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Agenda

= Introduction
= Definition of grid-forming (GFM) inverters
= Survey of a few GFM control methods

= Use cases of GFM inverters in distribution and
transmission grid

= Break (15 min)
= GFM inverter performance requirements in microgrid

= Design considerations for GFM generation plants
= Planning a transmission network with GFM
= Summary
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Transforming power system

Transmission
\

|

Distribution
A

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

distribution connected inverter-based resources (IBR), primarily wind and solar PV.
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Evolving system needs expected from Inverter Based
Resources (IBRs)

Power system System needs from IBR

Past: Unity power factor, minimal fault ride-
SG dominated system through ...

Present: Automatic voltage control,
Increased penetration of IBRs frequency response, V/F ride-through ...

Without relying on SGs, provide the
above services and more

(fast frequency response, maintain
system stability...)

Future:
IBR dominated system
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Challenges for IBRs to provide future grid services

SG
dominated
power
system

IBR

= 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)
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Challenges for IBRs to provide future grid services
(cont’'d)

= In IBR dominated power system:
— Increased elasticity in the grid

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

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

P,Q
Af B —_— = This increased interaction is to be

stabilized for IBR to deliver
expected needs

IBR
dominated

IBR

Could grid forming (GFM) IBRs be the solution to provide services in an inverter
dominated grid?
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Definition of Grid-Forming Inverters




You may have heard this regarding grid following (GFL)
and grid forming (GFM) inverters

High level definition based on

specific control design

Control
Logic

Control
Logic

Grid-forming inverter

Grid

Connection

Bus

Grid

Connection

Bus

Grid following IBR is
a current source...it
has a PLL....a
network with only
current sources and
PLLs cannot be
stable....hence grid
forming...
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But Kirchhoff’'s Laws still apply in a 100% current source

hetwork
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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 has

a stable/viable solution
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But Kirchhoff’'s Laws still apply in a 100% current source

network (cont’'d)
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Demo

= Let’s look at few demo cases in simulation

© 2022 Electric Power Researc h Institute, Inc. All rights reserve d.
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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
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Performance requirement for grid forming source

Operate
+ve w/Wo sync
contribution machines Operate
to system with other
stability inverters
margin
Grid
+ve f . +ve
contribution orming contribution
to power source to Ioad/gen
quality balancing
+ve
Robust 0L
fault ride- C?gvé?tl;t'cem
through contro?
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= 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

=2l



Survey of a few GFM Control Methods




Example GFM inverter controls from the literature

Virtual ) FERC Orders 842 ) .
Matching control Droop based Virtual oscillator
synchronous 2] control [3] and 827 based control [5]
machine [1] control [4]
© ® Oscillator Dynamics
& Machine Dynamics H 1 d > p w .(|3- 71
g]e Jo+Dw =Py =P g..-l --- |L|- -- 1 P = Power Pl wandv %:: ad j
=4 V=F-owll .i AC lculation calculation v_c v
g . VI ) . cakcu“a io V'[ ” k = |
w k v :?"wo/(u:ic) '(f)’ PWM L Q v i L Q v |i lv: (V2 vy) ki
- ; 7 v | P » R(®)
 PWM ™ e ° o s O e 1 PWM |~ e AC . { PWM |~ pe AC L Viif
V w AC °
Q PWM ——
DC o
{ J 1 ] | ]
Y _ | |
Emulate Synchronous Machine P-f and Q-V Droop Nonlinear Control
Dynamic Behavior
| ' J \ Y J
Phasor-Domain Controller Time-Domain Controller

(Faster Dynamics)
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Operation principle of droop control

P-f Droop Controller

| Initial Steady State

W0 |g=
| PN \ New Steady State

IBR1

. IBR2
P, P2 P1 + AP, P2 +AP, P

Power

Calculation

4

Load change is shared by IBRs with P-f droop

© 2022 Electric Power Researc
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Operation principle of FERC order 842 and 827 conirol

JjX

f - P Droop Controller l
W, R 0! |wandv
Initial Steady State — Calculation
Wa e
0 L, New Steady State !
(,()O + A(,() S SR 2 ~ 4
IBR1 V—Qdroop] g
Cinv v
B IBR2 AC
P,— P, + AP, Piny Piny [ DC
P, P, + AP, V.20

Load change is shared by IBRs with f-P droop
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Let us stop for a moment here...

= Keeping our focus on the initial transient and subsequent dynamic time
frame (60s after a disturbance)

= Traditional grid foIIowing (GFL) inverter resources
- Both P’ and Q:°¢ /are constant

mnv inv

= Intermediate grid following inverter resources
- Pref

iy (Wp1r) but Q;f,fis constant

-~ Frequency support is ‘slow’ and at the plant level
= Possibility of grid forming behavior (?)
- BothP.¢ f(a)) and va (|V]) are varying based on system conditions

v
— Both controls are ‘fast’ and implemented at the inverter level

How can this concept help when developing control agnostic requirements for
future inverters?

|

© 2022 Electric Power Researc h Institute, Inc. All rights reserve d.
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Conceptual similarities between operation of PLL and
other grid forming control techniques

e > a[;)r Ya > Kp,mﬂrK‘:'f’” B — 2 %
\J dq Vd S T—|— S
Wo
o () ) +% Jdq
1 ref + K. |
o X2—><?_<> o + B (DA e 1
Ve X2 X*2
t 1
=
[ Virtual Oscillator } { PLL — Voltage controlled oscillator }

= A virtual oscillator uses internal state variable feedback to generate a sine wave

= A PLL with an additional voltage control loop uses external output variable feedback
to generate a sine wave

Deepak Ramasubramanian and Evangelos Farantatos, “Representation of Grid Forming Virtual Oscillator Controller Dynamics with WECC Generic
Models,” 2021 IEEE PES General Meeting, Washington D.C. USA, July 2021
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Similar response in EMT domain across four GFM types for
low short circuit conditions

1.0 +

= System conditions 2

- Pre-fault SCR =3.0 f 0o] — s

_ Post-fault SCR = 1.0 s 2

— X/R ratio = 14 5

- 3PHG faultat POI, Zf = 0.0, e

duration 0.43s £ 00 .

