 1.1 1:_"_“8 1.3 1.4 1.5 3 \\ -
CE s The trends (resource provision & location)
s \ ——— from the time domain results correspond
g Some overshoot Busve .
g os with the framework
L 78
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Transmission Sensitivity # 1

From SPP 2024 ITP

Buffalo Flats — Delaware — Monett — N Branson 345 kV New Line

e P ToSranu e R p ] E = *\\\ ) I
N Koariey oo '-J\ /{ _______ o 1o Peoria | /
line | FromBus# | ToBus# | Notes / [ Assume overhead 345 kv
Buffalo Flafs o ;
Delaware 532782 510380 ( € ’rronsmkl]ssmn line parameters
f 1] i °
Delaware - Monett is currently 161 kV in / ) (per e CISG).
Monett 510380 547480 the case and willneed a f |- R (ohm/km) =0.037
transformer. | 7 - X, (ohm/km) = (0.488
Monett - N Branson is currently 161 kV “/ _ —
N Branson 547580 547488 in the case and willneed a ‘I‘I.(fag§as CMAR_\___OCO‘WW bC (us/km) 4.518
tfransformer. \ e
ANOAS | Ao ] Apply as double circuit
\. § MISSOURI
h § ) | 161/345 kV transformer —
- : 1 __,J’_J M
 Dodge City s - Ve var| OSSUME a smgle 1000 MVA
T ™o N natonl fransformer with 0.5% R and
115 miles “\\ 95 miles 5 Springfield 6% X on self MVA base
"""""""""""""""""""""""" ‘!""“"'““"""“'\‘*\_;_‘;.‘.‘.;'-'-'-'73*‘!1':' """~~~~ L;;’f’f‘. ~—
’ i : _ g
[ | 40miles | B )
1 7 e S G e Tt O B i
| N e [
‘ Tulsa ) s ' o \‘
OKFIAHOMA g [ TR

.........



Transmission Sensitivity #2

Hypothetical Example Projects
Franks — Austin & Beehive — Ipava New 345 kV Lines

i I

/S

~ >

Pl
- ]
une  [FomBus# [ToBus#  [Notes (RS :

Franks — Austin 300041 347955 ’
345 kV )

Beehive — lpava 348998 347288

s =

|
DL

e M :
345 kV / - J
T (9 ’ +
Manhattan © AN ,"r ) e ¥
= 5 .| 78Kansas City PN 4
— L, ) — '__k_____- — /"/ = o"'éI;’u;l . ————"Columbi S ,"\;’..\NJ ‘/4,/"/ /s
\ 7 40m) . TSy — /
| / \ 170 miles | PRI
£ T - 7 et {7\'/ e R s\\— :
: : !‘ MISSOURI ,,/ ,»"’/ 4 - Y =N )
Assume overhead 345 kV J T — b | g
transmission line parameters | | oA natonalFarest N\ 1 A -
(per-phase): | A3 [\ |
P A G Sprngfield | —
- R (ohm/km) = 0.037 ens e et wh e
- X (ohm/km) = 0.488 ’ 75 ¢ | s Y
- = 77\ SR ) ARy S :
be (us/km) = 4.518 | et (5
. . J’ Tulsag""/ i | Fayettevife f\~
Apply as double circuit LAHOMA I {4 W

1 :
1 \~-‘__“ J
] 30 miles I| |LL|N/|0|5 /.f:r/fcm;)aag\.— -
- 1 / =
1
1
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Transmission Sensitivities by Group

Groub 7
2467TMW

50% IBR .
Group 6

4080MW

Transmission Sensitivity #2
Primarily connects groups 5, 6, and 7

» / | Group 5
Group 8 4 A 26 18MW
2858MW e 27, |BR
82% IBR

] ; Groupgzn?,..., £

3 g “‘774 MW Group 1
Transmission Sensitivity # 1 L “" 95% IBR 533M
Primarily connects groups 2, 4, and 8 e 0% IBR:

OKLAHOMA

Oklahoma City
LS 2

Shawnee
.

