CIGREIndia Study Committee C2, in collaboration with GRID -INDIA and Forum of Load Despatchers (FOLD)

Grid Forming Inverters and Possible
Applications for Indian Power System

Presenters:. Priyam Jain and Gaurab Dash

Other Core Team Members: Prabhankar Porwal, Raj Kishan, Arpan Saha
and teams across NLDC/RLDCs

GRID CONTROLLER OF INDIA LIMITED



Discussion Paper by GRID-INDIA

GRIDINDIA has published a Discussion Paper on

/b] | -Fiming Technology and Possible Applications in the Indian Power System
https://webcdn.grid -india.in/files/grdw/2025/12/Discussion%20Paper GridForming%20Inverters Final 956.pdf

Discussion Paper

Review of gridforming International
(GFM) teChnOIOgy VIQ-VIS and S)Sslllt:))lel:ﬂ?)zr:tﬁfsTnEl(:d:r:lg)l;vgriltem deployment
the currently prevalent grid experience
following (GFL) technology Se o g
A T8

Suggestions for a

Literature review

potential
roadmap for
: future
Detailed simulation studies o, . deployment
' GRID-INDIA
frs sgier oife $fean fafics
(HRA TRDR B I¢H)
GRID CONTROLLER OF INDIA LIMITED
DECEMBER 2025 (A Government of India F-memﬂse)
red Office: B-9, 15 Floor, Qutab Institutional Area, Ktw a Sarai, New D lh 110016
GRID CONTROLLER OF INDIA LTD. o ““°'°5?L28ff°%°é1f??’éfrwm"?§ O oot Nahm Piace. Now Da 018, Tar 01 LATZMT

Comments and inputs are invited from stakeholders and domain experts on the observations and analysis presented in this paper

The comments may be shared atldcreliability@grid-india.in
i(?)i

%CIgre 1 ' GRID INDIA

India



mailto:nldcreliability@grid-india.in
mailto:nldcreliability@grid-india.in
mailto:nldcreliability@grid-india.in
https://webcdn.grid-india.in/files/grdw/2025/12/Discussion%20Paper_Grid-Forming%20Inverters_Final_956.pdf
https://webcdn.grid-india.in/files/grdw/2025/12/Discussion%20Paper_Grid-Forming%20Inverters_Final_956.pdf
https://webcdn.grid-india.in/files/grdw/2025/12/Discussion%20Paper_Grid-Forming%20Inverters_Final_956.pdf
https://webcdn.grid-india.in/files/grdw/2025/12/Discussion%20Paper_Grid-Forming%20Inverters_Final_956.pdf
https://webcdn.grid-india.in/files/grdw/2025/12/Discussion%20Paper_Grid-Forming%20Inverters_Final_956.pdf

Contents x Rt qld U1 &+ WAIJI

1.

2.

Nature of VRE Capacity Addition in India

Fundamentals of Inverter Control Too complex... &

What is the need for this??

A Grid Following Control We already know the fundamental

A Grid Forming Control
A Types of Grid Forming Control -

Stabllity related concerns in large VRE complexes in Indian power system

Simulation studies T Description and Insights Thank God I
| Something’exciting s

Global experience with Grid Forming

Specifications related to grid forming capability in Grid Codes and Standards

. Way Forward



RE Capacity Addition in India: Concentrated Manner
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RE Capacity Addition in India: Typical Plant Layout
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Understanding the fundamentals is important !

1. GFLbehaves as a current source while GFM behaves as a voltage source but both GFLand GFMuse voltage
source convertersy so what doesthat really mean?

2. f nW] [ ~WHYGEc 21t Wet WewW2YdagenDUIW Yel AUAWRY Uk qUWRaallcaaqYdc

3. If both 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. Does removing the PLL instantly make an inverter gridrming?

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

€. and many mor e GFL: Grid Following Inverter

GFM: Grid Forming Inverter
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High Level Architecture of Inverter Control
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High Level Architecture of Inverter Control
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High Level Architecture of Inverter Control
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High Level Architecture of Inverter Control

Energy Source Inverter Filter Bank PTC Grid
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High Level Architecture of Inverter Control
What happens in an inverter through PLL?

abc to dqO transformation

dg0 Transformation of a Balanced System
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https://jmspigelman.github.io/dq0_symm_comp_tutorial/

High Level Architecture of Inverter Control

Controller Design

Ac¢l t kt WNI ¢Ut nYl G¢qRYU

V4 cos 0 —sin 6 1] |V, abc
V| = |cos 9—2?’” — sin —%’T 1| |V, |
Vo coS 9—1—2?’” — sin 94—2?” 1] [ W