= Model controls not e —

optimally tuned _ > 5

Time (s)

L Structural similarity exists between different control mechanisms }
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Summary

= There are numerous ways of controlling an IBR to achieve the
same desired result

- Newer forms of control continue to be proposed and developed

= From a system planner perspective, it could be more beneficial to
define desired IBR performance rather than specific form of IBR
control topology

© 2022 Electric Power Research Institute, Inc. All rights reserved. [ =dr={]



Use Cases of GFM Inverters in Distribution and
Transmission Grid




Existing and potential application of grid forming inverters

= In the near term, GFM inverters are primarily considered in
— Inverter-based microgrid design

— Transmission systems with low fault current and rotational inertia

= In the future, thousands of GFM inverters may be deployed in both
transmission and distribution grids to support reliable operation with
low grid strength

= Stable and reliable coordination between numerous GFM inverters, and
with other devices in grid-connected mode, is a major challenge

© 2022 Electric Power Research Institute, Inc. All rights reserved. [ =dr={]



Few examples of GFM installations in utility-level microgrids

Microgrid Area = BESS with GFM capability has been deployed in a
growing number of inverter-based microgrids

Energy
_Storage = Micanopy microgrid, FL

Islanding  _ Section of a MV feeder with 8.25 MW BESS to support
switch the town of Micanopy and nearby neighbors during grid
outage

— Source: https://news.duke-energy.com/releases/duke-
energy-florida-announces-three-new-battery-storage-
sites-including-special-needs-shelter-and-first-pairing-
with-utility-solar

Substation

Illustration of a utility-level
microgrid containing a section
of a distribution feeder

25 © 2022 Electric Power Researc h Institute, Inc. All rights reserve d. [ =dr={]


https://news.duke-energy.com/releases/duke-energy-florida-announces-three-new-battery-storage-sites-including-special-needs-shelter-and-first-pairing-with-utility-solar

Few examples of GFM installations in utility-level microgrids
(cont'd)

= National Grid microgrid, NY (in process)
— BESS requirements are 20 MW, 40 MWh, 75 MVA short circuit current

— The system includes 5 substations, 46 kV sub-transmission line, and 10 feeders,
which can separate to form an island supplied by the battery

— Source: https://www.nationalgridus.com/media/pdfs/bulk-energy-storage-request-
for-proposals/appendix-e-locations-usecases.pdf

= Waterton microgrid, AB (in process)

— Section of a MV feeder with a 1.6 MW, 5.2 MWh BESS and a 200 kW PV site at
different locations

— Source: https://www.pc.gc.ca/en/pn-np/ab/waterton/visit/infrastructure/solaire-
solar

26 © 2022 Electric Power Researc h Institute, Inc. All rights reserve d. [ ={r={]
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Few examples of GFM installations around the world

= BESS in St. Eustatius Island

- 2.3 MW peak load, 100% (Solar + storage)
operation mode during daytime

- Diesel free daytime electricity supply

= Savings of 1.7 million liters of diesel fuel /
yr
— Load distribution across several parallel GFM
units (no communication)

— Seamless and immediate load transfer after
simultaneous loss of all gensets at peak load

— Source: https://www.sma-sunny.com/en/st-
eustatius-100-solar-power-in-the-caribbean/

reducing fuel consumption  Battery begins fo charge ~ gensetoft % Automatic jransiion to gensetoff ~ covers missing egergy fransition fo genset-on
22000 A I 1

Solar MPP

PV on sunrise begins Genset at minimum load.  Battery energy sufficient for some minutes of  Solar output drops - battery Battery depleted = Automatic

More examples available at: Julia Matevosyan, “Survey of Grid-Forming Inverter Applications,” G-PST/ESIG Webinar Series, June 2020 (link)
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Few examples of GFM installations around the world
(cont’'d)

= Dersalloch Wind Farm in Scotland

— 69 MW of wind turbines operated in GFM mode for 6 weeks
= Virtual synchronous machine mode used

- Wind farm responded to both large underfrequency events and phase steps.

