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RE Capacity Addition in India: Concentrated Manner

(s
120kY
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% RE Pooling Station

Dedicated
Transmission Lines

| s = w; o Unique VRE capacity addition in India in terms of:
CS; m i "” v' Concentrated RE zones
8 - : - § w ¥ Large RE pooling stations at the EHV level for power evacuation (4000 — 8000 GW)
;’;)% s b v' Substations aggregating power from multiple pooling stations
D oo @ 1 . ¥v" Remotely located, far from load centres

l
o

vV Long UHV/EHV lines to evacuate bulk intermittent/variable power from IBR to the
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RE Capacity Addition in India: Typical Plant Layout
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Understanding the fundamentals is important!!

1. GFL behaves as a current source while GFM behaves as a voltage source but both GFL and GFM use voltage
source converters — so what does that really mean?

2. If GFM behaves as a voltage source, isn’t it automatically better than GFL?

3. Ifboth GFL and GFM generate terminal voltage using PWM, why is one termed as current source and other as
voltage source?

4. Can GFL operate reliably in weak grids?
5. Doesremoving the PLL instantly make an inverter grid-forming?

6. Can any standard GFL inverter be 'converted' to GFM via a firmware update, or is the hardware actually different?

...and many more GFL: Grid Following Inverter

GFM: Grid Forming Inverter

E‘E‘;’!’i
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High Level Architecture of Inverter Control

. PCC Grid
Energy Source Inverter Filter Bank
Primary Xgi Xog Xg
Energy 1 Iy //] ~~ ~ A N‘N‘\—:I——/f/——{ ;)
source 1 L i i |
(Solar/Wind/BESS) . —|_ Measurements
" 1 LS E = VZ LO abc abc Vg
! PLL

Reference Values
Pref, Qref / Vref




High Level Architecture of Inverter Control

Energy Source Inverter Filter Bank PTC Grid
Primary X
Energy — Xgi Xgg
source _ | /I/I ll p— PSS A~ ! I//I/I @
, MU | 7
(Solar/Wind/BESS)
V126 I V2 20 |Local Load Vg

Role of Inverter ??

Active Power Flow: V1V2sind
Xf

Reactive Power Flow: V1?2 — V1V2cos 5: V1 (Vl — V2)

é’é GRID- Igl-\lﬁi’)?l.-{

* Control Phase Angle ‘6’ = Control Active Power

* Control Voltage ‘Magnitude’ - Control Reactive Power
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High Level Architecture of Inverter Control

Energy Source e PTC Grid
Primary
_ Xgi X, Xg
Energy | —— R el | )
source
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f 1246 T V2 £0 Vg
m, Filter Bank

If an inverter can synthesize the desired voltage magnitude and angle at its terminal, it can

provide the required active and reactive power voltage? T
I
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43 1} HH\ e
DC

YN O Phase A

O
[+

P VIV TSR LA | T
i ATAVATATATA S g S ATATATATATE S

Ay
_'";} I 1 Pulses to S, /\ /\ /\ /\

O Phase B

)

Gorrgre o, U, VYV VY

India




High Level Architecture of Inverter Control

Energy Source Inverter Filter Bank P‘I‘C Grid
Primary Xoi X | X
Energy 1 ( 7 2 99 ~—————— Y { >
T /1 : |
source !
(Solar/Wind/BESS) (\J : —_
126 | = V2 £0 Vg
E Measurements
: V,lorP,Q
m, :
Inverter can synthesize voltage of  —— AU/l Controller
desired mag. and angle via PWM. ReferenceJ
But who decides what is the Values
desired magnitude and angle? Pref, Qref / Vref
Controller Design
Reference Actual Value
 Should we control 3-phase quantities (A, B, C) Pl >

or it there a better approach?
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High Level Architecture of Inverter Control

What happens in an inverter through PLL?

abc to dg0 transformation

dg0 Transformation of a Balanced System

Phasors rotating in complex plane

90°

270°

Induced magnetic field rotating in space.

920"
120° 60°
—— Phase A
Phase B
_ —— Phase C
= — Vector Sum
180° 0°
240° 300°
270°

Field with rotating axes.
120° 60°

NEW DELHI
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Measured phase values against time.

1.0

0.5 4

0.0 1

—0.5

-1.0

T
0.000 0.005

T T T T
0.020 0.025 0.030 0.035

time [s]

T T
0.010 0.015 0.040

aBy values against time

1.5

1.0+

0.5

0.0 4

—0.5 -

-1.0

~1.5 4

T
0.000 0.005

T T T T
0.020 0.025 0.030 0.035

time [s]

T T
0.010 0.015 0.040

dq0 values against time

1.5 4

1.0 1

0.5 4

0.0

—0.5

~1.0

~1.5

T
0.000 0.005

T T T T
0.020 0.025 0.030 0.035

time [s]

T T
0.010 0.015 0.040

Phasors rotating in complex plane

20°

270°

Induced magnetic field rotating in space.
20°

120° 60°

n

180° 0°

240° 300°

270°

Field with rotating axes.

120°

180°

240"

dq0 transformation with q forced to 0

Measured phase values against time.
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https://jmspigelman.github.io/dq0_symm_comp_tutorial/

High Level Architecture of Inverter Control

Controller Design

Park’s Transformation

V4 cos 0 —sin 6 1] |V,
V| = |cos 9—2?’” — sin 9—%” 1| |V,
Vo coS 9—1—2?’” — sin 94—2?” 1] [ W

* Ind-qframe, apparent power (S) equation becomes:

3
S =5 Vala + Vqlg)+Jj(Vqla = Valg)]

* Forabalanced system,V, = 0

3
S=P—jQ = 2 Valg —jVy Iq) Decoupled Control

By controlling I; and I 5, P and Q can be controlled independently;

hence, named as decoupled control
é’é GRID INDIA
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High Level Architecture of Inverter Control

Energy Source

Primary

source

Energy |

(Solar/Wind/BESS)

wm

Reference
Values
Pref, Qref / Vref

PCC Grid

Inverter 1
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Filter Bank
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High Level Architecture of Inverter Control

Energy Source

Primary

source
(Solar/Wind/BESS)

Energy |

Inverter

Filter Bank Pi:C Grid
Xgi o9 | N m)|(g:|——/f7;@
E =|= | Measurements
: = VZ LO Vab(:l Iabc Vg

IHI
comes from PLL!!

PLL is the backbone of the entire
control hierarchy of grid following

inverter
i(?)i

Reference Values
Pref, Qref / Vref




High Level Architecture of Inverter Control

Controller Design

V
p ref + dref
abc l
Vqref
V
Vact or Quee 1

Outer Control Loop Inner Control Loop

Slow Controller Fast Controller Very Fast
(~1/20 oflnner control loop) (~1/10 of Switching / PWM) (~5k - 40k Hz)
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High Level Architecture of Inverter Control
PLL 2 Treadmill Analogy

* Person walking on a treadmill

= Grid voltage vector > moving conveyor belt
= PLL-> speed + position sensor
= Inverter control > person walking on the belt

Like the person on the belt, inverter must match the grid’s
speed and direction (angle / frequency) to safely inject current

Major Functions of PLL in a Grid-Following Inverter Issues with synchronization (if frequencies are different)
 Reference frame generation (ABC to dq transformation)  Large circulating currents
 Enables decoupled active and reactive power control « Oscillatory and uncontrolled power flow

= jd 2 P control;ig 2 Q control

* Loss of P-Q decoupling
e Grid synchronization
. estimatesmrid angle and freq. and locks to the grid voltage « PLL instability or failure to lock

YN
&) gre =
é ¢l é’é GRID- INDIA

India
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What happens in a Weak Grid!

