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Transmission
A

I

Distribution
A

Central synchronous generators (SGs) are being replaced by transmission and

distribution connected inverter-based resources (IBR), primarily wind and solar PV.
www.epri.com 2021 Electric Power Research Institute, Inc. All rights reserved. EPE'
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Evolving system needs expected from Inverter Based

Resources (IBRs)

Power System

Past:

SG dominated system

Present:

Increased penetration of
IBRs

Future:

IBR dominated system

www.epri.com

System needs from IBR

Unity power factor, minimal fault
ride-through ...

Automatic voltage control,

frequency response, V/F ride-
through ...

Without relying on SGs, provide the
above services and more
(fast frequency response, maintain
system stability...)

© 2021 Electric Power Research Institute, Inc. All rights reserved.
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Moving toward an inverter
dominated system, IBRs
will gradually substitute
SGs in providing grid
services and ensuring grid

reliability
\_ _/
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Challenges for IBRs to provide grid services

SG
dominated
power
system

= Majority of today’s IBR control is
designed to work in a stiff system

— Changes in IBR injected current do not

‘move’ the stiff system

— Changes in system cause IBR to ‘move’ in

tandem

= This behavior has recently been labeled as

grid following (GFL)

IBR
dominated
power
system

= |n IBR dominated power system:

— Increased elasticity in the grid

— Changes in IBR injected current will
‘move’ the system

— This movement in system will itself cause
IBR to ‘move’ in tandem

= This increased interaction is to be stabilized
for IBR to deliver expected needs

[ Could grid forming (GFM) IBRs be the solution to provide services in an inverter dominated grid? ]

www.epri.com
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You may have heard this regarding grid following (GFL)

and grid forming (GFM) inverters

High level definition based on specific

control design

Control
Logic

Grid
Connection
Bus

Grid
Connection
Bus

Control
Logic

Grid-following inverter

Grid-forming inverter

Basic control objectives

Deliver a specified amount of
power to an energized grid

Set up grid voltage and
frequency

voltage at the terminal?

Output quantity ac current magnitude and ac voltage magnitude and
controlled phase angle frequency
Require a stiff and stable Yes No

Control elements
present

Compulsorily has a PLL

Compulsorily does not
have a PLL

There are many nuances within each statement above that may blur the line between

grid following and grid forming

www.epri.com
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only current sources
and PLLs cannot be
stable....hence grid
forming...

Grid following IBR is a
current source...it has
a PLL....a network with
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But Kirchhoff’s Laws still apply in a 100% current source
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» Voltage levels in network decided by
current and impedance

» Network will collapse if i; and i, do
not change when load changes

» But from circuit theory, this network  _ 221
has a stable/viable solution g oo

Values of injected current to be controlled _ _
10% increase in constant power load

in a timely manner for network to be stable

[ What does this have to do with grid forming behavior? }
2222222222 ic Power Research Inst itute, Inc. All rights reserved . E':E'
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Defining grid forming behavior from system planner
perspective

= Continued operation of 100% current source network is possible

= Today’s inverter may have issues operating in weak grid simply
because the control is designed and tuned for strong grid
operation

— PLL is just part of the control architecture to obtain synchronization

— It is not the sole cause of instability in weak grids

= This does not mean inverter control with PLL cannot be
developed to work in weak or even 100% IBR grids

[ Can be beneficial to define grid forming using a performance based approach 1

www.epri.com © 2021 Electric Power Research Institute , Inc. All rights reserved . '—PE'
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Performance requirement for grid forming (GFM) source

+ve
contribution
to system
stability
margin

+ve
contribution
to power
quality

Operate
W/Wo sync
machines Operate
with other
‘werters
Grid
. +ve
fO rmi ng contribution
to load/gen
source balancing

Robust fault\ Ve

ride-
through

www.epri.com

contribution
to voltage
control

© 2021 Electric Power Research Institute, Inc. All rights reserved.

= GFM inverter can be defined
based on its capability and
the grid services it provides.

= These services should be
provided while meeting
standard acceptable metrics
associated with reliability,
security, and stability of the
power system and within
equipment limits.

= Few GFM sources can also

be designated as blackstart
resources
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Basics of present-day IBR - grid interaction...

= Unlike synchronous machine, IBR does
not have electromagnetic coupling with
the grid
— Conventional IBR uses a Phase Locked Loop

(PLL) to remain synchronized and locked to
the network.

