erved.
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Frequency STABILITY

Frequency is a function of interconnection-wide balance between supply and demand

Generation and demand are Not enough generation:
balanced: 60 Hz underfrequency
Fr:::ezncy Frequency

60 Hz

m 60.5 Hz 59.5Hz m

59.5 Hz

60.5 Hz

- A

N. Miller, Western Wind and Solar Integration Study Phase 3, NREL, 2014



Freguency Control: time frames

This NERC figure is widely used to show the

relationship between the system needs and I_A"TE F;Zr:,?fmd Period Recovery Perod
services that meet them. Hz b
60.00—: =
Traditionally inertia hasn’t been a “service” — Cage
with synchronous machines it is intrinsic and g’ .
uncontrolled; uncontrollable. 2 =

r l T . e AR l

We have added inertia to the NERC figure

0 10 20 30 10 ' 20 30

here. It by definition goes to zero at the Shoons Ninites

frequency nadir (mmlmum) Primary Frequency Control Secondary Frequency Control  Tertiary Frequency Control
[Governor response (Generators on Automatic {(Generators through

(and frequency-responsive Generation Control) operator dispatch)
demand response)]

The RoCoF: Rate-of-change-of-frequency —i.e. 5
“how fast is the frequency dropping”, is given =
by MW loss/Inertia.
The amount of inertia ONLY affects RoCoF. 0 10 20 30 10 20 30
. . e Seconds Minutes
Inertla alone only buys tlme to act- Other Note: Load-damping is not shown on this figure. See Footnote 31. B

services must act, as shown.

Adapted: J. Eto, J. Undrill, M. O’Malley et al, “Use of Frequency Response Metrics to Assess the Planning and Operating Requirements for Reliable Integration of Variable Renewable Generation”, 2010



Low Inertia vs Event Size vs Speed of Primary

Freguency Response

“Size” of the event dominates

If there isn’t enough arresting
power, then everything after is
moot

Speed matters. It always has.

Big changes in inertia have a
relatively/comparatively small
impact on the frequency nadir

Biggest events tend to be loss of
really big generating
stations...which are becoming less
common

100% increase in event size;

increase F excursion by

1/3 increase in inertia;
improve F excursion by 3-4%

60.0
140%
59.9
¥ M
—/59.8
L
c
LIF]
g
= 50.7
LL
5.9_5 Cang:aton = 4 seconds
BN RCATIN 0SS W E TRCE Nerla COrsian
o Synchremos Gemssaton = 3 seooncds
7 4% Generation Loss with Effectve Inertia Constant
T on Smehranous Geneation = 4 seconds
505
0 10 20 30 44

Time [s]

a0

Figure ES - 5. The Relative Impacts of Generation Loss versus System Inertia on Frequency Nadir
Source; Developed by LENL from Undrill [2018): Primary Frequency Response and Control of Power System Frequency



Many resources contribute to managing system

frequency

Frequency
Issues

- Frequency - :

- Attribute Synchronous GFL Inverter GFM Invertg
re.SponSG varies Nuclea Pumped Advanced
with resources Coal Gas r  Hydro Wind Solar  BESS  Wind  Solar #BESS  PSH

- All the time Inertia ‘ ‘ ‘ ‘ Q O | ‘ ‘ ‘
frameS are Fast Frequency
important E:ﬁ::\yse O O O | ' | ‘ 6 ' ‘ ‘
Inverterbased ¢ e @O € € € ©® € & @
(WH]
resources '
(lBRS) are Eignlflsa;;:;]ing ' ‘ O ' ‘ ‘ ‘ ‘ ‘ ‘ ‘
better than Reserve 9 ‘ O ‘ | | ‘ . . ‘ ‘
synchronous L 006 ® 6 6 & © ©@ © ©
some regards g % Export Stability . . . ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
ﬁ E Damping ' ' ' . ‘ ‘ ‘ ‘ ‘ ‘ ‘
5 5 Fault Current ‘ ‘ ‘ ‘ . U | ‘ ‘ ‘ ‘



Freqguency: much more than “inertia”

- There are many misconceptions about “inertia”

- Many resources contribute to managing system frequency

- Take advantage of the speed and programmability of power electronics

- Asynchronous power plants are more stable than conventional synchronous generators
- There’s a ton of cool behaviors possible...we're still learning to exploit them

- We have a significant decoupling from the “traditional” time constants that dominate(d) grid
dynamics.