Strong Grid Weak Grid

Power/Current injected by the IBR does not move the System Power/Currentinjected by the IBR can impact the system
Grid disturbances also impact the voltage waveform

PLL Instability
May lead to loss of Synchronism

Strong Grid -
PLL tracks the grid voltage and frequency

Weak Grid
PLL fails to track the grid voltage and frequency

E‘?’i
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High Level Architecture of Inverter Control

Inverter

‘0’ ...determined internally!!
Controller

c : o
Energy Source Grid Forming !!

Inverter

C
. Grid
Primary S | Xg
Energy — ~~ ~ 0 W—:I—-AQL—@
source ~ I | V
(Solar/Wind/BESS) :|:
V1 ¢ = V22,0 Vg
4 . Measurements
Fl lte r Ba n k Vabc: Iabc, Ppcc: Qpcc
r—-06g
I
: a bc Vabc' Iabc,
1 Tom——— 1 Reference Values
my dqg | _ J' dq : Pref, Qref / Vref
abc Va, Vq l Ig,1 q :
v - ; ‘
m Controller <?%9'  Electromechanical Part/
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Grid Forming Inverter (GFM) Controls

' Virtual Synchronous Virtual Oscillator
Droop Control < EQUIVALENT i y
Machine (VSM) Control Control (VOC)
* P-fand Q-V droop characteristics. *  Emulates synchronous machine swing _ _
. . . * Nonlinear oscillator-based control
* Mirrors the governor and AVR functions of dynamics
synchronous generator behaviour. « Compensates for reduced physical inertia * Natural P-fand Q-V droop,
in converters * Fast synchronization and good stability
APC @oo 0 5 A P(.:, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, * Largely at the research stage
GovernorAction ' Swing Equation

p Wpe Aw W | ip dr — . ; Virtual Oscillator !

° o\ 5 ¥ Wy Jags s [° T

IR R R : :

P Oscillator % é | #

A . | dynamics | :

RPC Vo RPC ; Y :

V Gq(S) @ Vd,rEf i V Yy v 9 i

w | |

Qo mq( 1 ) - dref : PWM i |v !

5+ wge ! :

](U = Pm - P - Pd I_|_|_l Yy v \ 4
Q K Aw Wpc
Pfdroop = xp = Mp [ Wpe Py = DyAw ’V ——©°
K Aw 1 1 —O
_ Wqc vsg — =
mq s + Wqe Ap (D + Km) LS + 1
Dp + K,
é’é GRID INDIA And other evolving controls.....




Grid Forming Inverter (GFM) Controls: Types

Grid Forming Control
Methodologies

I I
Synchronous-
Droop Control Machine-Based Other Control Types
Control

Virtual
me Frequency-based me Synchronous — Virtual oscillator based » Differences mainly in control software; all

Machine exhibit voltage-source behaviour

L S e S (e D, > Two-layer control: reference generation

Utilizing Dc-Link Capacitor . .
Dyngamics(ViSy::C) (slow dynamics) and tracking (fast
dynamics)

e Frequency Shaping-Based » Various combinations create multiple GFM
schemes, named by the generation layer
== Synchronverter — Hoo/H2-Based

: Source: D. B. Rathnayake et al.: “Grid Forming Inverter Modelling, Control,
MatChmg Control and Applications”, IEEE Access, Volume 9, August 2021.

- @ 3 @
%'E GRID-INDIA And other evolving controls.....

Swing Equation
Emulation

Angle-based

Augmented VSG
Control

I
(p agre

India
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Grid Forming Inverter (GFM) vs Grid Following Control (GFL)

o 8 GFL GFM | Voltage Control | PCC Grid
R Foeeee | — : Voltage ! — |
 Current Control F'CliC Grid Magnitude & ! ' T N | 7
| : s ! Z, ! ]
Current | — | z o e Power Phase | VA | Lpce
Vpee 3 Power Setpoint i X i Ioee 8 Ipoe —> Control E’ 6 , ? ) Vref ! Vpe
T 5 —
R —— Po Qo Wy Eo

Fo Qo

» Voltage Source Converter » Voltage Source Converter

» Adjusts the terminal voltage through PWM » Adjusts the terminal voltage through PWM

> Control objective: Inverter current magnitude s » Control objective: To achieve AC voltage, phase
for achieving desired “P” and “0Q” angle and frequency

> Reference for controllers: Phase angle # » Reference for controllers: Internal phase angle
evaluated by PLL to remain synchronized generation

» Current Source Behaviour + » Voltage Source Behaviour*

*until the current limit of the hardware devices is reached

*:éngre = Behaviour during fault conditions?? Efﬁ

)
s
India
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Challenges With High RE Penetration

New Behavior of the

Frequency Support Voltage Support
“ y Supp 9 PP Power System
Increasing Rate of Ch f : : : :
Freque;lc%/ (F?ongF) ange o Static reactive power balance Fault ride through failures
Decreasing nadir frequency Dynamic reactive power balance Decreased damping
Excessive frequency deviations Larger voltage dips Oscillations

Control of bi-directional flows

Bulk of essential reliability services such as inertia,
frequency, and voltage control, system restoration support,
power oscillation damping, short-circuit power, etc. were

being provided by conventional generation sources
é’é GRID INDIA

Lack of power system restoration
sources
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Grid Forming Inverter (GFM) vs Grid Following Control (GFL)

____________________ é‘

GFM Voltage Control PCC Grid PLL ] GFL
wotge |y I —()- " G| o
Magnitude & ! Z ! . Z, | |
L Phase V2 I - Current Iand Z, a
Ioc —>| Control Ed AN Vref : Ve YPee—31  power Setpoint | N : Tpcc
! | | Ipcc —>|  Control 00 ] Z | Voce
L J—- L
PO QO wO EO Po Qo -------------------
1. GRID FOLLOWING (GFL) FOLLOWING SG 2. SG STRUGGLING WITH GFLs 3. SG AND GFM SUPPORTING GFLs

Steady power,
Thanks for We form the
the help, GFM! gnd together! thanks to both!

Too many...
can't keep up!