— Island operation (7 MW load) and blackstart capability of wind turbines to energize
wind farm and re-synchronize with the grid

— Source: https://renewablesnow.com/news/scottishpower-completes-black-start-
project-using-69-mw-wind-farm-719904/

More examples available at: Julia Matevosyan, “Survey of Grid-Forming Inverter Applications,” G-PST/ESIG Webinar Series, June 2020 (link)
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Few examples of GFM installations around the world
(cont’'d) ; -

= Dalrymple BESS in South Australia | CEEEER R
~ 30 MVA and 8 MWh battery connected close to 91 |/ S5 5550 i s v
MW wind farm and 8 MW load /“’“\\
— In first six months of operation, reduced loss of supply i '/ N
in area from 8 hours to 30 min NUBIHIHEI LY iNE
- Source: https://go.hitachi-powergrids.com/grid- 'Yy Yy yyy
forming-webinar-2020 | | B #iel |
[ | HornSdale BESS in South Australia Trend: Active Power - Fundamental Frequency, S2T4P1
- 150 MW/ 194 MWh BESS co-located with wind farm acs | 00w
— Recently in 2020, provided response during a large wsstz ] 20K
grid disconnection event ey Okwf
— Source: https://arena.gov.au/knowledge- wesi] oom ]
bank/presentation-arena-insights-webinar-advanced- — - —

inverters/

More examples available at: Julia Matevosyan, “Survey of Grid-Forming Inverter Applications,” G-PST/ESIG Webinar Series, June 2020 (link)
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Defining, evaluating, and stability in weak grids

Pire) Qsre L 0.0°
> y4
ILIP ‘ . ‘ Ny LOW
WQ short
‘ Rpetw T JWLyerw ‘ JXa ' " circuit
Vit

[rnﬁJUCOmJ

Network

I Lyopy ™ IAVt to Al

~

e Previously studied in context of synchronous

machines connected through long lines
— Power System Stabilizers (PSS) subsequently developed @
= Similar approach can be utilized for future IBRs Weak Grid
K — Through power oscillation dampers (POD) /
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Reality of reduced grid sirength and inverter operation

~20 GW of
renewable
energy

A Dallas-
Fort Worth

A Substation
—— Transmission Line

Operational issues and control instability of
IBRs connected to weak transmission grids
have been reported by several transmission
system operators around the world, (e.g.
ERCOT*, AEMO).

This is one of the key drivers for looking
into GFM inverters in the transmission
system.

Similar challenges may also occur in the
distribution grid.

*Figure source: Dynamic Stability Assessment of High Penetration of Renewable Generation in the ERCOT Grid
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http://www.ercot.com/content/wcm/lists/144927/Dynamic_Stability_Assessment_of_High_Penertration_of_Renewable_Generatio....pdf

Few combinations of options for mitigation

p, Strengthen the transmission system to increase short circuit strength

Caveat: There could be significant constraints to build more lines
\
Re-tune the fast control loops to recognize a low short circuit condition

Caveat: May not provide desired performance under all conditions

|

Re-imagine IBR controls to introduce additional flexibility in operation
Caveat: May require standardization to ensure consistent performance
/[

Addition of synchronous condensers
Caveat: There could be techno — economic constraints

32 © 2022 Electric Power Research Institute, Inc. All rights reserved. [ =dr={]
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Example use case in weak tfransmission network

= Wind plant connections are
real

= Local network connections
(165 buses, 111 branches)

are real
= PV plant connections are
fictitious
= 300-mile 345kV corridor is
fictitious but possible @*
= No synchronous generator > 3
present L

= All load is static I-Z

— 1100 MW in local network Poen = 2400 MW

=2l



Scenario setup

= All wind plants operate on Scenario 1 PV with
maximum power transfer local V control

— No plant controller for wind plants
= Regarding PV plants, all have local
frequency control
— Scenario 1:
= 1 out of 8 PV plants are grid forming
— Scenario 2:

= 4 out of 8 PV plants are grid forming
Scenario 2 PV with

plant V control

— Scenario 3:
= 8 out of 8 PV plants are grid forming

© 2022 Electric Power Research Institute, Inc. All rights reserved. [ =dr={]



Active Power (MW)

RMS Voltage Magnitude (pu)
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= Additional PV plants in grid forming control (Scenario 2) improves frequency
response of network
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Three phase solid fault in local network
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= Increased amount of grid forming from PV plants brings about improved fault
ride through
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Three phase solid fault at near end of 300-mile corridor
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= Increased benefit with more grid forming IBR plants
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Potential use case in weak distribution network

: voltage sag with
_______ T\ 55% remaining
voltage for 0.1s

SCR=50r50 —

conventional

) ) ) U
inverter with o,%, o
PV4 4% —(())—— Q& PV1
volt-var control "%Z"@") l l '%Z"@'&
[] [] 3MW/3.3MVA

%
PV2 and PV5
[J [J 3MW/3.3MVA

)
O

conventional or o, Unbalanced o
4 ”%%&—@—:n— ——())—a, Q
GFM control for PV5 "'@;:"Z,g&' —l Loads* l "'9:'23,2@") PV2

A
N
W 0, Y
NN
PV6 %?,'%,)_@

%
. ¢

O
K

(() —, %, % PV
"%'Z,&'& » PV3
*3MW load on each feeder AMW/4.4MVA
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Different inverter controls considered

<— P control —p
Current )
control | Iq Y
</ Qcontrol |_ 0
A A A 0
PWM PLL Volt-Var
v| i| vl Vi
R AC [—o
Vabc DC [ ©

39

Conventional inverter
control with volt-var

Two forms of GFM inverter control
compared for improved system behavior )

Power

calculation

F 3 F 3

v |

AC
DC

—oO
—O

Droop-based inverter

control
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«<— P control 4_11;
Current
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<V control :II;
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PWM PLL
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- AC o
Vabc DC O

Inverter control with fast
reactive current injection
(labeled as DVS)
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Performance comparison — conventional, DVS and droop