= All controls within an IBR treat this

evaluated PLL phase angle as a reference

— Subsequently used to evaluate amount of
current to be injected by IBR

N
e
Inverter t
w
(o}
ﬂ la,b,c Vab,c r
Firing angle K
control L v ¥
3 abc e |abc
V*ab,c dqg * PLL " dq
abc o 5 Id,q Vd.q
1 v \
~
Control Reference
V*d,q Algorithm set points

Phased Locked Loop tracks the phase angle of the grid
thereby enabling the inverter control to follow the grid

In synchronous machine, laws of electromagnetics provide grid phase angle

In conventional IBR, specific control loops calculate grid phase angle

www.epri.com
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Present-day IBR current generation and weak grids...

PST'C' QSTC
Prefr Qref : A I T
E Eipr<4618r ecde | g
- K
P.o.r —j@Q Eipprstdigr — Vi
ref — JUref _ (14¢)ref ~ [11 = IBR IBR' AN
Vit =¢pLL Rf + jwLys

—

Decided by controller Decided by KVL and network

= Toensure [ = (I£Y)ref
- E;gr48;5r must change rapidly when V;2¢, changes

= To enable a rapid change in E;gpr40;5R

= Accurate and fast estimation of ¢p;; = @,

= Accurate and fast current controller to generate
Eipr401BR

10 www.epri.com

[ An IBR injects controlled current

{4

high AV, 2¢,):
- magnitude of change can be large

- rate of change occurs can be large

K - frequency of change can be high

(In weak grids, for small A(12y),

N

J

{

Fast control loops of IBRs that help E;gr£0;5R
change rapidly can become unstable

2021 Electric Power Research Institute, Inc. All rights reserved.
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Two possible methods to conceptually re-imagine IBR
conirols — could be called GFM IBRs

PST'C' QST'C
SR 123 )
|
! v :|> E
\Vj I
Pref: Qref E A R +JQ)L ! ‘ -\II-V
:> R f f
0]
T Vit
e ||EBrRZO1BR e | g
? K
— —

(Slowlyvary \KVary Prer and \

E1pr40;pR directly (res directly as a
as a function of function of

change in V/; and change in V; and

Psrc ¢PLL
= Only control current|| = Control current

\ if it hits limit ‘ \ Continuous|y ‘
| There are important nuances involved l

www.epri.com

~
Potential to contribute to increase system strength

Low short circuit MVA

e GFM IBRs can contribute only if the
hardware rating is increased

High AV to Al

e GFM IBRs can contribute through
improvements in control methods

High Af/At

e GFM IBRs can contribute through
participation in frequency response

© 2021 Electric Power Research Institute, Inc. All rights reserved.
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IBRs and frequency response...

60.0 - —— All sync m/c
Reduced Y —— 50% load served by IBRs
inertial energy |}
injection /
machines 59.9 -
=
/ N ‘ L 59.8 -
Jj Cascading Congerns Reduced time %)
| outages dueto Wlth : tt c
activation of . . fo et %
loss of mains INcrease In | requency o
e : imbalances v 59.7 1
IBR -
59.6 -
Increased
probability of
activation of || UFLS Threshold
UFLS 9.5 1 lr
T T T T T T
0 10 20 30 40 50
Time (s)
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Frequency response in the bulk power system

—P [oadC

230kV 230kV
. N o . . 18kV j0.0625 00085+ j0.072 0.0119+j0.1008 j0.0586 13.8kV
= Sufficient spinning reserve is O SN ¥ 15
available on all sources @!3 X, i @zaiia'@
= Response for a 5% load increase
is discussed || ° <\
® l l ©
Load A % g é “gg Load B
_ 230kV @
What would happen if IBRs replace the o B
generation sources? mk;__'é

13 www.epri.com © 2021 Electric Power Researc h Institute, Inc. All rights reserve d.
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First, when all sources are synchronous machines...

= With large generation/load change:  °*°°
— Frequency drop and fall needs to be 59.9 -

arrested

= Needs fast energy injection in
arresting period

— Frequency should stabilize within 60s

(usually at an off-nominal value)

= Needs controlled and coordinated 59.5
energy injection in the recovery

= With smaller inertia constant
— Larger RoCoF

= -0.4082 Hz/s compared to a value

of -0.1302 Hz/s

the

Frequency (Hz)
9
0
=]
l

u
0
)

— All sync mfc

All sync myfc but with reduced inertia constant

UFLS Threshold

T
10

T
20

T T T
30 40 S0

91

20 o

89

28

87

Active Power (MW)

Value of nadir depends on inertia and time

constants in active power control loop

86

85

TN

— All sync myc

All sync myfc but with reduced inertia constant

T
O

www.epri.com
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Why is RoCoF such an important factor...?