We set We foIIow your lead!
the grid!
B B




Available Resources to learn more about Grid Forming Inverters

Research Roadmap on
Grid-Forming Inverters

WASHINGTON

9l Grid-forming Inverter
U“fl Technology Specifications:
Pl A Review of Research Reports and

Roadmaps

plamm By

NEW DELHI

Grid-Forming Technology
in Energy Systems Integration

White Paper: Grid Forming
Functional Specifications
for BPS-Connected Battery
Energy Storage Systems

September 2023

Application of Advanced

RELIABILITY | RESILIENCE | SECURITY Grid-scale Inverters in the NEM

August 2021

entso@

Voluntary
Specification for
Grid-forming
Inverters: Core
Requirements Test

TECHNICAL BRIEF

Grid-Forming Inverter
GRID FORMING CAPABILITY OF POWER Fundamentals and FAQs
PARK MODULES

FIRST INTERIM REPORT ON TECHNICAL REQUIREMENTS

Framework

INTRODUCTION

Fins version | 3May 2024

TABLE OF CONTENTS
Imsosucton

G Forming (GFM) nveries Explaines Arower 1o
Comemony Asted Guestions 2

Lin

LinK .,

UNIFI Specifications for Grid-Forming
Inverter-Based Resources
Version 2

Grid Forming Inverters
EPRI Tutorial (2025)

Project Managers
W. Wang and D. Ramasubramanian

3002033960
October 2025

in x f

www.epri.com



https://docs.nrel.gov/docs/fy21osti/73476.pdf
https://www.nerc.com/globalassets/our-work/reports/white-papers/white_paper_gfm_functional_specification.pdf
https://www.aemo.com.au/-/media/files/initiatives/engineering-framework/2021/application-of-advanced-grid-scale-inverters-in-the-nem.pdf
https://www.esig.energy/wp-content/uploads/2022/03/ESIG-GFM-report-2022.pdf
https://unificonsortium.org/wp-content/uploads/UNIFI-Specs-for-GFM-IBR-Version-2.pdf
https://unificonsortium.org/wp-content/uploads/UNIFI-Specs-for-GFM-IBR-Version-2.pdf
https://www.aemo.com.au/-/media/files/initiatives/engineering-framework/2023/grid-forming-inverters-jan-2024.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/Publications/SOC/20240503_First_interim_report_in_technical_requirements.pdf
https://www.epri.com/research/products/000000003002033960
https://www.epri.com/research/products/000000003002034011
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Major Grid Events in RE Complexes in India

:61 1. ~69 events involving RE generation loss of above 1000 MW between
iE GRID- INDIA

A Jan’22 to Oct’25
b = Fault-ride through failure of the RE plants observed

2. Forced low frequency (voltage and reactive power) oscillations in

Report large RE complexes

on

Events Involving = Low system strength in remote RE pockets; Controller tuning challenges
Transmission Grid Connected
Wind & Solar Power Plants 8000

7000 ~69 Events Involving RE
generation loss of more than
1000 MW since January 2022

Generation Loss Events in NR RE Complex

6000
5000
4000

November 2023

3000

. 2000
GRID CONTROLLER OF INDIA LIMITED “‘“0 I| ‘Illl‘l“ ‘I“‘I ||III|| ‘Ill‘l “ “IIIII“

Generation Loss (MW)

™ 23.01.2022 » 30.01.2022 = 04.02.2022  04.02.2022 w 11.02.2022 = 11.02.2022 ™ 11.02.2022 ™ 24.02.2022 ™ 02.05.2022 ™ 20.05.2022

o

(Formerly Power System Operation Corporation Limited)

= 23.05.2022 m 09.07.2022 » 11.08.2022 » 11.09.2022 = 17.09.2022 = 15.10.2022 » 14.01.2023 » 14.01.2023 m 14.01.2023 = 08.02.2023
¥ 09.02.2023 w 09.02.2023 = 09.02.2023 = 09.02.2023 = 09.02.2023 © 09.02.2023 ' 09.02.2023 09.02.2023 © 10.02.2023 © 15.05.2023
N 15.05.2023 W 20.07.2023 ® 31.07.2023 W 06.08.2023 W 28.08.2023 W 28.08.2023 w 28.08.2023 1 16.10.2023 1" 17.12.2023 = 17.12.2023

17.12.2023 = 10.01.2024 ™ 15.01.2024 m 15.01.2024 = 15.01.2024 = 24.01.2024 m 25.02.2024 m 03.03.2024 » 06.04.2024 = 07.04.2024

11.05.2024 30.05.2024  01.06.2024 ' 01.06.2024 m 09.06.2024 = 17.06.2024 = 19.06.2024 ' 20.09.2024 = 03.10.2024 = 12.12.2024

= 08.01.2025 ™ 13.01.2025 = 06.02.2025 ™ 15.03.2025 = 18.03.2025 = 02.04.2025 = 05.05.2025 = 11.05.2025 = 12.07.2025
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Issues Observed During Fault Ride Through

125]
400 " 5 11
350 100| e
1.0 75/ ‘ Plantincreased reactive 1.0
300 injection during high
0.9 50! ’ voltage which is opposite to
$250 1sec ) é ¢ l| grid requirement 'U-9§
=l ~ L.;. -------------------------------------------------------------- |- --------------------------------------------------------- E
S Plant failed to recover 90% of > 25] >
2200 pre-fault active within 0.8 2 |, '0'3§
150 Plant ‘FTHC’ stipulated time of 1 sec g 0 ‘ AN
0.7 . 0.7
100 -251 ||r‘
50 0.6 =501 0.6
-75/
0 0.5 Y ' ' ’ ' ' ’ ' ' —05
o © A » 9 o & a & > L Y 4 ¥ @ & & & @ P
B I W LN A A SN AN SN AN
> > N N O N > N > NS Y B N Y Ny N A R Y N

Reduction of active power by the RE plants during fault to accommodate reactive power injection
Inadequate and delayed reactive power support during ride through conditions

Delayed active power recovery post-fault-clearance

High voltage post-fault clearance leading to tripping of inverters on HVRT and transmission lines on over-voltage

é’é GRID INDIA (?)




Low Frequency Oscillations

kV —R-Phase Y-Phase ——B-Phase i | | | -
408
406 8 1.02 - \ I :wﬁ &
g g §
404 2 s
MO O - DR \ S
18.5
402
. ] | f—p.u positive seq Voltage —— Reactive power] .
400 “ { \ M « ee \ e e H 11;15:00:000 11:15.00:864 11:15:01:728 11:15:02:592 11:15:03:456 11:15:04:320 11:15:05:184 111506048 111506912 11:15.0;:776
398
175.2 T T T T
396
175.1 -
394 s
2 175
392 %
g g g g g g g g g g g g g g g g g 111500000 11:15:00:864 11:15:01:728 11:15:02:592 11:15:03:456 11:15:04:320 11:15:05:184 11:15:06:048 11:15:06:912 11:15:07:776
* Oscillations appearing without any trigger event
* Predominantly reflected in bus voltage and reactive power
* Modes: Low-Frequency Oscillations: 0.1 -0.2 Hz
[ ]

o ‘Q‘ :
j CIS é’é GRID- INDIA
India Hgmm

Modes: High-Frequency Oscillations: 3.5 - 5 Hz - amplitude of these oscillations gets enhanced after interaction with
STATCOMs in the RE complex

.,%elay in communication from PPC to IBRs, Improper tunmg of controllers, Low system strength
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All India Simulation Study: Rajasthan ISTS RE Complex

A
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A 2 765kV Sikar-II 1&2 65 kv
S. No. Pooling Station Name RE Complex Installed RE Capacity in MW (RE Cluster) § 400 KV
1 Fatehgarh — | Iscifo?eedn:;atlon
220 KV & 400 kV
2 Fatehgarh -l Fatehgarh 8952
3 Fatehgarh — Il
4 Bhadla -1
Bhadla 7406
5 Bhadla -1l
6 Bikaner —| .
- ;‘ﬁ‘ " Bikaner 6763
R As on 315t July 2025