Dynamic Response of PV2, SCR=5 Dynamic Response of PV2, SCR=50
T T T T T T T T T ". T T T
—_ 1.5 ] — 1 b e —
S 3 05 \ |
S o5 ‘ S 06- 1
0 ‘ ‘ ‘ ‘ ‘ ‘ 4 04+ ‘ ‘ . . ‘ ‘ .
1.8 1.9 2 21 2.2 2.3 2.4 2.5 1.8 1.9 2 21 2.2 2.3 2.4 2.5
= — | N /\uf\\/\\/\J =" o
1
Q 05- |——Droo B o \
: or —ngslentlonal | : 0.5 \ar
0.5+ J
1.8 1‘.9 2‘ 2.‘1 2.‘2 2.‘3 2.‘4 2.5 q|.8 1.9 2 21 2.2 2.3 24 2.5
— 1F ‘ ‘ ‘ ‘ ‘ ‘ 7 1 T T T T
S o05F . )
B /;\&,\ ANN  E. A\
d -0.5 - - - I d | L | I I I
1.8 1.9 2 21 2.2 2.3 2.4 2.5 -11.8 1.9 2 21 2.2 2.3 2.4 2.5
t (s) t (s)

= DVS and droop-based control can both stabilize the inverters following the fault ride-
through

= By using DVS or droop-based control for two PV plants, all the six PV plants in the
system are stabilized
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15 minutes
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Performance Requirements for GFM Inverter in
Microgrid Applications




Utility -level microgrid and the system level performance
requirements

Multi-customer
microgrid

= Utility-level microgrid involves Feeder-level

microgrid

Single-customer

utility medium voltage feeder and microgrid

Feeder

loads/generations at different
locations

= To ensure adequate power
quality and reliability, a utility-
scale microgrid must satisfy
some system level performance
criteria such as proper voltage
and frequency regulation within
certain ranges

Single-customer
microgrid
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Example microgrid project

= National Grid microgrid, NY (in
process)
= BESS specifications are 20 MW,

40 MWh, 75 MVA short circuit
current

= The system includes 5
substations, 46 kV sub-
transmission line, and 10 feeders,

115 kV/46 kV

, Substation L
which can separate to form an . kv Sub-transrr;ISSIon line
island supplied by the battery l -------- I Lo I Lo
| fake.
Source: https://www.nationalgridus.com/media/pdfs/bulk-energy- ST TTmTmmmmmmoomoosmmsooooooooooooooes !
storage-request-for-proposals/appendix-e-locations-usecases.pdf Distribution substations
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https://www.nationalgridus.com/media/pdfs/bulk-energy-storage-request-for-proposals/appendix-e-locations-usecases.pdf

BESS GFM requirements in the example project

= The proposed energy storage system and associated Storage Management System
will be required to support this microgrid operation, including:

Black-start capability;
Voltage and frequency regulation of the island (grid-forming);

Four-quadrant inverter capable of providing full leading and lagging power
factor sufficient to support the reactive loads and manage voltage within the
Company’s limits;

Sufficient fault current for fault detection for all possible fault types and
locations, coordination, cold load pickup, and in-rush currents; and

Phase balancing

Source: https://www.nationalgridus.com/media/pdfs/bulk-energy-storage-request-for-proposals/appendix-e-locations-usecases.pdf

An indusiry acceptable method of defining the functions and performance

requirements for GFM inverters in microgrid is presently lacking

45
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https://www.nationalgridus.com/media/pdfs/bulk-energy-storage-request-for-proposals/appendix-e-locations-usecases.pdf
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GFM performance requirements needed

= Reactive power capability

= Steady state and dynamic voltage and frequency requirement
= Requirement on voltage harmonics

= Frequency and voltage ride-through

= Required behavior under ride-through condition

= Short-term overload/overcurrent capability

= Black start capability

. The GFM requirements to be presented are
= Grounding of the GFM plant

results of ongoing EPRI research. Further
studies and industry review are needed to
improve the requirements

Performance Requirements for Grid Forming Inverter Based Power Plant in Microgrid Applications: First Edition. EPRI, Palo
Alto, CA: 2021. 3002020571
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https://www.epri.com/research/products/000000003002020571

Microgrid steady state voltage requirements

- The steady state voltage of any phase = "————— e ——
should be within a specific range =1 >
(e.g., ANSI C84.1 range A) across the —
feeder 3 = e —
= The steady state voltage range should § = |5 L
be designed considering load § 3
characteristics in the microgrid =
e/
= 7
Figure . Voltage Ranges, ANS1 CB4.1
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Microgrid steady state voltage requirements (cont'd)

= Load unbalance in a microgrid can lead to voltage unbalance/imbalance
even during normal steady state operation

= Voltage unbalance should be restrained to prevent damage or derating of
three-phase induction motor loads

= ANSI C84.1 recommends that the maximum voltage unbalance to 3%

max deviation from average V

voltage unbalance = X 100%
average voltage

= |[EC 61000-3-x recommends that the voltage unbalance factor (VUF) should

be less than 2%
V5|

VUF = —— X 100%
Vil

esearch Institute, Inc. All rights reserved. =2l



Deriving GFM requirements from microgrid requirements
— study based on a real-world microgrid circuit

= Peak load of the microgrid is around

Microgrid 3000 kW with an average power factor

Area

of 0.88
Energy = An energy storage site with 8250 kVA
Storage is the only power source inside the
. Islanding microgrid
switch = The microgrid circuit is modeled in