60.00 1@ =

= Large value of RoCoF can result
In:
— Reduced time to deploy frequency

response reserves to prevent
activation of UFLS

= Can result in wide-spread load
shedding 58.50 -

59.75 A

59.50 A

Frequency (Hz)
wn wn wn
o Lo Lo
| = P
un -] un

— Steam turbine with reheat
Steam turbine without reheat

Rotating machines can tolerate larger RoCoF —
—— Hydro turbine

designed to tolerate bolted fault at terminals

T
0 3 10 15 20 25 30 35 40

Time (s)
Adapted from frequency response plots in Chapter 11, Power System Stability and
Control, Prabha Kundur

15 www.epri.com © 2021 Electric Power Research Institute, Inc. All rights reserved. '— PE'
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Impact of replacing machines with IBR...

S0.0 — All sync mJyc with gowvernors
All sync myc (reduced H) with governors

= Replacing synchronous A R et et

—_— Gl&G3E - IBR In constant P,Q mode

machines with IBRs: o

- IBRs operate in constant P,Q £
mode o

— Similar RoCoF as with smaller
synchronous machines . - —

— UFLS triggered because of Nt

fewer number of resources N

providing frequency response £ .. —— Allsync e with governors

= Only G2 provides response = °"  Gaacn - mn in contun .8 mads
Is this because of IBRs or because of reduced ::

amount of response?

Time (s)

16 www.epri.com © 2021 Electric Power Research Institute, Inc. All rights reserved. '— PE'
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Can it happen with synchronous machines too...?

0.0 —_— — All sync myc with gowvernors

= With all synchronous

— Gl&G3 - IBR N constant P,Q mode

machines, governors on G1 = ...
and G3 are switched off: g =0 ]

— UFLS triggered because of /\
fewer number of resources sos | - — . e — ,

providing frequency response

= Again only G2 providing
response

88 —_— All sync mfc with governors

Sync myc 1 and 3 without gowvernor
a7 —— G1&G3 - IBR in constant P,Q mode

Active Power (MW)

86

Number of resources providing response 85 1
matters! 84

T T T T T T
8] 10 20 20 S0 S50
Time (s)
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Can conventional IBRs provide frequency response...?

7 L ahens arin constant pa mode
[ Both IBRS at Gl and G3 have e — Gl&G32 - IBR providing gowvernor type response
governor — like capability |
enabled: £ 508
~ 750ms time lag in IBR control S 507 -
— Inherent fast primary response due
to lack of mechanical components 7
and low inertia o UFLS Threshold
= |If IBR controls need a measure of ° 1o %0 %0 =0
electrical frequency, robust
measurement techniques should |
be implemented 5] _ . —
s N Zoes T aees R conotant oo mode
FERC Order 842 presently mandates this % —— ©1&GS3 - IBR providing governor type response
governor — like capability in IBRs ) < se-
( Provision of such a functionality can make ) 84
] an IBR grid forming? ) ) 10 2o =0 40 S0

Time (s)

18 www.epri.com © 2021 Electric Power Research Institute, Inc. All rights reserved. '— PE'
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Response for 10% load increase in a 100% IBR system...

60.5 650 1 140

= 640 gl
60.0 = b4l 2

_ - <100
| | S
z 630 g

>59.5 3 L
5 @ v

5 2 620 > 60
@ 59,0 < g

N 610 G 40
w L]
3 -

5.5 \/// 2 & 2

600 1
0
2 4 6 8 2 4 6 8 2 4 6 3
Time (s) Time (s) Time (s)
20 MVA storage, distributed slack power sharing / N
Proper sizing of energy storage and tuning
« 100 MVA storage, distributed slack power sharing of controls is essential

100 MVA storage, conventional frequency droop N ————

‘ Different flavors of GFM IBR controls have different responses |

www.epri.com
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Inertial energy injection from synchronous machine
compared to energy injection from IBR

Sustained IBR
energy injection
(4 Delayed energy causes higher 0 — All sync mjc with govemars

injection from IBR nadir Sync mjc 1 and 3 without governor
Injec . — G1&G3- IBR in constant P,Q mode
causes higher

— G1&G3 - IBR providing governor type response
- RoCoF 90
e ™
Machine inertial -

92 - ‘

[r=]
(=]

MMHWW

w_———-m—
energy injection
\ J e
®

Machine governor
response starts to

Active Power (MW)
oo
(=]

Electromagnetic dominate 5
response from
machine 86 -
841
0 l‘O 2|0 3|0 4‘0 5‘0
84 - Time (3)
T T T T T
4 o a8 10 12

= |BR energy injection delayed by around 500ms
= But subsequent continued energy injection from IBR results in higher nadir

Reference: Frequency Response Primer: A Review of Frequency Response with Increased Deployment of Variable Energy Resources, EPRI Palo Alto 2018 3002014361
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Can all types of energy sources be used for grid forming
behavior?