A In d-q frame, apparent power (S) equation becomes:

] - (e k) = mb) a0
A For a balanced systemgr, TT

1 F F - qm

By controlling 'mand EAP and Q can be controlled independently:
hence namwd as decoupled control
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High Level Architecture of Inverter Control
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High Level Architecture of Inverter Control
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High Level Architecture of Inverter Control

Controller Design

”"- + P| ™ > uli
[ ‘_ d
by - by 1| m
abc l
Tl boab -
Targll
T e < ks
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High Level Architecture of Inverter Control
PLLA Treadmill Analogy

A Person walking on a treadmill

A Grid voltage vector 3 rbving conveyor belt
A PLLA LF GUUI WeWGYt RgqRYULWHt Ut YI
A Inverter control 3 WGl + YUWs ¢ Gt RUNWYU

X Rt WWaqd6 WG + YOWYUWaqd6 WWHG q4A
speed and direction (angle / frequency) to safely inject current

Major Functions of PLL in a Grld_F0”0W|ng Inverter Issues with SynChr0n|Zat|On (if frequencies are different)

A Reference frame generation (ABC to dq transformation) A Large circulating currents

A Enablesdecoupled active and reactive power control

) A Oscillatory and uncontrolled power flow
A id A P control;ig A Q control

A Loss of BrQ decoupling
A Grid synchronization

A estimatesw r|d angle and freqg. and locks to the grid voltage

A PLL instability or failure to lock

= GRID- INDIA
India é'é
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What happens in a Weak Grid!

Strong Grid
Power/Current injected by the IBR does not move the System

Strong Grid “-
PLL tracks the grid voltage and frequency

Weak Grid
Power/Current injected by the IBR can impact the system
Grid disturbances also impact the voltage waveform

/ PLL Instability
May lead to loss of Synchronism

\)

Weak Grid
PLL fails to track the grid voltage and frequency

E‘?’i
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High Level Architecture of Inverter Control
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Grid Forming Inverter (GFM) Controls

Virtual Synchronous
Machine (VSM) Control

< EQUIVIALENT>

Droop Control

A Prfand QrV droop characteristics
A Mirrors the governor and AVR functions of

synchronous generatorbehaviour
APC

Wo

e

Qo

a

Virtual Oscillator
Control (VOC)

Nonlinear oscillator-based control

Natural Prf and QrV droop,
Fast synchronization and good stability

Largely at the research stage

———————————————————————————————————————————

1
———————————————————————————————————————————
1

Oscillator
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dynamics A
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Grid Forming Inverter (GFM) Controls: Types

Grid Forming Control
Methodologies

Synchronous -
Droop Control Machine -Based Other Control Types
Control

Virtual
o Frequency-based Synchronous — Virtual oscillator based U Differences mainly in control software; all
Machine exhibit voltage-source behaviour
Swing Equation WIGLEL S e @ el e i Twolayer control: reference generation
=  Angle-based Emulati Utilizing Dc -Link Capacitor : :
mulation Dynamics (ViSynC) (slow dynamics) and tracking (fast
dynamics)

Augmented VSG
Control

O Frequency Shaping-Based U Variouscombinations create multiple GFM
schemes, named by the generationlayer

Source: D. B. Rathnayake et al.: 1 ] | BIming Inverter Modelling, Control,

— MatChing Control é_ and GG R H ¢ I§FERIdds;X¥olume 9, August 2021
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Grid Forming Inverter (GFM) vs Grid Following Control (GFL)

’ GFL
PLL
n mem=a== i ----------- .
\ Current Control PCC Grid
Current | —| 7 o
Vece——= Setpoint | l g
Power etpon | | Ipce
f_p(:f E— COntl’D| ID IU i T ZC ! VPC(:
T T d'iq | |
PO QO

U Voltage Source Converter
U Adjuststhe terminal voltage through PWM

U Control objective : Inverter current magnitude
for achievingdesired /- Aasd /b A

U Reference for controllers : Phase angle
evaluated by PLLto remain synchronized

U Current Source Behaviour

’u’f}é})‘ cGigre = Behaviour during fault conditions?? i«»i
" India #
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GFM Voltage Control | PCC Grid
Voltage ! 1 : I :I—@—
Magnitude & ! 7 T Z,
Vee—>|  power Phase i\ + g
I —>|  Control E 6 T\ Vre o Ve
PO QO wO EO