'nﬁrﬂm
-

82
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Freguency Deviation (pu)

Transmission — Gen Trip Comparison

GFL (Category 1) Dominant Case
Loss of 1237 MW Generator in Group 5 - Transmission Sensitivity #2

Group 5 Gen Trip (GFL Cat 1)

e
~0.001 i .
_i-‘_—_
~0.002
~0.003
0 1 3 4 5
Time

Freguency Deviation (pu)

EI

—— BUSA 1 Derved Freguency (pul
— BUSA 2 Derved Freguency (pul
— BUSHA I Derived Freguency (pul
= PUSA 4 Derived Freguency (pul
BUSA 5 Derved Freguency (pu)
BUSA & Derlved Freguency (pu)
— EUSHA T Derived Freguency (pu)
BUSA 8 Derived Freguency (pul

Group 5 Gen Trip (GFL Cat 1, New Line #2)

—0.0003

-0.001

___'_E-——.__
—-0.0015
Group 7 shows increased

~0.002 initial frequency dip
—0.0025 Croup 5 shows 8.4% reduction

0003 in initial frequency dip

0 1 2 3 4 ]

Time
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Transmission — Gen Trip Comparison

GFL (Category 1) Dominant Case
Loss of 208 MW Generator in Group 8 - Transmission Sensitivity #1

—— BUSA 1 Derlved Freguency (pu)
— BUSA 2 Derved Freguency (pu)
—— BUSHA I Derived Freguency (pul
= BUSA 4 Derivid Freguency (pul
BUSA 5 Derived Freguency (pu)
BUSA & Derved Freguency (pu)
— EUSA T Derived Freguency (pul
BLUSA 8 Derived Freguency [pu)

Group 8 Gen Trip (GFL Cat 1) Group 8 Gen Trip (GFL Cat 1, New Line #1)

f%\—\?mwﬁ —200 /@E\‘\Qﬁuﬁ

Group 2 and Group 4 show
increased initial frequency

-200y

Frequency Deviation {pu)
Frequency Deviation {pu)

-400y -400y : .
dip, while Group 3 shows
reduced initial frequency dip
—600y —600p
\ Croup & shows 11.4% reduction
_a00 8000 ininitial frequency dip
a 1 2 3 4 5 0 1 2 3 4 5
Time Time
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Transmission — Branch Fault & Clear Comparison

GFL (Category 1) Dominant Case
Branch Fault & Clear in Group 7 - Transmission Sensitivity #2

Group 7 Branch Fault & Clear (GFL Cat 1)  Group 7 Branch Fault & Clear (GFL Cat 1, New Line #2)

» 11 5
T~

= e

g 0.0 é 0.0 and Group 6

0 s show reduced voltage

g 08 g 08 during the fault

S = — . 07 ]

5 3 \ Group 7 shows a 1.1%

Sy 05 reduction in voltage
deviation during the fault

0.5

0.5
1 1.1 1.2 1.3 14

i Time
Time S5



Transmission — Branch Fault & Clear Comparison

GFL (Category 1) Dominant Case
Branch Fault & Clear in Group 8 - Transmission Sensitivity #1

Group 8 Branch Fault & Clear (GFL Cat 1) Group 8 Branch Fault & Clear (GFL Cat 1, New Line #1)
—

— —

iy

N —
//’ Group 3 shows a 0.7%
reduction in voltage
005 / deviation during the fault
% Group 2 and Group 4 show

“———— reduced voltage during

0.5 the fault
1.2 1.3 1.4

1 1

0.95

Bus woltages { pu)
Bus wWoltages { pu)

0.9

Time Time 86
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Re-calculating Interaction Factors for the

Sensitivity Cases with Dynamic Impedance

- The Dynamic Impedance Method' (developed with MISO in 2023) was applied to the case to
capture the dynamic behavior (fast reactive power services) by resource type (SM, GFL, GFM)

Resource Type (xSource
- The XSORC value (used for the IEC60909 fault calculations) was updated for each resource SM 0.5
before proceeding with the interaction factor calculations and grouping algorithm GFL 1.2
GFM 0.1

- This was done because the XSORC values for IBR in today’s databases are unreliable

e e R T [ 1 swromminenccose |
4 - A i i
Update xSource for the 15 identified SM i > GEL-Dominant i

—> units, treating them as GFL — . I
(GFL: 1.2) | Sensitivity Case |

- - J : :

- T A l :
Update xSource for the 15 identified SM | 3: GEM-Dominant |

—> units, treating them as GFM —> ' . I
' Sensitivity Case !