= Providing grid forming behavior can be impacted by natural
characteristics of battery technology, solar, and wind sources

= While voltage/reactive power response is handled solely by the
inverter, active power response depends on availability of energy
behind the inverter

= Care should be taken to consider these limitations while requiring
frequency response from grid forming devices

www.epri.com © 2021 Electric Power Research Institute , Inc. All rights reserved . '—PE'
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What does present draft IEEE P2800 standard say about
primary frequency response?

value
%*A

sb_high%
initial value (iv)
final value (fv)—100%

sb_low%

90%

10%

initial change (ic)—0%

©EPRI

Notes:

seftling band

4~ overshoot

This figure is not to scale.
= A system quantity may increase or
decrease and may be positive or negative.
= Initial (desired) and final values may be the
same; any difference may depend on
droop, dead band, current limitations,
transmission system parameters, etc.

system response

f |
___________ I
I
1 ) 1
| Step response time 1
I (0-90%) H
! I
: » 1 settling time

I e time | (0—[sb_low,sb_high]
I (10-90%) |
I

__________________________ o———————————

i
reaction time 1
I
[

A 4

Units Default Value Minimum Maximum

Reaction time seconds 050 0.20 I
(0.5 for WTG)

Rise time seconds 40 20 20
(4.0 for WTG)

Settling time seconds 10 10 30

Damping Ratio | % of Change 0.3 0. 10

Settling band % of Change | Max (2.5% of change or 0.3% of ICR) l 5

Figure 5(b) from Draft 5.1 of IEEE P2800 Draft Standard

Table 10 from Draft 5.1 of IEEE P2800 Draft Standard

* Table 10 specifies minimum capability to be met

 Change in IBR plant power output may not be

required to be greater than maximum ramp rate of

plant

Should be as fast as technically feasible

\ e 15mHz - 36mHz deadband with 2% - 5% droop

\

J

Will this capability ever be sufficient for 100% IBR grids?

]

22
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Example: Two PV plants in an existing strong network

30.0 MW

39.0 MW
_o7e ar 579 Mvar
575 Mvar T Tmss MW 164 - Poutput - 10pu/s
4.98 Mvar
Pfef" leLIfS
Bus 13
Bus 14
T 162 4 —— Poutput - 1pufs
3.5 MW — Prer-- lprS
1.8 Mvar

Bus 12 - 160 4

Bus 11 g

2 2943MW E
Bus 10 T o 16.59 Mvar -

11.19 MW = = E 158
7.5 Mvar 2 = E
e 156

o i

200 MVA 60.0Hz to 59.8Hz i — Bus 7 E

7.59 MW = E

Bus 1 1.59 Mvar 5
aer | 3 154 -
152 -
47.79 MW
-3.9 Mvar
| 150 -
Bus 2 Bus 3
J7 J— g J7 T T T T T 1 ! !
200 MVA o Ié . 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Sy 1269 Mvar =  18.99 Mvar Time (s)

~
= Each 200 MVA PV plant is a full switching model*

= Frequency control with 17mHz dead band and 5% droop at inverter level Both ramp rates meet requirements mentioned
in IEEE P2800 Draft Standard

= Comparison with 1pu/s and 10pu/s ramp rate on active power command

J

Thttps://www.pscad.com/knowledge-base/article/521
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Lower ramp rates may not work in a 100% IBR system

= A low inertia power network £ o
needs fast injection of current £ .. “ /
.. . . o — PV1--10pu/s
to mitigate imbalances. E PV1-1puss
_ _ 2% — pvi-spuss
= Suitable choice of ramp rate
limit can bring about a stable T es-
> 64
response :
£ 60- ﬂy o
Maximum ramp rate influenced by source behind g 58 / \
the inverter E 56 1 100% IBR network formed 10% load increase
Batteries can tolerate higher ramp rates as opposed -0 L5 2.0 Ti;;{ﬂ} >0 3> &0
to wind turbines

J = 100% IBR network created at t=2.0s

= Load increase at t=3.0s
24 WwWw.epri.com © 2021 Electric Power Researc h Institute, Inc. All rights reserve d. E':E'
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Lower ramp rate requires more responsive resources

= Possible to obtain stable

frequency control in a 100%

IBR network, with lower
ramp rates

= Requires more resources to
share the change in energy

burden

= Any form of IBR
device/control can have
inherent ramp rate limits

N 160 !‘- \

= e

£ 140 A /

g —— IBR1--5pu/s
2 120 - IBR1--2pu/s
g

£ 100 -

=T

Important to recognize this if newer IBRs
have to additionally support older IBRs

25 www.epri.com

] Load increase in

., 60.4 1 / 100% IBR Load decrease

% = network in 100% IBR

= 60.2 - network

= .