= 0 Voltage Source Converter
— U Adjuststhe terminal voltage through PWM

YU Control objective : Toachieve AC voltage, phase
angleand frequency

KU Reference for controllers : Internal phase angle
generation

)T(U Voltage Source Behaviour*

*until the current limit of the hardware devices is reached




Challenges With High RE Penetration

New Behavior of the
Frequency Support Voltage Support Power System

Increasing Rate of Change of : : : :
Frequency (RoCoF) 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)

ST | i)
GFM . Voltage Control | PCC Grid PLL ]
I I A SR .
Voltage | 1+ \l :—@— | Current Control | PCC
Magnitude & ! Z ! '| Z, | |
VP> power Phase ' /4 I - ; Current Iand
Iee —>|  Control Eg N\ 1 T T Power | Setpoint | 0 e
: : 'fi"ff!'.' — Contr0| 0 0 : ¢ : VPCC
e J—- i s
Fo Qo wy £y Py Qo

GFL

Grid

1. GRID FOLLOWING (GFL) FOLLOWING SG

We set
the grid!
°O 5

2. SG STRUGGLING WITH GFLs

Too many...
can't keep up!

Thanks for
the help, GFM!

3. SG AND GFM SUPPORTING GFLs

Steady power,
gr\{g fgg&g;?. thanks to both!




Avallable Resources to learn more about Grid Forming Inverters

Research Roadmap on
Grid-Forming Inverters

WASHINGTON
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September 2023
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Specification for
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Requirements Test
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Application of Advanced
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August 2021
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GRID FORMING CAPABILITY OF POWER
PARK MODULES
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Fins version | 3May 2024

Link ..

Grid-Forming Technology
in Energy Systems Integration

March 2022
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TABLE OF CONTENTS
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I\/Iajor Grid Events in RE Complexes in India
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1.

~69 events involving RE generation loss of above 1000 MW between
S CA2%0 § H2pK

A Fault-ride through failure of the REplants observed

Forced low frequency (voltage and reactive power) oscillations in
large REcomplexes

A Low system strength in remote REpockets; Controller tuning challenges

Generation Loss Events in NR RE Complex
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5000
4000

3000

2000
: |

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

= 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

Ef?’)j



Issues Observed During Fault Ride Through

125]

MW Values
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Plant ‘FTHC’

Plant failed to recover 90% of

pre-fault active within
stipulatedtime of 1 sec

1.1

MVar Values
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1001

‘ Plantincreased reactive
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J injection during high
|

grid requirement

>
150 : B ’
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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 postault-clearance

U High voltage postfault clearance leading to tripping of inverters on HVRT and transmission lines on owasltage

é’é GRID INDIA (?)
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Oscillations appearing without any trigger event
Predominantly reflected in bus voltage and reactive power

Modes: Low-Frequency Oscillations : 0.1-0.2 Hz

o o Io I»

Modes: High-Frequency Oscillations : 3.5 - 5 Hz - amplitude of these oscillations gets enhanced after interaction with

STATCOMsn the REcomplex
&
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All India Simulation Study: Rajasthan ISTS RE Complex
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All India Simulation Study: Modelling Philosophy

a) Thelatest all-India simulation base case (~14500buses) has been considered for the study.

b) Dynamic models of all the synchronous generators of the capacity of more than 100 MVA,all the HVDClinks, STATCOMsnd
ISTSREplants 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 Followin ~ REEC A REPC A
J REGC C — —
: : Coupled with the
2 Grid Forming REGFM_ A1l P REPC A
generator model
Vref/Vreg REGC_C
Q%;/Fftn Preq ref/freqand A Developedand releasedaround 2019-20
I Ly A Voltage-source interface model

O ant Level Control A Includes ageneric representation of the inner current loop and PLLphenomenon
A Better numerical stability than REGC_A

""" REECy TS v
?, cmd' cmd| REGC .
eAeren T qeomea | soemey | """ REGFM_AZ Droop control based GFM model released in 20224

3 Limit | Converter
: , Logic |! ode . . .

orpersy | P Contrel pemd’ | EC fifpomd - Mode! ., 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
'''''''''''''''''''''''''''''' Pafiag genericmodels

<r.

7 jcigre
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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 !

