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Sub-synchronous oscillation (SSO)
Oscillation frequency less than 50/60 Hz

Driven b
|}\ y

- Intra-IBR
IBR-driven 3SCl olant
SSO

.___--_-_-_--_-_-__-_.|._-_--_-_-_-__-_-_--_-

Focus of this webinar

Multiple IBR plants interacting
EBR-driven] across the bulk power grid

SSO? | ‘weak-grid SSO’?
‘Wide-area SSO’?
‘Control-induced SSO’?

Inter- or Inter-area
i intra-SM )
SM-driven [SSR] plant osc. [ 0sc. ] Geographical
N _ (electrical)
Localized System-wide’ gpread
SM - synchronous machine (Wlde'a rea)

IBR - inverter-based resource
SSR - sub-synchronous resonance
SSTI - sub-synchronous torsional interaction

Miller et. al, “Diagnosis and Mitigation of Observed Oscillations
in IBR-Dominant Power Systems: A Practical Guide” ESIG
Stability TF, 2024

SSCI - sub-synchronous control interaction (series capacitor SSO)

SSO - sub-synchronous oscillation
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Cheng et al., "Real-World Subsynchronous Oscillation Events in

Power Grids With High Penetrations of Inverter-Based
° Resources,” TPWRS, 38(1), 2023




IBR-driven SSO

Getting more frequent in IBR-dominated parts of the system

Modi et. al., "High Inverter-Based

430 430 Resource Integration: The Experience of
420 420 Five System Operators," /EEE P&E Mag,
410 410 22(2), Mar-Apr 2024
_ 400 _ 400
~ 390 ~ 390 Cheng et al., "Real-World
380 380 Subsynchronous Oscillation Events in
370 370 Power Grids With High Penetrations of
360 360 Inverter-Based Resources," /EEE TPWRS,
350 350 38(1), 2023
ESREE I ERN =D E = N € E EE e ERNE
S 8 8 B8 e v 8 = S ®w o ®w 2 ® o Miller et. al, “Diagnosis and Mitigation of
* ¥ w0 W @ B w6 5 = = = 5 5 < Observed Oscillations in IBR-Dominant
i ¥ % o M A M Power Systems: A Practical Guide” ESIG
8 Hz SSO in Scotland, 2021 (source NESO) Stability TF, 2024

1) Can such oscillations be foreseen? - not always!
a) IBR connection compliance process
b) Modelling adequacy (IBR - vendor-specific vs. generic; RMS, EMT, hybrid)

2) When such oscillations are seen in (EMT) simulation (or in real world) how
to analyze and find the root cause for effective mitigation?
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How is it done for inter-area oscillations?

Established modelling and analysis framework

L, AR A
SM #1

12 VZ
SM #2 Network

(current injection

model) :
I V
ﬂ | W= o
|
Loads L Vi
IL:fL(VL) \_ Y,

Small-signal stability analysis based on linearized
state matrix [A4], of overall system around an
operating point (XO, yO) Suffix ‘0’ denotes an operating point
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Synchronous machine (SM)
x; = fi(xi, yi, 01)
0= gei(xi, yi, 0:)

standard model structure f(-), gz (*)
and established parameter range p

DAE model of overall system

x = f(x,y) - all SMs, other dynamic
components

0 = g(x,y) - network, static loads,
SM stator

Linearized state-space around
an equilibrium (xy, y,)

w=[D) -(2) () () o

0 0
Ax = [A],Ax




IBR model

aggregated at plant level
IBR - network interface

I
I
VC E— V —>
—= SAN—TI———
—_ OJ \V
Re Ly | 1
DC \_=° J c |
link 7 f
Mapc =
~ _\eV
P.— I
Control
V. —>
T \___J<I IBRplant
/I\mabc
~ )
7]
P ( ) chr
" outer cumrent Vag [abe
v control control PLL ctl?{ [ Vabe
—__ Icqr \_ 0
Pm; Vm Vd’Vq ch;Icq @ 0
) )\ — .
Measuremen{ Vg, V, leq ICq abc le—abe
fiter to .
N Taly T, 449 lak

Grid-following (GFL) control
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Network
V injection

Network
Network
I injection
/]\mabc
4 dq )
Vio wg 0 to
abc
w mdq
P chr
" droop voltage current
Q, control control control
\. J J Icqr \_ J 0
Pm' Qm Vd,Vq Vd' q ch'lcq
0\ ch;Icq
Y, © Vv abe [ Vabe
Measurement d;Vq IdI A drVq t .
filter ~q T .1 0 — Labc
A cd’ !c dq i
\ Id,Iq Id,Iq / c—abc

Grid-forming (GFM) control with droop




IBR-dominated system

How to obtain overall state matrix to analyze IBR-driven SSO?