All India Simulation Study: Modelling Philosophy

a) The latest all-India simulation base case (~14500 buses) has been considered for the study.
b) Dynamic models of all the synchronous generators of the capacity of more than 100 MVA, all the HVDC links, STATCOMs and
ISTS RE plants have been considered in the dynamic case.
Details of RE Models Used in Study
S. No. Type Generator Model Electrical Control Model Plant Controller
) . REGC_A/B
1 Grid Following REEC_A REPC_A
REGC_C
. . Coupled with the
2 Grid Forming REGFM_A1 REPC_A
generator model
Vref/Vreg REGC_C
Qref/Qgen
At plant i?ﬁi{fﬁﬂ,‘ffﬁ?ﬁ * Developed and released around 2019-20
I Ly * Voltage-source interface model
A ant Level Control " * Includes a generic representation of the inner current loop and PLL phenomenon
_____ S |  Better numerical stability than REGC_A
1 o oema | REGC .
Grererae® ] econw T coereme [ gty | ~'1 REGFM_A1 - Droop control based GFM model released in 2023-24
Limit l Converter
el P Control tpema | 1% fippema] - Mode! e Models submitted by vendors have been used in the study to the extent possible. Wherever,
| models were not available, suitable parametrization has been carried out in standard
"""""""""""""""""""""""""""" Paflag generic models
=1 (P priority)
' 17A"‘ P =0 (Q priority) (0
X
Gpa = é;é ’
& PN GRID- INDIA !

India
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All India Simulation Study: Modelling Philosophy

lyrmax Machine Model REGFM_A1
J'mctx
I + K.+ & Iq States: 0
qemd ip 1 - DeltaDroop
§ 2 - IntEdroop Syroop reported as generator Parameter I,;,4 is used in algebraic
[’ - 3 - Pmeas Rotor Angle No Shift network equations to enforce maximum

4 - Qmeas
5 - Vmeas

Lyymi E 6 - PIPmax
armit Lnin T_q’ 1 r+jX, 7 - PIPmin
i ) 1+45sT 8 - PIQmax
v Eq=Vigo Tigr+igk, ¢ + 9-PIQmin
t ’ ) )
Eqg=Vigo +igr —i,X, 1 !

wpy reported as generator Speed current. See ne.xt page for detail.s on
network equations. When I, is

enforced, values of E,,,; and 8, are
fields.

1.0

P
gen 1+ ST,.I- O
3

— 1 +
i =
e~ E,| 1+5sT, Pres
QVy1ay <> 0:Plant controller changes Vy.y
and the initialization sets Q,.r = 0
QV1aq = 0:Plant controller changes Q5
and the initialization sets @,y = Qi
S e —
1 Wrer Gy | ot
P N ().><
1 Qref Vzmm‘nni
&
g Qgen 1+ 5Ty,
It—' T_l « 4
M}max
0
. 1 . A Kipi 1
¢ I — -
T+ 5T v, % et [
|
Winin 0

Control block diagram of GFL Generator Model- REGC_C Control block diagram of GFM Droop-Based Model - REGFM_A1
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All India Simulation Study: Study Case Scenarios

GFL and GFM Capacities with _ . Seven GFM/GFL penetration configurations are evaluated
an apacities with Percentage Penetration across RE Complexes in Rajasthan across three RE complexes, comparing two (concentrated
and distributed) GFM deployment strategies
16000
== hgarh Total
o o e Fatehgarh Bhadla Bikaner o
- GrL Bhadla Rajasthan RE
g [ GFL Bikaner Cases for Complex Complex Complex
14000 . e [ GFL Total Study Complex
2 [Z7 GFM Fatehgarh % % % % % % % %
gz 77 GFM Bhadla GFL | GFM| GFL | GFM | GFL GFM GFL | GFM
12000 - 51 GFM Bikaner Case -1
B2 GFM Total
(Base 100% [ 0% | 100% 0% | 100% 0% 100% | 0%
Scenario)
E 10000 { Case-2
s (Concentrated | 47% | 53% | 100% 0% | 100% 0% 80% | 20%
g GFM)
>ﬁ o
.E 8000 gt Case-3
o (Distributed 80% | 20% | 82% 18% | 78% 22% 80% | 20%
n 21 R
5 s000] LB, B ” SFM)
v | ?_ hem ? 55 7_ Case-4
i ™ (Concentrated | 20% | 80% | 100% 0% | 100% 0% 70% | 30%
— 33 S 7 -
4000 { i T GFM)
| = b é Case-5
S N o = bl (Distributed | 70% | 30% [ 71% | 29% | 69% | 31% | 70% [ 30%
2000 1 B kS Eﬁ%; b 7 B GFM)
B a Case -6 100
2 (Concentrated | 0% 100% 0% | 100% 0% 60% | 40%
5 %
0 GFM)
Case-1 Case -2 Case-3 Case-4 Case-5 Case-6 Case-7
(All GFL) (Concentrated GFM) (Distributed GFM) (Concentrated GFM) (Distributed GFM) (Concentrated GFM) (Distributed GFM) Case-7
Cases (Distributed 60% | 40% | 64% 36% | 64% 36% 60% | 40%
GFM)
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All India Simulation Study: Results

1. 3-Phase fault in Rajasthan RE Complex: 3 - phase fault at Bhadla PG att = 5 seconds and simulation run for total 20 seconds

Voltage (p.u) of 765 kV Fatehgarh - Il during a Three Phase Fault at 765 kV Bhadla - PG Min & Max Voltages for 765 kV Fatehgarh - Il (p.u.) during Three Phase Fault at Bhadla
123 Cases
1.2 124 B Case- 1 (Base Case - All GFL)
1.09 [0 Case - 2 (Concentrated GFM - 20%)
7 I Case - 3 (Distributed GFM - 20%)
1.0 I Case - 4 (Concentrated GFM - 30%)
Lo V\/// — — 0.94 [ Case - 5 (Distributed GFM - 30%)
M\ //E / 7 I Case - 6 (Concentrated GFM - 40%)
- / [ Case - 7 (Distributed GFM - 40%)
_ 0.8+ / /
£ 0.8 i / N sat
o > [ Minimum Voltage Dip During Fault
ig 2 0.6 Z] Maximum Post Fault High Voltage
o =
: : 7
-
8 061 / /
~ /
—— Case - 1 (Base Case - All GFL) 0.30
—— Case - 2 (Concentrated GFM - 20%)
041 — Case - 3 (Distributed GFM - 20%)
—— Case - 4 (Concentrated GFM - 30%) /
—— Case - 5 (Distributed GFM - 30%) \ /
—— Case - 6 (Concentrated GFM - 40%)
0.2 4 - 7 (Distri _a0o 04
Case - 7 (Distributed GFM - 40%) N N N » o o A
T T T T T T T ,7@ QZ ‘7@ ,’Qa QZ @Z L)Qa
4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00 & & & o & o &
Time (s) Case

* During LVRT, reactive power is injected by GFL inverters proportional to the voltage dip (AV) and the K-factor; weak system
strength amplifies this effect.

 With GFM deployment, droop control regulates the inverter internal voltage and prevents post-fault overvoltage.
* Voltage dip during a fault is reduced where GFMs are present.