“Inertia” is a poor shorthand for all things frequency and all things stability. So don't do it!




Inertia and Damping

Disturbance




Quick tutorial on grid strength

IBRS

Disturbance

A

8
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Inertia and Damping

Disturbance




Inertia and Damping

<

v

Disturbance
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Inertia and Damping

v

Disturbance

I'm Following

Follow mel
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Frequency Stability with

Very Large Loads

. . . 22000 Appras,

- Dynamic behavior of huge new data center loads is g —E (-

causing great concern E o /

. . . 'E 18,009 Th:::.rldm
- Behavior is not well understood, not uniform E U ety
. . 16,000
-NERC and many others are paying close attention 1009
. . “ . . ’ H‘_nf' ﬂdi \ﬁd’ _Pd" P "_’IF' _?_d" r @“dﬁ & F P *d? & & ‘Pd‘

. This event is a “canary in the coal mine”; Unexpected b hS * S dhd it

disconnect and reconnect of massive load

Lo - Large Power Electronic Load Ride-Through Events

" What If It WaS 1OX blgger??? INOVEITI'JEFEDES - Present

Largs Fawse Slgciron e Lood REe-Through Evanis

****

s
=]
i ] H
.
T -
0 10 O T L e -l eecwe s sl —en I

NERC LLTF 2025; P. Gravois, ERCOT, NERC LLTF, 12/12/24

e
|
Ea e
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Mitigation Methods

- Voltage and Frequency Ride through

- Weak systems! We need inertia!
- Do we actually need it that much?!

- Add more lines and Synchronous Condensers
- Alternatives: Flexible Loads, Grid Enhancing Technologies (GETs)

- Ask Loads for help! AL
Y
Zr—
/ <
Flow: 1000 MW Flow: 1000 MW
Rating: 800 MW Rating: 1100 MW
Utilization: 125% Utilization: 90%

Source: https://watt-transmission.org/what-are-grid-enhancing-technologies/
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It Is more than only weak and Strong

/ « busbar
;’ A generator
j’ ———— 138KV
\ — 230KV
f,‘ 500KV 14
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Location Matters and we have the tools! (Fundamentals)

FE, R
“ .
P

——
ey

ROSSODOSUL

[

Voltage Sensitive, : / {

Small Signal Analysis
(fundamentals)

Good for Large
Load

Large Load with
Voltage Conftrol

———- 138KV
230KV
—— 500KV 15



Inertia or Damping?

* Large Loads will dictate the Stability!
« We need to ask for the right services
« Voltage?
 Frequency?
« Damping?
« Canloads be GFM?! They Can Actually,

- 2 e
B -5 : "r"-'L'.;—: TR s

« Any market for these services? P

1000

== =« == Conventional Loads

10% Data Center Load

EEEEEEER] 50% DO'I'O Cenfer LOOd

50% Data Center with Stabilizer .

Time (sec)



Takeaway: Large Loads can help!

- Large loads have (some) capability to be controlled very rapidly.
- They can help if we know what we want.

- How exactly you want us to behave? i

C
xxxxxxx

;;;;;;;;
xxxxxxx

- Frequency Ride through
- Voltage Ride through
- Frequency regulation/response
- Voltage Regulation
- Flexible loads
- Will you pay us for all these?
- We need incentives

-We need more collaborations
17



Frequency Stability Lessons Learned

- Inertia isn’t always a friend — remember that inertia is not controllable

- We need inertia but we need damping more!

- It is more than a weak or strong grid! Small Signal Analysis can help
- Faster isn’t always better; “fast enough” is a better philosophy

- Future grid stability can be dictated by Large Loads!

- The advent of GIGANTIC power electronic loads (e.g. Data Centers) adds new dimension
that we are not fully prepared for.

- We need to ask them the right requirements
- We need to think of new market for these ancillary services

18



Thank you!

« Damping and Inertia are not the same, we need more damping rather than inertia

* IBRs caused so many challenges, Large Loads will do even more!

« Voltage Over Correction Conceals the hidden stability risk (Majority of the black outs)

« Large Loads can help the system if we ask them to and we provide incentives (voltage
support, damping, load and generation balancing, etc.)

« Contact: Sam.Maleki@electromentors.com

Winnipeg, MB, CANADA

genl November 20-21, 2025
B 08:00 AM - 06:00 PM
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ee——————————m
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Forming Technology Let's talk IBRs...
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