PSCAD with constant impedance load

= The circuit was reduced (from 1973
nodes to 52 nodes) and converted
Substation from an original model in CYME
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Case studies on GFM negative sequence voltage control

. .. Negative Sequence
Negative Sequence Control Objective Current Capability

1 Regulate negative sequence current to zero None
2 Regulate negative sequence voltage at RPA to zero 0.05 pu
3 Regulate negative sequence voltage at RPA to zero 0.1 pu

= The goal is to investigate the need for negative sequence voltage control
from GFM inverter and the required negative sequence current capability
in the particular microgrid

= The microgrid is initially operating at the peak load condition. At t=1s, a
section of the feeder is disconnected from the microgrid to simulate a load
drop event

50 2022 Electric Power Research Institute, Inc. All rights reserved. [ =dr={]



Voltage magnitude across the MV feeder

Phase voltage magnitudes at different feeder locations (pu)

Case 2 , A Case 3

114

1.0

] ] 1
0.8 ; : 0.9 E , /0.9 \ | |
0.9 10 1.1 12 09 1.0 11 12 09 1.0 1.1 12

Time(s)

= Voltage unbalance reduces as the GFM inverter regulates the negative
sequence voltage with higher negative sequence current capability
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Voltage magnitude across the MV feeder (cont’'d)

Negative Sequence Highest Feeder Voltage Unbalance per ANSI

Analysis

ili Definition
Case # Current Capability

Before load drop After load drop
None 9.11% 19.14%
0.05 pu 2.48% 6.21%
3 0.1 pu 2.48% 2.52%

= VVoltage unbalance reduces as the GFM inverter regulates the negative
sequence voltage with higher negative sequence current capability
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Steady state voltage requirement

= A GFM power plant should be able to regulate its RPA voltage to be within
ANSI C84.1 range A (or other ranges as appropriate for the load inside the
microgrid), when the GFM plant output is within its power and current
capability

= A GFM power plant should maintain balanced voltage at its RPA when it
operates within the negative sequence current capability and total current
capability

= Negative sequence current capability should be greater than a certain value
which should be defined based on loading condition and possible
contingency scenarios of the microgrid under consideration

=2l



Black start of a system with inverters — A grid forming

service

= A cranking path should be identified for system restoration

= The first black start resource needs to form the voltage and
frequency

— |t shou
— |t shou

— |t shou
power

d be capab
d be capab
d be capab

e of providing transformer in-rush current
e of handling line charging currents
e of handling induction motor starting currents and

= A GFM IBR can be this first black start resource
— Not all GFM IBRs need to be capable of providing such services

=2l



Impact of induction motor load on microgrid black start

Pick up constant

=vci =va2 =Vb 2 =\ic_2 =\a3 =vh 3 =vb 3 -

-

Inverter RMS current (pu)

0.0 1.0 20 3.0 4.0 50 6.0 70

Time (s)

= Since motor start requires much higher
active and reactive power than its normal
rating, the GFM inverter cannot provide the
high temporary overload when its current is
capped at 1pu, resulting in motor start up
Timg (s) failure

S B A
Motor trips

Voltage at one motor (pu) MV feeder voltages (pu)
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Higher short-term power rating from the GFM plant

= For the studied scenario, if the GFM plant has short-term power rating that is 1.6 times
higher than the continuous rating for 1s, it can black start the microgrid with the
induction motor loads successfully

= S i . s
o S
o o
ol o 4:_5'
© o
o ra
o S
> o
| -
g <
) 3
(] fa
Y 3]
§ =
g Ia rms ms — =0 BESS
o S
N— Q
] ~—
GCJ __________________ +
S
£ 1.6 pu a
> 5
© o)
S o]
72 )
o pu
2 g
3]
S £
£

-GTime (s)
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Possibility of load control interaction during blackstart

bus 1 bus 2 bus 4
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= A reduced real
distribution
feeder with
path to critical
load

= Both single
phase and
three phase
induction
motors present

= Radial
transmission
network with
GFM inverter
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Load consumed by distribution feeder from tfransmission

hetwork

= 4.00
=
= -
T 3.00 1.00
<7
=
£ 2.00
[<}]
£ 1.00
< 0.80 -
0-00 T T T T T T T T T
24 26 28 30 32 34 36 38 40
mmmmmmm
- —_
= 4.00 S
= o 0.60
= =
£ 2.00 =
o Q
[~
o Q
5 o
S 0.00 v 0.40
&
24 26 28 30 32 34 36 38 40
= Time (s)
o
2 100 3 0.20
=
2
=
[=2]
[1~]
£ 0.90
<
= 0.00 -
€ 0.80
w
E T T T T T T T T T
e 24 26 28 30 32 34 36 38 40
Time (s)

—— Phase C 1-¢

Phase B 1-¢
—— First 67 kVA 3-¢
—— Second 67 KVA 3-¢

24 25 26 27 28 29 30
Time (s)

= Load on the feeder is unbalanced and GFM IBR control loops need to
have negative sequence voltage control
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= Distribution feeder energized as cold load pick-up 3 oo

= Control interactions when three phase motor 0.40 1
tries soft start 0.20 1
— Solved by carrying out staggered start of three phase 0.00 -

59

Control interactions between large motor soft-start
scheme and single-phase induction motors