* Best improvement at Fatehgarh-Il is observed for concentrated GFM cases (Case-2, Case-4, Case-6) due to higher local GFM

share
‘
""‘ CIg'e é’é GRID- INDIA

India
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All India Simulation Study: Results

1. 3-Phase fault in Rajasthan RE Complex: 3 - phase fault at Bhadla PG at t = 5 seconds and simulation run for total 20 seconds

Min & Max Voltages for 765 kV Khetri {p.u.) during Three Phase Fault at Bhadla Min & Max Voltages for 765 kV Sikar - Il (p.u.) during Three Phase Fault at Bhadla
1.24
113 Cases 113 Cases
1.0 1.08 106 B Case- 1 (Base Case - All GFL) B Case -1 (Base Case - All GFL)
104 104 [0 Case - 2 (Concentrated GFM - 20%) [0 Case - 2 (Concentrated GFM - 20%)
10 0.9 | mm Case-3 (Distributed GFM - 20%) B Case - 3 (Distributed GFM - 20%)
I Case - 4 (Concentrated GFM - 30%) I Case - 4 (Concentrated GFM - 30%)
[ Case -5 (Distributed GFM - 30%) [ Case -5 (Distributed GFM - 30%)
I Case - 6 (Concentrated GFM - 40%) I Case - 6 (Concentrated GFM - 40%)
0.8 [ Case - 7 (Distributed GFM - 40%) [0 Case- 7 (Distributed GFM - 40%)
: Stat i Stat
g 06 056 057 0.58 0.59 0.58 0.60 — Mini.mum Voltage Dip I:')uring Fault g — Minimum Voltage Dip F}uring Fault
g 0.55 2] Maximum Post Fault High Voltage 3 71 Maximum Post Fault High Voltage
g g
0.4
0.2 1

* Buses such as Sikar-ll and Khetri show superior voltage profiles when GFMs are distributed (Case-3, Case-5, Case-7) -
System level benefit

Esvn @ 1927 \
»

NEW DELHI



All India Simulation Study: Results

2. SCR Reduction: Multiple Outages in Rajasthan RE Complex

e Disturbance —1: Outage of 765 kV Bhadla - Il - Sikar - Il - 1 att =5 seconds
e Disturbance - 2: Outage of 765 kV Fatehgarh - Il - Bhadla - Il - 1 att =10 seconds
e Disturbance - 3: Outage of 765 kV Bikaner - Moga - 1 & 765 kV Bikaner - Khetri—1 att =15 seconds

B Base Case After Disturbance - 1 After Disturbance - 2 After Disturbance - 3
us SCR
220 kV Fatehgarh -1l -A 4.0 3.9 3.8 3.7
220 kV Fatehgarh-11-B 7.0 6.9 6.8 6.7
220 kV Bhadla - PG 4.4 4.3 4.2 4.1
Voltage of 765 kV Bhadla - 1l (p.u.) with reduction in SCR in the Complex: Multiple Line Outages Voltage of 765 kV Fatehgarh - 1l (p.u.) with reduction in SCR in the Complex: Multiple Line Outages
1.000 e —— Case - 1 (Base Case - All GFL) 1.000 4 —— Case - 1 (Base Case - All GFL)
Case - 2 (Concentrated GFM - 20%) ' .=il Case - 2 (Concentrated GFM - 20%)
—— Case - 3 (Distributed GFM - 20%) | —— Case - 3 (Distributed GFM - 20%)
0.975 4 —— Case - 4 (Concentrated GFM - 30%) 0.975 —— Case - 4 (Concentrated GFM - 30%)
Case - 5 (Distributed GFM - 30%) —— Case - 5 (Distributed GFM - 30%)
\7\‘:_* Case - 6 (Concentrated GFM - 40%) —— Case - 6 (Concentrated GFM - 40%)
0.950 4 Case - 7 (Distributed GFM - 40%) 0.950 “ Case - 7 (Distributed GFM - 40%)
— /‘\QQ\ A N\ = AA—_[\ -
7 0.925+ AT e — E 0.925 SN
i} ©
B | 2
= I
~ 0.900 - £ 0.900
o 2
=} n
"~ 08754 2 0.875
0.850 - 0.850
0.825 +
0.825 -
0.800 -
0] é 1ID 1‘5 ZIO 2‘5 30 0 é ll[l 1I5 Zb 2‘5 30
Time (s) Time (s)




All India Simulation Study: Results

2. SCR Reduction: Multiple Outages in Rajasthan RE Complex

Overshoot & Undershoot (%) — 765 kV Fatehgarh - Il — Dist-1

6.08

Percent (%)

2.74) 2.71

2.32

1,55

B 5 o A
o o o o

2
o I

e
o o5

[o

@;,z”

Metric
EZ1 Overshoot (%)
1 Undershoot (%)

Cases

B Case - 1 (Base Case - All GFL)

[0 Case - 2 (Concentrated GFM - 20%)
B Case - 3 (Distributed GFM - 20%)
Il Case - 4 (Concentrated GFM - 30%)
B Case - 5 (Distributed GFM - 30%)
B Case - 6 (Concentrated GFM - 40%)
@ Case - 7 (Distributed GFM - 40%)}

Overshoot & Undershoot (%) — 765 kV Fatehgarh - Il — Dist-2

smA ® 1927 \!5

NEW DELHI

3.15 Metric
22 Overshoot (%)
3.04 [ undershoot (%)
25
2.25|
2.01 1.97
§ Ci
ases
o 1,64
S B Case - 1 (Base Case - All GFL)
g 1.5 1.46 [ Case - 2 (Concentrated GFM - 20%)
a B Case - 3 (Distributed GFM - 20%)
116 1.22 B Case - 4 (Concentrated GFM - 30%)
= B Case - 5 (Distributed GFM - 30%)
1.0 0.95 B Case - 6 (Concentrated GFM - 40%)
! 0.8 3 Case - 7 (Distributed GFM - 40%)
0.67|
0.5 03 0.4 0.3
s 0.3
2 M J o "
& S o @ o
=
%’%—n [

Y

Overshoot & Undershoot (%) — 765 kV Sikar - 1l — Dist-3

a.a3 Metric
EZ1 Overshoot (%)
[ Undershoot (%)

3
=
&
= Cases
S Bl Case - 1 (Base Case - All GFL)
= [ Case - 2 (Concentrated GFM - 20%)
& 24 EEE Case - 3 (Distributed GFM - 20%)
Bl Case - 4 (Concentrated GFM - 30%)
B Case - 5 (Distributed GFM - 30%)
HEll Case - 6 (Concentrated GFM - 40%)
@ Case - 7 (Distributed GFM - 40%)
14
o

A : ; & : o A
= c,ﬁ"‘e’i @‘;3 = cﬁ"ea = =

Maximum voltage dip is observed when only GFL inverters are present (Case-1).

Increasing GFM penetration has a minimal impact on steady-state voltage, but
significantly improves damping, thereby reducing voltage oscillations,
undershoot, and overshoot.

GFM penetration restores reactive power headroom in GFL inverters, enabling
additional reactive support for subsequent disturbances.

Best voltage improvement at the Fatehgarh complex is observed with
concentrated GFM, while better performance at Sikar-1l and Khetri is observed
with distributed GFM.
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All India Simulation Study: Results

3. Impact of Delayed Active Power Recovery after a Fault

* A3-phasefaultis applied at the 765 kV Bhadla-PG bus att =5 s and cleared after 100 ms.
* Post-fault, delayed active power recovery of GFL RE plants is considered, consistent with real-time event observations.