L (GFM: 0.1) ) '

""""""""""" / 88

[1] M. P. Richwine, N. W. Miller, A. J. Siler, H. T. Jung and P. Dalton, “Power System Stability Analysis & Planning Using Impedance-Based Methods”, Energynautics
22" Wind & Solar Integration Workshop, Copenhagen, 2023.



Applying the Grouping Algorithm with DZM

- Running the grouping algorithm with they Dynamic Impedance Method (DZM) applied shows some changes
- Changes are due only to an update resource representation
- Resource mix and topology was unchanged

Bus Distribution by Group co0 Changes inBus Grouping
500 9450
[=]
450 (5400
=
400 S350
30 2300
8 300 £ 250
3 @
3 250 3
e 200
3 g
200 s
150 2
100 @100
‘u | R
0 ] . ]
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Original Group # Original Group #
New Group#: M1 52 B3 M4 B5 N6 W7

Initial Grouping New Grouping with the Dynamic Impedance Method
(0: Original SPP Case, SM-dominant) (1: SM-Dominant Case) 89



Bus Interaction Factor Matrix with DZM

SM-Dominant System

Analyzing the Results with DZM

7 groups are formed (down
from 8 groups)

As resource (SM and IBR)
XSORC values are increased,
it reflects providing less fast-
acting voltage support
Therefore, interaction
factors tend to increase,
indicating that more
transmission buses move
together

BuUs |

Each row / column is @
single fransmission bus!

Bus i

Interaction Factor
1

0.4

0.2



Applying the Grouping Algorithm

- The grouping algorithm was re-run for
each new resource mix sensitivity

- It includes using the DZM

- Changes are due only to changes in
resource mix

- Topology was unchanged

Bus Distributionby Group

400
350
8 300
8
3
5
2 200
150
100 I
1
o ]
1 2 3 4 5 6 7 8

Original Group #

f B
n
8

Initial Grouping
(O: Original SPP Case)

# of Buses Transferred to New Group
O I T T R N
w o w [=] w (=] w (=] o o
o o o (=] o o o o (=] o (=]

W oW B B oW
o U o ua o
o o o O o

# of Buses Transferred to New Group
[ S N1
w [=) (5] (=] (41
o o o (=] o (=]

1 2

GFM

1 2

Changes in Bus Grouping

3 4 5

Original Group #
New Group#: H1 m2 m3 m4 m5 m6

3 4 5

Original Group #
New Group#: 1 m2 B3 4 m5 m6 m7

6 7 8
6 7 8

GFL-Dominant Case
Groups tend to merge
(Reasons are discussed

next)

GFM-Dominant Case
Groups tend to split
(Reasons are discussed
next)
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Bus Interaction Factor Difference Matrix

SM -> GFL Dominant System

Interaction Factor Difference

3 Blue lines show locations of
converted SM -> IBR generators! 0.08

Less reactive support
from GFL Resources

0.04

Higher m’reroc’rlon
factor be’rween buses

Low sys’rem stfrength -
. buses are more prone

0.02

Bus | 0
7
7 swmg together”
& ssang g S0as Increased propagation
et e of stability disturbances
Bus i




Bus Interaction Factor Difference Matrix

SM -> GFM Dominant System

Interaction Factor Difference

3 Blue lines show locations of
converted SM -> IBR generators!

0.15

More reactive support
from GFM Resources

Lower m’reroc’rlon factor
be’rween buses

Bus |

-0.05

buses are less prone to
swmg together”

-0.1

Decreased propagation
of stability disturbances

-0.15

| 1
| 1
{ High sys’rem strength - 1
| )

Bus i







Framework Summary

The Services Framework is:

- A new way to evaluate system stability risks and future needs in a way that is:
- Technology-agnostic
- Systematic and repeatable
- Scales for large and small systems

- Much faster than system-level dynamic simulation - enables engineers to evaluate more
futures & operating conditions efficiently

- Utilizes existing tools and data -- power flow cases and dynamic databases

Appropriate Framework - Efficient Analysis - Effective Planning
95



L essons Learned

Lessons Learned

- Most resources provide valuable stability services, regardless of technology;
- The key is which services, how much, and how much is needed at that location?