8 60.0 1 | )

E 59-8 i T T T T I. T
h 4 6 8 10 12 14

Time (s)
5pu/s — Two PV plants of 200 MVA each

J 2pu/s — Three PV plants of 100 MVA each

© 2021 Electric Power Research Institute, Inc. All rights reserved. '— PE'
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Determination of grid forming inverter capacity

= Similar behavior across multiple grid forming control structures
allows for development of generic characteristics/models

= These generic models in-turn allow for determination of grid
forming capacity in future grids

= Both time domain and small signal stability concerns can exist

= Size of required grid forming inverters is not readily intuitive

www.epri.com © 2021 Electric Power Research Institute , Inc. All rights reserved . '—PE'
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Consider an example network

System equivalent

= Three legacy IBRs : 9 3
: 8 0.35
- Two IBRs with GFL —0- = D
P/Q control O5 ] 36.00 738 | 4179 1.0000
- 200 MVA each  '*f 21 20
47.84 1.0016 IBR
— One IBR with GFL 0.9782
current control
= 50 MVA
A
= Power transfer to
4
external network 87.04 8790 | 107.04 10516 o978l
intentionally kept 0oy éﬁﬁﬁ 173 769 T 9005
minimal O 7em
IBR 1.0218

27 www.epri.com © 2021 Electric Power Research Institute, Inc. All rights reserved. '— PE'
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Participation factor

28

When all IBRs are grid following

350
- 572
2 2
2 300 | S .
g g
H [=]
g a
4 _6_
g 250 éJ
= 9]
< § 81
2001
_ 60.0 |
3 1.4
; |~ 59.5
S 1.3 T
2 ' 59.01
= O
(=)} =4
© 1.2 o 58.5
E =
3 v i
,_E‘ 1.11 = 58.0
L 57.5{ —— All units Q control
1.0
1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0
Time (s) Time (s)
Mode 16.252208 + j0.000000
0.010
0.005 A
0.000 1 I n — I L ——
—0.005 4
—0.010
SSTACSEAN SIS S S S

State name
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30 A
(]
201
10 .
3
= O
+
(18]
=% 0 mx} o o x| = g
P
o O
£
o —10
1+ m]
E
_20 4
(]
_30 i
—-60 —-40 =20 0 20 40 60 80
Real part (o)
Mode 65.399589 + j0.000000
0.025 4
0.020 A
_ 0.015
o
5
&
c 0.010-
S
'
=
o
5 0.005
©
o
0.000 - - .I ———— am — _
—0.005 4
—-0.010 4
N N Y Y NN NN NN DM DD DM ™ o n
SRS CEAA S SRR S S

State name
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= Trip of system
equivalent at
t=2.5s

= Two unstable
modes observed

= Large
participation of
Q-control loop in
each unstable
mode
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When one 200 MVA IBR is transformed to GFM Conirol

> 40

Azoo— (\/\ - M -
3198 5_4_ 30 1
%196 %'5' . 20 - o
'5194 %_67 é
< g £ 10- .
192 - -8 g .
. 0 = = =
E O
gizi 60.04 | —— IBR 7 on V control @ _10 D
a1 60.02
él.OO gﬁ0.00- g _ZD n
50.99- 559-98' O
%‘0.937 Esg.gs— —30 -
§ 59.94 1 O
0.97
59.92 1 T T T T T T T
I S S B -30 -25 -20 -15 -10 -5 O 5
Time (s) Time (s) Real Dal't [U}
= Maximum settling time for performance of = Robust performance immediately
voltage control is 3.0s. delivered
—  Within the specifications of draft IEEE — For grid islanding at t = 2.5s
P2800 standard! — Subsequent load increase at t = 5.0s
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Suppose no scope to change existing inverters from GFL to

GFM
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= A new 150 MVA inverter is = Installation of

required to maintain
stability
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new/additional equipment
could have economic
considerations
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Summary

= Utilities should aim towards definition of technology agnostic
performance requirements for future inverter resources

= In frequency response, number of sources that respond and their
individual ramp rate limits play a crucial role

— Should be considered when determining burden of response on each
individual resource

= Fast voltage control can bring about grid forming properties

- Can be important to require this behavior now to allow for efficient
future planning
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