* The delayed recovery is emulated in simulation by intentionally reducing the ramp-rate of GFL plants

765 kv Bikaner - Khetri - 1: Active Power (MW): Delayed Active Power Recovery by GFLs Delayed Active Power Recovery by GFL: VOItage of 765 kV Bhadla
1750
—— Case - 1 (Base Case - All GFL) —— Case - 1 (Base Case - All GFL)
—— Case -2 (Concentrated GFM - 20%) —— Case - 2 (Concentrated GFM - 20%)
1500 = Case - 3 (Distributed GFM - 20%) Distribut FM - 20
—— Case - 4 (Concentrated GFM - 30%) 124 Case - 3 (Distributed G - 20%)
B —— Case - 5 (Distributed GFM - 30%) h —— Case - 4 (Concentrated GFM - 30%)
%’ 1250 —— Case - 6 (Concentrated GFM - 40%) \ Case - 5 (Distributed GFM - 30%)
@ 1 - istri - —— e e
H Case - 7 (Distributed GFM - 40%) Lo e — | Case - 6 (Concentrated GFM - 40%)
Z . Case - 7 (Distributed GFM - 40%)
B 1000 {
=
5 £ 087
o
S 750 E
E‘ 765 kV Bikaner - Khetri - 1: Reactive Power (MVAr): Delayed Active Power Recovery by GFLs o
>
5 500 1000 — Case - 1 (Base Case - All GFL) 56
: —— Case - 2 (Concentrated GFM - 20%) @
= — Case - 3 (Distributed GFM - 20%) | ™
© = 7501 — Case - 4 (Concentrated GFM - 30%)
2501 ‘é —— Case - 5 (Distributed GFM - 30%) 0.4
T — Case - 6 (Concentrated GFM - 40%)
¢ 500 Case - 7 (Distributed GFM - 40%)
0 e
g
0 5 10 15 20 25 3q £ 250 0.2+
Time (s) b
o«
G
b 0.0 1
¥ . —
R T T T T T
¢ 2504 0 5 10 15 20 25 30
© .
I Time (s)
aQ
2
o =500
8
2
=750
0 5 10 15 20 25 30
Time (s)
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All India Simulation Study: Results

3. Impact of Delayed Active Power Recovery after a Fault

Delayed Active Power Recovery by GFL: 765 kV Bikaner - Khetri - 1: Active Power (MW)

% Recovery at 10s and 15s w.r.t Pre-fault Value

% Recovery at 10s and 155 w.r.t Pre-fault Value

Delayed Active Power Recovery by GFL: 765 kV Bikaner - Khetri - 1: Reactive Power (MVAr)

81% 80% Metrics 1204 118% Metrics
80 8% ™% 1% 78% [ P@10s/ P@2s* 100 [Z1 P@10s/P@2s* 100
% [ P@15s/ P@2s * 100 105% 106% 107% 106% 1 P@15s/P@2s* 100
64% 4%
60% s9%
60
g 5% 56% g
% 45% %
€ £
in g
T Cases 4 Cases
& I Case - 1 (Base Case - All GFL) ¢ I Case - 1 (Base Case - All GFL)
[0 Case - 2 (Concentrated GFM - 20%) [ Case - 2 {Concentrated GFM - 20%)
20 I Case - 3 (Distributed GFM - 20%) I Case - 3 (Distributed GFM - 20%)
I Case - 4 (Concentrated GFM - 30%) B Case - 4 (Concentrated GFM - 30%)
I Case - 5 (Distributed GFM - 30%) I Case - 5 (Distributed GFM - 30%)
I Case - 6 (Concentrated GFM - 40%) I Case - 6 (Concentrated GFM - 40%)
3 Case - 7 (Distributed GFM - 40%) 3 Case - 7 (Distributed GFM - 40%)

Delayed Active Power Recovery by GFL: 765 kV Bhadla
Maximum Voltage Rise and Voltage at 10 Seconds

* Delayed active-power recovery leads to lightly loaded EHV lines,
excess reactive power, overvoltage, and higher HVRT risk.

Metrics
Max Voltage at After Fault
Voltage at 10s

Case -
Case -
Case -
Case -
Case -
Case -
Case -

Cases

1 (Base Case - All GFL)

2 (Concentrated GFM - 20%)
3 (Distributed GFM - 20%)

4 (Concentrated GFM - 30%)
5 (Distributed GFM - 30%)

6 (Concentrated GFM - 40%)
7 (Distributed GFM - 40%)

plamm By

NEW DELHI

=
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* GFMs recover active power instantaneously, improving overall
recovery as GFM penetration increases.

* Higher GFM penetration mitigates post-fault overvoltage and
accelerates power recovery.




All India Simulation Study: Results

4. Frequency Response Event: Tripping of RE Generators in Rajasthan

* AU GFL and GFM plants are enabled for frequency response through active frequency controllers, supplying power based on available headroom.
* Att=5s,2000 MW of generationis tripped in the Rajasthan RE complex.

* Frequency and RoCoF are monitored at key buses: Bhadla-Il, Bikaner, Ajmer, Suratgarh, Agra, and Angul.

* Simulated frequency response shows an ideal, high Power Number, unlike practical values in the Indian system.

* RoCoF is computed using the derivative method and is higher near the Rajasthan RE complex than at distant regional buses.

Bhadla - Il - Full Range 2000 MW RE Generation Loss in Rajasthan 2000 MW RE Generation Loss: RoCoF at "Bhadla - 11" (Hz/s)
50.01 Case - 1 (Base Case - All GFL) RoCoF has been calculated using the first Cases
—— Case - 2 (Cancentrated GFM - 20%) principle method with dt’= 0.001s c 1(8 c All GFL
T —— Case - 3 (Distributed GFM - 20%) B Case - 1 (Base Case - )
49.99 —— Case - 4 (Concentrated GFM - 30%) 0.30 - 3 Case-2 (C?nC§ntrated GFM - 20%)
- A T | —— cCase- 5 (Distributed GFM - 30%) ) BN Case - 3 (Distributed GFM - 20%)
2 M\ Yaul —— Case - 6 (Concentrated GFM - 40%) BB Case - 4 (Concentrated GFM - 30%)
z 4997 X ) G Case - 7 (Distributed GFM - 40%) [ Case - 5 (Distributed GFM - 30%)
% 0.28 1 Il Case - 6 (Concentrated GFM - 40%)
£ a00s ’ [ Case - 7 (Distributed GFM - 40%)
49.93
0.26 1
“
49.91 : : y - : - . ~
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 =
Time (s) w
9 0.24 4
Bhadla - 1l - Zoomed (6.0 to 8.0 s) %
49.968 -2
0.22 4
_49.966
N
=
g 0.20 -
El
g
* a0.065
0.18 1
T
49.963 e’ e’ e’ e’ e’ e’ e’1
6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4
Time (s) & o o o e ce® ce®




All India Simulation Study: Results

4. Frequency Response Event: Tripping of RE Generators in Rajasthan

2000 MW RE Generation Loss: RoCoF across different nodes (Hz/s)

[ROCDF has been calculated using the ﬂrstl Cases

principle method with dt'= 0.001s B Case - 1 (Base Case - All GFL)
3 Case - 2 (Concentrated GFM - 20%)
[ Case - 3 (Distributed GFM - 20%)

0301 I Case - 4 (Concentrated GFM - 30%) . . .
I Case - 5 (Distributed GFM - 30%) * Nadir frequency shows only marginal improvement across cases
[ Case - 6 (Concentrated GFM - 40%) . h h h GFM . I. . h d .
B Case - 7 (Distributed GFM - 40%) with higher penetration, as equal active-power headroom is

0.25 A

assumed for GFL and GFM.

e Significant improvement is observed in RoCoF, especially at
buses close to the Rajasthan RE complex.