- Dynamic model quality is foundational and continues to be a challenge

- Appropriate analysis of fast time-frames is tricky! i.e., signals measuring “frequency” need to
be treated with great care
Provision-to-Need Ratio

Next Steps
- Improve data checking during data intake of dynamic models ! D

- Establish guidelines for acceptable performance - (What ratio of g
provision-to-need is appropriate for each service) g
96

- We are pursuing more regions for applying this framework!




Dynamic Stability Assessment Approaches

for Large System Models

Current Practice

Time-consuming to setup and run

people + computation

Results are narrow

for a specific operating condition

Uncertainty in future resource performance
details of resource models are likely to change anyway

Requires intensive investigation of issues

often hard to diagnose root causes, prepare mitigations

Our Services Framework
Quick evaluations after setup
setup leverages current practices
Speed lets more grid conditions be studied
handle the increased variability of grid operations & futures
Captures essential performance of resources
Focus on the most important aspects; less likely to change
Faster identification of risks & mitigations

quickly determine nature & location of risks = mitigations
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Framework Applications

- Highlight in future scenarios / resource portfolios where there are Applications
“‘weak pockets” lacking sufficient services for Planning

- Inform how transmission investments may be located to deliver
energy AND stability services

- Ildentify potential plant retirements that would likely to cause
stability problems

- Inform where Grid-Forming (GFM) inverter technology should be
strategically located, and how much, what reserves to maintain

- Show how changing grid operations (even within a
day/week/seasonal) can impact the level of services and therefore,
stability

Applications
for Operations
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Industry Cross-Pollination

= Throughout 2024, monthly “Services Task Force” meetings for industry professionals focused on
stability and services, including system operators, consultants, and researchers

= At each meeting, (a) progress updates presented on this work seeking feedback and (b) system
operators presented their work on grid services

Session Contributor Organization
April 16 ESIG Webinar Telos/HickoryLedge/EPRI
May 20 TF Kick-Off ESIG et al.
June 17 Fatemeh and Ambuyj Imperial College of London
August 19 Mostafa Sedighizadeh SPP
September 16 Xiaoyao Zhou NationalGrideESO
October 21 ESIG Fall Technical Workshop n/a
November 18 Nitika Mago ERCOT
December 16 Patrick Dalton MISO
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Qutreach & Public Documents

ESIG Services Task Force, on-going monthly meetings
SPP, MISO, TVA, NationalGridESO, FERC

ESIG Webinar, April 2024

A Framework for Quantifying Supply and Demand for Grid Stability Services

Wind & Solar Integration Conference Paper, September 2024

Framework to identify and evaluate dynamic performance characteristics of IBRs in a transmission network

ESIG Technical Workshop Presentation, October 2024
Wind & Solar Integration Workshop Paper, October 2024

Framework to Identify and Evaluate Dynamic Performance Characteristics of Inverter-Based Resources in a Transmission Network

NERC Inverter-Based Resource Subcommittee, Late 2024 / Early 2025
ESIG Webinar, Early 2025 (Planned)

100


https://www.esig.energy/event/a-framework-for-quantifying-supply-and-demand-for-grid-stability-services/
https://doi.org/10.1049/icp.2024.3787

A Tweaked Paradigm

There is no fundamental limit to IBR with currently-available This shows a This shows we
limit to the need more grid

technology IF accompanied by:
- appropriate changes to operations penetration of AU TOf T
pprop g P IBR! condition!

- installation of appropriate enabling hardware and controls

It is @ matter of providing locationally sufficient & timely stability
services on any grid to cover all planned operating conditions.
The changes described above enable that provision of services!

Services should be
- rigorously defined,
- technology-agnostic, and
- systematically quantified.

This framework should be applicable for all grids.
Appropriate Framework - Efficient Analysis - Effective Planning
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Future Work

- Consideration of improved GFL resources

- Refinement of resource characterization method, particularly for fast active power

- Populating the “medium-speed” services buckets

- Better tie framework results to absolute metrics and acceptance criteria

- Predicting new transmission impact based on services and the interaction factor matrix
- Optimize locations for resources based on findings of provision and need

- Examine relationship between services, grid strength, and short circuit MVA

- Consideration for damping services

- Consideration for fault-current services

- Handling of study area boundary
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