12.50
——= Vg7 = 10.00 - o
= ; A
1.20 +—— Va3 g 7-501 ¥
3 o VBS % 5-00 — Ps1
% ‘ il N § 2.50 Pgs
Pgs
© | . .
2 1.00 A ,1 //-’,1 ' l ' 1N | °0° 25 30 35 a0 as 50 55 60
= 1 - ; - " =TT v‘ Time (s)
cmn 0PB5p ' ' ‘ | l l ' ' ‘ ] ' 1 l ‘ = 10.00 —— Om
: If! W : —
g 0.80 A N1 HU TN & ' % 5.00
S 2 A
g E 0.00
(95
= 0.60 25 30 35 40 as 50 55 60
o Time (s)
1.20
0'40 ! T T T T T T l | | 00
25.0 255 26.0 265 27.0 27.5 28.0 285 29.0 0.80 -

induction motors

Time (s)

Phase C 1-¢
Phase B 1-¢
First 67 kKA 3-¢
Second 67 kKNVA 3-¢
2.5 MVA 3-¢

3.0 MVA 3-¢

25 30 35
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GFM plant requirement to black start a microgrid with high
percentage of motor loads

= The GFM plant should be able to black start itself, including the local
auxiliary load and establish an open circuit voltage at the plant RPA
without the utility grid

= If the GFM inverter and the dc source are not sufficiently oversized to
provide the inrush current and motor start up power, short-term current
and power capability should be required. The amount of short-term
current and power rating required depends on the load characteristics
and black start sequence

© 2022 Electric Power Research Institute, Inc. All rights reserved. [ =dr={]



Designh Considerations for GFM Generation Plants




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

=2l



What does present draft IEEE P2800 standard say about
primary frequency response?

value
%*A

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

sh_low%

90%

10%

initial change (ic)—0%

©EPRI

settling band

A\

4~ overshoot

Notes
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, currentlimitations,
transmission system parameters, etc.

system response

step response time
(0-90%)

v

rise time
(10-90%)

settling time
(0—[sb_low,sb_high]

[nifs Default Value Minimum Maximum

Reaction time seconds 050 0.0 l
(0.3 for WTG)

Rase ime seconds 40 20 20
(4.0 for WTG)

Settling time seconds 10 10 30

Dampmg Ratio | % of Change 03 0. 10

Settling band %of Change | Max (2.5% of change or 0.5% of ICR) l ]

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

(Will this capability be sufficient for 100% IBR grids?]

63

v

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
e Should be as fast as technically

feasible

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

N

/

© 2022 Electric Power Research Institute, Inc. All rights reserved.
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Example: Two PV plants in an existing sirong network

30.0 MW

39.0 MW
5.79 Mvar 5.79 Mvar
13.5 MW
5.78 Mvar Von
4.98 Mvar
Bus 13 T Bus 14
3.5 MW
1.8 Mvar
Bus 12
Bus 11
" 29.49 MW
Bus 10 T = 16.59 Mvar
11.19 MW z
200 MVA 7.5 Mvar
PV1 T
Bus 6

60.0Hz to 59.8Hz

7.59 MW
1.59 Mvar
AN

4779 MW
-3.9 Mvar

Bus 2 J7 Bus 3 l 4 $
r
200 MVA 21.69 MW I g 94.2 MW
12.69 Mvar = 18.99 Mvar

PV2

Each 200 MVA PV plant is a full switching model*
Frequency control with 17mHz dead band and 5%
droop at inverter level

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

—

Active Power (MW

164 4 —— Poutput - 10pu/s
Prer - 10pu/s
162 4 — Poutput - 1pu/s
— Prer-- 1pu/s

160 1

158 4

156 4

154

152 1

150 4

2 .Iﬁ 2 .IE 3.Iﬂ 3.I2 3.I4 3.Iﬁ 3:-.I 8 4.Iﬂ
Time (s)

e . -\
Both ramp rates meet requirements
mentioned in IEEE P2800 Draft
5 Standard )

thttps://www.pscad.com/knowledge-base/article/521

© 2022 Electric Power Research Institute, Inc. All rights reserved.
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Lower ramp rates may not work in a 100% IBR system

= A low inertia power network
needs fast injection of current to
mitigate imbalances

= Suitable choice of ramp rate limit
can bring about a stable response

Maximum ramp rate influenced by
source behind the inverter

Batteries can tolerate higher ramp
rates as opposed to wind turbines

\

65 © 2022 Electric Power Researc

< 160 -
=
@
= 140 A
a — PV1--10pu/s
i
E PV1--1pu/s
120 -
< —— PVi--5pufs
N 66 -
> 64 -
=
L 62
o )
£ 60 - ﬂy V-
&
Y 58
=
L] .
B 564 100% IBR network formed 10% load increase
T T T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0

h Institute, In

Time (s)

= 100% IBR network created at t=2.0s
= Load increase at t=3.0s

c. All rights reserved. =2l



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

Active Power (MW)

\

R

—— IBR1--5pu/s
IBR1--2pu/s

Load increase

_ / in 100% IRR
network

Electrical frequency (Hz)

Important to recognize this if )

newer IBRs have to additionally
support older IBRs

Load decrease
in 100% IBR

network
-

T
¥

T T T T
8 10 12 14

Time (s)

66

5pu/s — Two PV plants of 200 MVA each
2pu/s — Three PV plants of 100 MVA each

© 2022 Electric Power Researc h Institute, Inc. All rights reserve d.
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How fast should inverter level voltage control be?