0.20 1

3 * RoCoF impact reduces with distance from the disturbance

5 location.

" 0151 « Higher GFM penetration significantly lowers the maximum
RoCoF near the RE complex.

010 * Distributed GFM placement further reduces RoCoF at buses
such as Bikaner and Ajmer compared to concentrated GFM, due
to faster GFM response.

0.05 1

0.00 -

Note: The calculated RoCoF in this case may not be the same as observed by df/dt relays as there are multiple
processing units, filters and robust logics for calculating the RoCoF at any point. The maximum RoCoF values plotted
below are indication of the inertial strength of the concerned nodes
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All India Simulation Study: Results

5. Frequency Response Event: Tripping of Synchronous Machines in Rajasthan

* AU GFL and GFM plants are enabled for frequency response through active frequency controllers, supplying power based on available headroom.

« Att=5s, total 3500 MW of thermal generation in Kawai, Kalisindh, Chhabra & Rajwest thermal plants is tripped in the Rajasthan RE complex.
* Frequency and RoCoF are monitored at key buses: Bhadla-Il, Bikaner, Ajmer, Suratgarh, Agra, and Angul.
* Simulated frequency response shows an ideal, high Power Number, unlike practical values in the Indian system.
* RoCoFis computed using the derivative method and is higher near the Rajasthan RE complex than at distant regional buses.
Ajmer - Full Range 3500 MW Thermal Generation Loss in Rajasthan 3500 MW Thermal Generation Loss: RoCoF across different nodes (Hz/s)
50.01 —— Case - 1 (Base Case - All GFL) RoCoF has been calculated using the ﬁrstl Cases
—— Case - 2 (Concentrated GFM - 20%} 08 principle method with dt = 0.001s B Case - 1 (Base Case - All GFL)
—— Case - 3 (Distributed GFM - 20%) @ Case - 2 (Concentrated GFM - 20%)
49.99 4 —— Case - 4 (Concentrated GFM - 30%) B Case - 3 (Distributed GFM - 20%)
_ —— Case - 5 (Distributed GFM - 30%) Il Case - 4 (Concentrated GFM - 30%)
i —— Case - 6 (Concentrated GFM - 40%) 0.7 I Case - 5 (Distributed GFM - 30%)
949-97 —— Case - 7 (Distributed GFM - 40%) I Case - 6 (Concentrated GFM - 40%)
% [ Case - 7 (Distributed GFM - 40%)
£ 49.95 0.6
49.93 1
0.5
By 25 50 75 100 125 150 175 200 § . . .
e s s Similar observations as
19,035 Ajmer - Zoomed (6.0 to 8.0 s) § 0.4 .
' Study - 4: RE generation loss
events!
_ 49.928
% 0.2
£ 49,922 4 0.1
0.0
R N R R B Wt




All India Simulation Study: Results

Summary of All India Study

SCR Impact of Frequency Frequency
3-Phase ) Response Response
. Reduction: Delayed .
faultin . . Event: Event: Tripping
. Multiple Active .,
Cases Rajasthan i Tripping of of
Outages in Power
RE ) Synchronous | Synchronous
Rajasthan RE Recovery . . . .
Complex Machines in Machines in
Complex after Fault ] ]
Rajasthan Rajasthan
C -1
(:lSlZFL Case) Worse Worse Worse Worse Worse
Case -l
(Concentrated Better Better Better Better Better
GFM Case)
Case-lll
(Distributed Better Best Best Better Better
GFM Case)

Distributed GFM

[Concentrated GFM +

All GFL A

Improvement in Overall System Performance:
GFL to GFM Deployment (All India Study)

Rajasthan RE Complex

!
Delayed Active Power
Recovery after Fault

'
SCR Reduction: Multiple
Outages in RE Complex

» GFMs are observed to:

= maintain stable operation in weak grids (low SCR), unlike PLL-based GFLs which may become unstable.

=  improve voltage stability by reducing fault voltage dips and post-fault overvoltage.

= enhance systemresilience and accelerate recovery during multiple outages and delayed GFL power recovery.

=  provide fastinertia-like response, significantly reducing RoCoF near disturbances.

» Concentrated GFM improves local voltage stability, while distributed GFM provides wider system-level benefits.

Fance improves progressively with mcreasmg GFM penetratlon

Improvement in Performance

'
Freq. Response: Tripping




Performance Assessment of GFL and GFM: EMT Domain Study

Grid Voltage Phase Angle Jump

POI SCR Reduction
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Grid Voltage Phase Response Test in EMT Domain (PSCAD)
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POI SCR Reduction Test in EMT Domain (PSCAD)
Short Circuit Ratio (SCR) at POI

— SCR

GFL Inverter Terminal Voltage

w

[N]

[

—— GFL Terminal Voltage

Gi=M Inverter Termiﬁal Voltage

—— GFM Terminal Voltage

Time (s)

14

POl bus voltage phase angle is stepped from 0°to 60° att=5s.

Simulation results show loss of stability in GFL, while GFM maintains
synchronism under the phase-angle disturbance

GFL Model: From PSCAD example library

GFM Model: An open-source model developed by NREL

The POISCRisreduced from5to2att=5s

After SCR reduction, the GFL becomes unstable (possible loss of

synchronism),
conditions.

while the GFM remains stable under weak grid

Ef?’)j



Scope for Further Studies

Voltage
Balancing
Impact of GFMs

Black Start
Through GFM

SSR Studies/ Impact of GFM
Penetration on

Protection

Frequency Scan

GFM in STATCOMs,
Effect of GFM on HVDCs, Power
Power Quality Electronic Based
Loads
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Global Experience with Grid Forming Inverters

Major Applications Areas of GFM:

a) Renewable Generation Systems
o PV
e Wind
e Energy storage systems

b) FACTS Devices and HVDCs

c) Electric vehicles

d) Smart Loads

)

Microgrids

e

e G No. of OPerational No. of Projects. To.tal
Projects Under Construction Projects
China 30 4 34
Australia 8 7 15
USA 8 3 11
Europe 4 5 9
Saudi Arabia 3 0 3

Source: Energy Systems Integration Group (ESIG), “Installed and planned grid-forming projects,”

*GFM Landscape - ESIG.

[Online]. Available: https://www.esig.energy/working-users-groups/reliability/grid-forming/gfm-landscape/projects

BESS inverters can enable GFM with minimal hardware changes

Adding advanced features (e.g., black-start) needs extra hardware, increasing cost.