P
gen 1+ ST,.I- O
3

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

— 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 P A T
|
Winin 0

Control block diagram of GFL Generator Model TREGC_C  Control block diagram of GFM Droop -Based Model T REGFM_A1

X
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All India Simulation Study: Study Case Scenarios
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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)

Cases

Seven GFM/GFL penetration configurations are evaluated
across three RE complexes, comparing two (concentrated
and distributed) GFM deployment strategies

Fatehgarh |  Bhadla Bikaner Total
Rajasthan RE
Cases for Complex Complex Complex
Study Complex
% % % % % % % %
GFL | GFM| GFL | GFM| GFL | GFM | GFL | GEM
Case-1
(Base 100% | 0% | 100% [ 0% | 100% [ 0% | 100% | 0%
Scenario)
Case-2
(Concentrated | 47% | 53% | 100% | 0% | 100% 0% 80% | 20%
GFM)
Case-3
(Distributed 80% | 20% | 82% | 18% | 78% 22% | 80% | 20%
GFM)
Case-4
(Concentrated | 20% | 80% | 100% | 0% | 100% 0% 70% | 30%
GFM)
Case-5
(Distributed 70% | 30% | 71% | 29% [ 69% 31% | 70% | 30%
GFM)
Case-6 100
(Concentrated | 0% % 100% | 0% | 100% 0% 60% | 40%
GFM)
Case-7
(Distributed 60% | 40% | 64% | 36% | 64% 36% | 60% | 40%
GFM)




All India Simulation Study: Results

1.

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

765 kV Fatehgarh - II

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%)
1.0 — S S— 0.94 [ Case - 5 (Distributed GFM - 30%)
\\’//_E / 7 I Case - 6 (Concentrated GFM - 40%)
- / [ Case - 7 (Distributed GFM - 40%)
081 / /
0.8 1 3 / Stat
o [ Minimum Voltage Dip During Fault
2 0.6 Z] Maximum Post Fault High Voltage
: 7
0.6 / %
—— Case - 1 (Base Case - All GFL) 0.30
—— Case - 2 (Concentrated GFM - 20%)
041 — Case - 3 (Distributed GFM - 20%) I
—— Case - 4 (Concentrated GFM - 30%) /
—— Case - 5 (Distributed GFM - 30%) \ /
—— Case - 6 (Concentrated GFM - 40%)
0.2 4 : istri 409 0
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

T>

A
A
A

@ agre

During LVRT, reactive power is injected by GFLinverters proportional to the voltage dip blI' @ng the K-factor; weak system
strength amplifies this effect.

With GFMdeployment , droop control regulatesthe inverterinternal voltage and prevents post-fault overvoltage.
Voltage dip during afault is reduced where GFMsare present.
Best improvement at Fatehgarhl is observed for concentrated GFM cases (Case-2, Case-4, Case-6) due to higher local GFM

share:
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All India Simulation Study: Results

1. 3-Phase fault in Rajasthan RE Complex: 3-phase fault atBhadlaPG 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

1.2 1
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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%)
(Distributed GFM - 40%)

Stat

[ Minimum Voltage Dip During Fault
7] Maximum Post Fault High Voltage

Voltage (p.u.)
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(=1
oo
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(=3
o

(=]
=
L

0.2+

0.0

Min & Max Voltages for 765 kV Sikar - Il (p.u.) during Three Phase Fault at Bhadla

113

I Case-
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I Case-
I Case-4
I Case-
I Case-
[ Case-

Cases
1 (Base Case - All GFL)
2 (Concentrated GFM - 20%)
3 (Distributed GFM - 20%)
4 (Concentrated GFM - 30%)
Distributed GFM - 30%)
Concentrated GFM - 40%)

(
(
(
(Distributed GFM - 40%)

5
6
7

Stat

1 Minimum Voltage Dip During Fault
71 Maximum Post Fault High Voltage

A Buses such as Sikar-Il and Khetri show superior voltage profiles when GFMs are distributed (Case-3, Case-5, Case-7) T
System level benefit
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All India Simulation Study: Results

2. SCR Reduction: Multiple Outages in Rajasthan RE Complex

91 Disturbance T 1: Outage of 765 k\Bhadla- Il - Sikar-11-1 at t = 5 seconds
91 Disturbance T 2: Outage of 765 kV Fatehgarhll - Bhadla-II- 1 att = 10 seconds
91 Disturbance T 3: Outage of 765 kV BikanerMoga- 1 & 765 kV BikanerKhetriT 1 att = 15 seconds