= Lowest value of maximum
step response time from draft
IEEE P2800 is 1.0s

= Results on the right shown
with SCR of 1.0, and a step
reduction in grid voltage of
0.1pu

= To achieve grid forming
behavior, potentially a faster
voltage control loop may be
required at the inverter level

— With maximum step response
time of less than 1.0s

— Although the response with
settling time of 3.0 may
potentially also be sufficient

200 - /f\

v_ R —

Active power (MW)
|_I
[#]
o

100

100 1 /\/_/—/_/—_\\
] /

U~
o u
L

N
o [#)]
L 1

1.2_ /\
| — Kiy=1.0
v 0

— Kj,=20.0

c ¥+
© O
Fatla
n
G

©
o
1

—— Kj, =100.0

Voltage magnitude (pu) Reactive power (Mvar)

14 15 16 17 18 19 20
Time (s)
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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

=2l



Consider an example network

System equivalent

= Three legacy IBRs : 9 3
- Two IBRs with GFL 5547 1 0 03 |0t
P/Q control ‘O% " 3336.2020‘ ??28 143?;9 n 1.0000
- 200 MVA each  F SRy 0TS ?;R
-~ One IBR with GFL 09782
current control
= 50 MVA ;
= Power transfer to )
external network 8704 8790 4101.04 105,16 1Bt
intentionally kept osorg 1P T o
minimal Oy 7o
IBR

1.0218
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When all IBRs are grid following

350
57
2 2
2 300 <
g g
H o
g a
i _6 o
g 250 g
5 5]
< E 81
200
_ 60.0
3 1.4
; |~ 59.5
T 13 T
2 2 59.0
= %)
o =4
© 1.21 L 58.54
E =
v ]
211 = 58.01
=
e 57.57 —— 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
S
B
&
S  0.000 L — s N
©
o
o
+
(1]
[~
—0.005 4
—0.010
%33$Q§cfi.$ SN %‘esq‘?cfi\&‘ h”\ffi\*\s'%“egq‘?cg_\& SCha
State hame
70

State name
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301
[m]
201
10 N
3
- ]
=
(10}
o 0 68 0o o i 0 =
=
© O
E
o —10 A
10 m]
E
_20 i
[m]
_30 4
T T T T ‘ T
—60 —40 —-20 0 20 40 60
Real part (o)
Mode 65.399589 + j0.000000
0.025 |
0.020 |
_ 0.015-
o
Iv]
&
c 0.0104
=)
©
=
|S)
£ 0.005
©
o
0.000 - ] .I —-— u . —
—0.005 -
—0.010 -
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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 fransformed to GFM control

40

ﬁ200* (\/\ "_“_;_37 W a

%198 5—4- 30 )

%196 %—5- — 201 .

-*021194 %_6_ é

< &7 £ 10- -

192 -8 8
o O
. 0 = = =
o O
1.02 - 60.04 | —— IBR 7 on V control E

31.01- 60.02 4 g" _10 -

g = £

%1.00 560.00* - _ZD m -

30-99‘ %;59.98-

E‘o.gs— £ 59.96 1 —30 - -

S S 1 o S S S -30 -25 -20 -15 -10 -5 O 5
. Time (<) | ' Time (s) Real Dart [U}
* Maximum settling time for _ = Robust performance immediately
performance of 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

200 = 60
= ; -4.51
S 1984 £ O
5 il
5196- W g —5.0 1 40
o o —
v g Uh
£ 1941 £ -5.51 2 20 A Q
< 5 + O
192 1 = 6.0 © O
: : ‘ ‘ ‘ ‘ ‘ : ‘ ‘ 2 0 S = = = 5—-8 =
- O
P o
—— New IBR 8 on V control = —20 A
~ 1.024 60.06 1 gm ]
3
o 4
2 o] - 60.04 g —a0 |
E L 60.02
£ 1.00 | >
& S 60.00 =
0.99 A g — R
£ 2 59.98 | 60
o 4 —
5 098 T 59.96 1
S _ i
> 0.97 59.94 80 . . . .
0.96 . , : : : 59.92 : : . : : —-40 —30 —20 —10 0
2 4 6 8 10 2 4 6 8 10
Time (s) Time (s) Real part [U)

« A new 150 MVA inverter is * Installation of ,
new/additional equipment

requ.n.’ed 10 el could have economic
stability considerations
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Planning a Transmission Network with GFM




Generic positive sequence models to aid in carrying out
a study

= Single-loop and multi-loop structures allow for representation of wide variety
of GFM behavior

l
o H P..; is output of Pl controller with state s;5
XL Véﬂp . o H Q,., is output of Pi controller with state s,;
s a'a" D e, — ! V,.sand w, cassigned at inverter level

" gl v, 15 M" max ;

inv,d i

PO lIsp - @jtag Lo

2 Current control

. ; Flcwmemensl ‘
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| : ; 1
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ﬂ I>I - I._ll?'?‘ . 'I_k.P'_I ] +/-\ /)_ aroog
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Q-V droop

Fault current limiting

1. https://www.wecc.org/Reliability/Model%20Specification%200f%20Droop-Controlled%20Grid-Forming%20Inverters PNNL.pdf
2. https://www.wecc.org/ layouts/15/WopiFrame.aspx?sourcedoc=/Administrative/Memo%200n%20Proposal%20for%20Generic%20GFM%20Model v2.pdf&action=default&DefaultitemOpen=1
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Availability of model (to-date)