PV and wind GFM integration is more complex due to less still DC side voltage source and is costly

E‘E‘F’i
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Global Experience with Grid Forming Inverters
Notable GFM Projects Worldwide

Australia
. = Hornsdale Power Reserve Project (150 MW/194
' ' : MWh): Upgraded from GFL to GFM with the

Q? . capabilities of providing grid inertia service in July
"’ ™ Blackhilock, Phasegg\ Xinhua Hydropower GFM Fluoride Flow Energy. oﬁ« 2 O 2 2
- Mackinge =, Akitime Link Kriegers Flak Stﬁﬁsf svnr%ous Compén '
] LA, o Wmew » npis el g - = Dalrymple BESS (30 MW/8 MWh): First
/Y‘. souhForkind Kéﬂg Dy - Form::oEssmm «Fuod Wﬁhuguangwwect transmission-connected GFM project in Australia
\ \X (»ﬂ \::'" Mul%ﬁerg\r Grid- Fur?n?ﬁgPrme i s ! Q QinghégBaof Grid-Forming BESS
Kapolei Energy Storage \\ | ﬁ%; % aa&w‘\h Sichuan Ven%’dll GFM STATCOM Project G reat B I‘it a i n

= Blackhillock Phase-l BESS (200 MW/400 MWh):
Europe's largest transmission-connected battery
NG, projects

h . \uf% ... S.al!.u:h 4rab|a Red Sea New Town Project | o ‘. /-J
. 5 ' i /,.. \\ 1 i
. ll\)D ."
: ' . ,
L2 ; ) s

5 'J ! u
4 | o
\J / ‘\ / l) ,-"IF s (J L‘\.EunrnhB:.-EnIaré;ar USA
j / '\J v Homsdmmm . « [Kapolei BESS (185 MW/565 MWh), Hawaii: GFM
/¥ “ & “'“‘”"""d"‘"'{'"gt”' BESS providing inertia, voltage and frequency
E - v F support
‘ | | - Saudi Arabia

* Amaala Project (160 MW/760 MWh): GFM BESS-
solar microgrid enabling 24x7 renewable off-grid

power in Saudi Arabia
]
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Grid-Forming Converters - Specifications in Grid Codes and Standards

NREL ENSTO-E NERC NGESO AEMO GPST ESIG UNIFI AEMO MIGRATE HECO ~ NREL ENSTO-E VDEFNN NGESO AEMO  HECO OSMOSE UNIFI NGESO  AEMO  FINGRID  NERC

I- mIET R
& —d \ \ 4 \

)
B

2CiO1 2C|)03 20|1 4 2Ci1 8 2020 2021 2Ci22 2023 2019 2020 2021 2023

UL 1741 and IEEE 1547 IEEE 1547A IEEE 1547-2018 IEEE 2800 Published
EES 619 Publishad B8 Amerdment Fublished AEMO VDEFNN UNIFl FINGRID MISO  ACER/ENTSO-E  ERCOT  CEN  SRP  Energinet VDEFNN
Synchronize IBRs Shall: IBRs May: IBRs Shall be Extended and
for IBRs at ¢ Not Regulate ¢ Regulate Voltage = Capable of: Improved Specs for o ”
Distribution Voltage ¢ Ride-Through * Regulating Voltage IBR at: =" = 2o mne
Level e Trip Under Abnormal  Ride-Through » Subtransmission T —— P

Abnormal Voltage and Abnormal Voltage Level = | - =

Voltage and Frequency and Frequency ¢ Transmission TR i

Frequency * Provide * Provide Frequency Level _ - -

(Anti-Islanding)  Frequency Response

Response L J
Y Suggesting GFM Behavior
GFL Behavior

* Assume IBRs do not supply the full system load.

* Requirements are largely based on conventional inverter
capabilities.

* Applicability to high-GFM or fully inverter-based systems remains

* Recentinitiatives explicitly focus on defining GFM behaviour

* Key areas include fast inertia response and voltage-source
operation

* Enhanced performance under weak grid conditions is addressed.

uncertain.
. e Black-start capability and multi-GFM coordination are bein
* Interoperability between legacy IBRs and new GFM resources not e P y &
specified
assured
-x‘ * Source:
}‘c‘m %T @g- B. Bahrani et al., “Grid-Forming Inver B d Resource R ch Landscape,” IEEE Power & Energy Magazine, vol. 22,

. 2, pp. 52-63, Mar./Apr. 2024
GRI D = I N D I A Z:IIFII::‘:msorlium,a :Gril:l’:forming inverter tech

2022.

logy specificati A review of research reports and roadmaps,” Nov.




Grid-Forming Converters - Specifications in Grid Codes and Standards

European Union Grid Code
Requirements GB Grid Code AEMO (2023 UNIFI V2 (2024 VDE-FNN 2025
9 (2023) (Draft 2024)** (2024) FINGRID*
Active phase jump power v v vA) v v v
Active damping power v v vA v v v
Voltage jump reactive power v v v A v v v
Fast fault current injection v v v A v v v
Voltage source behaviour v v v A v v v
Frequency domain response v v v v (*) v v
v High frequency: B

i *kk
Inertial response v v Low frequency: v (***) v v
Last synchronous machine survival v v v v v
Weak grid operation and system strength v v v A v v
Oscillation damping v v v A v v v
GFM within current limits v v v v v
Additional Capabilities
Headroom and energy buffer v v v(€) v (*) v
Current capability above continuous v v v v
Black start capability v v v v
Power quality improvement v v v v
Stability when current limit reached v v v v
. Type A: Connection point below 110 kV and maximum capacity of .8 kW or more. Source:
. Type B: Connection point below 110 kV and maximum capacity at or above a threshold proposed by each relevant transmission system 1. B. Bahrani et al., “Grid-Forming Inverter-Based Resource Research Landscape,” IEEE Power & Energy

operator (TSO), which is below 1 MW. Magazine, vol. 22, no. 2, pp. 52-63, Mar./Apr. 2024
. Type C: Connection point below 110 kV and maximum capacity at or above a threshold proposed by each relevant TSO, which is below 50 2. UNIFI Consortium, UNIFI Specifications for Grid-Forming Inverter-Based Resources, Version 2, 2024

MW. . i . . o 3. Fingrid, "Grid code specifications for grid energy storage systems," Fingrid
. Type D: Connection point above 110 kV or maximum capacity at or above a threshold proposed by each relevant TSO, which is below 75 MW. 4. T . . . . P . . . . .

. . . . . L A . . . echnical requirements for grid-forming capabilities including provision of inertia: Requirements and
. Even if not explicitly stated in the document, it can be inferred from the specifications that it is a desirable behaviour. . . . . . . .
X . . R verifications for grid-forming units, Version 2.0, English version, Oct. 2025

. ** At the present situation, GFM for type A is possible but not mandatory. e R :
. 5. AEMO, Voluntary Specification for Grid-forming Inverters, May 2023

***|n North America, this requirement is categorized under 'fast frequency response' and not explicitly defined.

6. NESO, GC0137: Minimum Specification Required for Provision of GB Grid Forming (GBGF) Capability
(formerly Virtual Synchronous Machine/VSM Capability)

()
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Conclusion and Way Forward GRV! requirement

depends on network
strength, contingency
type, and behaviour of
GFL inverters and
loads.

Studies indicate GFM
Required GFM share is penetration can be
system-specifi ¢ clale significant (often >30%);

must be determined MIGRATE project reported
through detailed system ~37% GFM in some systems.
studies.

Enabling GFM in future

7Wha’c percentage of GFM? " Lowhanging fuit

Case studies show wide

variation: ~11% GFM : 0% large BESS involves
with GFL support versus - modest incremental
~23.5% GFM without 20% cost and offers a cost-
support 50% effective path

GFMs and enabling
assets (SYNCONs,
STATCOMs) improve
grid stability under
new operating
conditions

{ ' GRID:IDA ﬁa

100%

Align standards
with international
frameworks

Initiate large-scale
pilot projects
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