BUS Base Case | After Disturbance -1 | After Disturbance -2 After Disturbance -3
220kV Fatehgarh -l -A 4.0 3.9 3.8 3.7
220kV Fatehgarh-11-B 7.0 6.9 6.8 6.7
220kV 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 ey —— Case - 1 (Base Case - All GFL) 1.000 —— Case - 1 (Base Case - All GFL)
‘ Case - 2 (Concentrated GFM - 20%) ' E—_ Case - 2 (Concentrated GFM - 20%)
—— Case - 3 (Distributed GFM - 20%) [ —— Case - 3 (Distributed GFM - 20%)
0.975 4 A S —— Case - 4 (Concentrated GFM - 30%) 0.975 —— Case - 4 (Concentrated GFM - 30%)
Case - 5 (Distributed GFM - 30%) —— Case - 5 (Distributed GFM - 30%)
| S — Case - 6 (Concentrated GFM - 40%) —— Case - 6 (Concentrated GFM - 40%)
0.950 4 v Case - 7 (Distributed GFM - 40%) 0.950 Case - 7 (Distributed GFM - 40%)
3 | \ O AL = i LL& A\ AN
7 0.925+ AT e — E 0.925 SN
i} ©
B | 2
= I
> 0.900 £ 09007
X =
[Ta) 3
=} n
"~ 08754 2 0.875 1
0.850 - 0.850
0.825 +
0.825
0.800 -
0] é 1ID 1‘5 ZIO 2‘5 30 0 é ll[] 1I5 Zb 2‘5 30
Time (s) Time (s)
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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
& o @ae,‘a (;a-"e'b o
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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
3.15

3.09

25+

2.01 1.92
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1.22
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22 Overshoot (%)
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Cases

B Case - 1 (Base Case - All GFL)

[ Case - 2 (Concentrated GFM - 20%)
B Case - 3 (Distributed GFM - 20%)
B Case - 4 (Concentrated GFM - 30%)
B Case - 5 (Distributed GFM - 30%)
B Case - 6 (Concentrated GFM - 40%)
3 Case - 7 (Distributed GFM - 40%)
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Overshoot & Undershoot (%) — 765 kV Sikar - 1l — Dist-3

Metric
EZ1 Overshoot (%)
[ Undershoot (%)

4.43

19

'iL_,’ Cases

S Bl Case - 1 (Base Case - All GFL)

= [ Case - 2 (Concentrated GFM - 20%)
& 24 BN Case - 3 (Distributed GFM - 20%)

Bl Case - 4 (Concentrated GFM - 30%)
5 {Distributed GFM - 30%)
6 (Concentrated GFM - 40%)

7 (Distributed GFM - 40%)

= case -
Bl Case -
@ Case -

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

Maximum voltage dip is observedwhen only GFLinverters 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 subsequentdisturbances.

Best voltage improvement at the Fatehgarh complex is observed with
concentrated GFM, while better performance at Sikar-Il and Khetri is observed
with distributed GFM.




All India Simulation Study: Results

3. Impact of Delayed Active Power Recovery after a Fault
A A 3phase fault is applied at the 765 k\BhadlarPG bus att = 5 s and cleared after 108s.

A Post-fault, delayed active power recovery of GFL RE plants is considered, consistent with reahe event observations.

A The delayed recovery is emulated in simulation by intentionally reducing the rampte of GFL plants

765 kv BliTkslaner - Khetri - 1: Active Power (MW): Delayed Active Power Recovery by GFLs Delayed Active Power Recovery by GFL: Voltage of 765 kV Bhadla

—— Case - 1 (Base Case - All GFL) —— Case - 1 (Base Case - All GFL)
| — Case-2(Concentrated GFM - 20%) —— Case - 2 (Concentrated GFM - 20%)

= Case - 3 (Distributed GFM - 20%) -
—— Case - 4 {Concentrated GFM - 30%) 1.2 4 —— Case - 3 (Distributed GFM - 20%)

1500 4

B —— Case - 5 (Distributed GFM - 30%) h —— Case - 4 (Concentrated GFM - 30%)
2 —— Case - 6 (Concentrated GFM - 40%) \ —— Case - 5 (Distributed GFM - 30%)
$ 1250 1 Case - 7 (Distributed GFM - 40%) ILW--——-—_u Case - 6 (Concentrated GFM - 40%)
2 1.0 e —— s
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< 1000
=
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o
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g >
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All India Simulation Study: Results

3. Impact of Delayed Active Power Recovery after a Fault

A Delayed active-power recovery leads to lightly loaded EHVlines,
excessreactive power, overvoltage,and higher HVRTrisk.

A GFMs recover active power instantaneously, improving overall
recoveryas GFMpenetration increases.

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