Positive sequence/RMS balanced domain EMT domain*" RMS unbalanced domain Real-time domain
Siemens PTI GE - PSLF DIgSILENT PSCAD* EMTP* DIgSILENT SIMULINK PLECS OpenDSS DIgSILENT RTDS/Opal-
PSS/E PowerFactory PowerFactory PowerFactory RT/RSCAD
v v v v v v v v x v x

Type A Droop | Type A Droop dvocC Type A Droop Type A Droop dvocC

Type B Droop | Type B Droop Type B Droop VSM
VSM VSM dvocC
dvocC dvocC

“implemented by software developer

*certain model versions also have negative sequence control implemented
"certain model versions are also implemented at switching level

*C-code based model in addition to GUI block-based model

= Examples studies where models can be used:
— Evaluate size of grid forming device required to be connected
— Evaluate percentage of resources to be grid forming
— Ascertain location on system where grid forming maybe beneficial
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Locating and sizing of grid forming resources using
generic models

GFL-IBR BUS 10 0 Sync-con

7 BUus ¥
13 12 11 14
o S 3 sy | HE awo | wol| o o 2, H8Y
1000 100, ‘F‘%%_L. 000 1000 100. F%P_ 1000 | transmission (00 | — = 3% - o _
—/-8.4R -8.4 11.8 119 1 124 -12.6 18.4 90.8 -99.2 61.1 8 5.6 5.7 57R
1.00 ; 1.00 1.00 ; S : R B . 1.00
0.6 33.0 33.0 -18.2 1 e -19.1 1226 N R 1213 1‘5% _ _ 1195 18,0
22 21 20 Byg 15, 992 174 1 113 113 1 54 BUS 3
BUS 22 BUS 21 BUS 20 998 997 _ 89T T — % -46.7 ~3f- 467 4677
—,100.0 10000 <3 f— -100.0 1000 -100.0 100.0+2 {~ 1000 | =" > @ a5  -191 14.9 P ) fa—— - 01
———— s . e 182 185 - 74.9 2< - -4 229 ¢ 237 23 6R
B4R T84 18 118 1 124 T o126 18.4 s | 00 ] 0
: - - 2323 5. . 0.0 18.0
0.6 ! 33.0 330 ! 25 . o\ bPo 98.3 1
BUS2S ' w A ;'20907 L4 88
0.3 -0.3 0.3 ‘ - . P T o414
- 1 Py B L , 099 -
GFL-IBR 0.0 0a  -0.0 w\ ¥ g P SE | 2283 Sync gen
1.01 n 2473 © 0
231.9 101 % Y
231.9 -48.6 '
19 18 17 1§ 7 [~
BUS 19 BUS 18 BUS 17 . Bug 16 4 ~
~75.0 750 <) f— 750 75.0 -75.0 75.0 =36 750 oy 4 N2
1( = > = e 9 a 1@ 95.7 252 -25.0 EX &=
—3.0R 30 0.2 02 1 02 -0.3 5.0 2 g 1 >1 6
1.00 ] 1.00 1.00 ; 1.00 ~1 458 -50.3 1 35.5 4.8 | BUSE
0.7 33.0 33.0 2305
" t1e7 187 187 e 2
GFL-IBR 1< 33 1 118 )
| 458
70.4
S i f H . 0.6 229
ystem information: 2202 ven
24 224.9
GFL-IBRs =400 MVA, 275 MW BUS 24 —
; O 02 ° 02 -3 %;—7 02 2 s
Sync-cons = 150 MVA 18R T 85 3 s oz - 3f w02 o 03
18.0 1 -185 18.9 Jo0R

Sync-gen = 150 MVA, 46 MW Sync-con 0%8 1 180
Sync-con

= Study objective: To allow retirement of synchronous condensers and generator from the load
centers, where to place a GFM device and what should be its rating?
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d.

Locating and sizing of grid forming resources

= Events shown:
— Top: Load increase 10%

— Bottom: Trip of one sync-
con
= Even with synchronous
resources (without
power system
stabilizers) system is on
verge of instability

- diligently parameterized
models across both
simulation domains

=2l



Locating and sizing of grid forming resources
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[REF] Deepak Ramasubramanian, “Location and Sizing of Grid Forming Devices in Islanded Networks,” [under review]
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What does all this imply?
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Toward technology-agnostic requirements for GFM
capabilities

= |nstead of focusing on how GFM control can be implemented and which type of GFM
control should be used, the ultimate goal is to set up technology-agnostic performance
requirements and ensure the grid has enough GFM capability to support its reliable
operation

= However, incorporating new and perhaps different types of GFM control could change
the overall system dynamic behavior and alter the failure mode of the system

= Understanding the dynamics and stability limit with parallel operation of multiple GFM
(different types) and GFL inverters is required in order to set up the requirements

= Development of good GFM models along with appropriate parameterization techniques
is crucial for being able to formulate and verify performance requirements
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GFM may not be a “Silver Bullet”

= Even though GFM control provides improvements on inverter stability and
dynamic performance in weak grid operations, it is not a single/unique
magical solution

= GFM is simply another way to control the sinusoidal voltage output of the
inverter

= Physical limits of the inverter and the system still apply

= Like every other control, GFM control have stability limits beyond which
synchronization with the grid can be lost or other types of instability can
occur.
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