(1) IBR plant model
x; = fi(x, yi,p1)

= Vendor-specific proprietary
(‘black-box’) structure f;(+)

(1)

Generic model f;(-) available but

IBR #2

parameterization (p) challenging

= Track operating point (x; o, Vo)
dependency of IBR linearized

Vy (2) Network Iy model

< IBR#N

\\2

/
O
O
L]
o
~
N
]

(&

Loads

(2) Network and SM stator model
(3) I, = f.(V,)

—
I~
<
b~

= Static/algebraic (RMS tools)

SMs = Dynamic/differential (EMT tools)

(3) Aggregated load model
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Consider a particular IBR

Rest of the system G,

L Vin
@

IBR #m

I Vin

Rest of the system
(network, other IBRs, SMs, loads)

41

IBR #1
V2

IBR #2

IBR #m

Grm

N

Loads
[, = fL (VL)

SMs

-

Network

________

_______
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Frequency response of a GFL (openioop)

P =1.0pu
I =1.0pu

Standalone GFL plant for different operating points

Frequency response of IBR #m from model

10° 10" 102

Each trace is for a different
- operating point (SCR)

from G0

L
1

102

Freq (Hz)

How to estimate linearised model G;,,,, of an IBR
for a given operating point?
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Rest of the system
(network, other IBRs, SMs, loads)

_ IDm _ VDm
Im B [IQm] ’ Vm B [VQm

1.1 <SCR<5.0
U

11.5° < 0o < 63°
0.46 pu < Vp;u o < 0.98 pu
0.20 pu < Vim0 < 0.89 pu
0.88 pu < Ipy o < 0.98 pu
0.20 pu < I < 0.67 pu

Suffix ‘0’ denotes around an operating point




Estimation of IBR plant model

IBR #m

Rest of the system
(network, other IBRs, SMs, loads)

AL, AV,

Im ] - \
s I,,,1 ™ Injectcurrent perturbation AL, at IBR #m and
m _IQm] obtain perturbed Al),, and AV, at its terminal

perturbed AV, Al},,, and perturbation Al

I, . V, = _[I;Dm] = Estimate model G.g¢1 0, Gestz 0 DetWeen
Gy LV'om
AV,

GestZ,O = AI
m

Al
GeStl,O = Alm
m

AV, AL,

-1
GestZ,OX(Gestl,O) - Al XAI’ = Grmo—est
m m

= Estimated linearized model of IBR #m

~1
[ Grmo-est = GestZ,OX(Gestl,O) }

" Gese1,0 IS invertible as Gegrq 9. D # 0

Simulation model = Perturbation signal key to estimation accuracy
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Validation - 3 operating points

OP #1

5

1.05
= NS OP #2
o

1 1 1
0 0.2 0.4 0.6 0.8 1
— 1.05r
-]
o
— OP #3
S
o
1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Time (s)
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Validation: OP #1 (poorly damped)

Frequency response of IBR #m Closed-loop step response

T

20 F :
Actual G0
—~ 10+
m
S
2 0
=
-10
8 B 0.98 | | | ~Actual;
109 10" 102 0 0.2 0.4 0.6 0.8 1
20 F — T ———————rrroy -
Estimated G0
o 10
S AV
g ° Al 3
T Ay | .
‘ | o 0.98 | | | Estimated
100 101 102 0 0.2 04 0.6 0.8 1
Freq (Hz) Time (s)
Al AV I = IDm V. = VDm
GImO m — IQm r¥m — VQm
IBR #m

Accuracy of estimated model is high if:

= perturbation signal is ’rich’ and sufficiently exciting

= response stays within ‘linear’ zone (close to the operating point)
Both are relatively easy to achieve in a simulation environment

14

Rest of the system
(network, other IBRs, SMs, loads)
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Validation: OP #2 (well damped)

Frequency response of IBR #m

Closed-loop step response

20 J T T
% 0
(@)]
S 0! ] .
- Actual ¢ Alpm
L ‘ i Actual
10o 101 102 0.6 0.8 1
= 1.02
2
5
i - 1 .
0.98 i Estimated
10° 10 102 0 0.2 04 0.6 0.8 1
Freq (Hz) Time (s)
AL, c AV, L IDm] - lVDm
ImoO m IQm yYm VQm
IBR #m L, IBR #m
Gy
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Rest of the system
(network, other IBRs, SMs, loads)




Validation: OP #3 (critically damped)

Frequency response of IBR #m

|Actual Gy,

AL, AV,
GImO
IBR #m )
Estimated G0
= 20 - -
z AVom
210 | Al 1
© Qm
s K AV,
ol Alp,
10° 10’ 102
Freq (Hz)

Estimated IBR model inaccurate for critically damped response
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‘Black-box’ to ‘Gray-box’ IBR

)
Loads

V1

e IBR #1
V2

mmm— |BR #2

Vn
IBR #N

I

[, = f,(V.)

'SR

SMs

Isy

—

Network

IBR #1

IBR #2

IBR #N

T )
Loads

I, =f,(V,)

SMs

Network

Imperial College London
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Overall, system state-space matrix [4], formed with estimated linearized model of IBRs
(Gimo—ese YMm = 1,2,---,N) and known SMs, loads and network models

Eigen vectors of [A], provides contribution (participation) of each IBR plant in poorly damped
SS0 mode(s) and oscillation pathway (modeshape)




Challenges

Sequential vs. simultaneous

— System identification with structure?

Perturbation

— Richness of perturbation signal?

— Perturb IBR references?

Scale-up for large systems?

— Model order vs dominant modal response

Effect of noise (NESO funded DOME
project)
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2) Network model for SSO studies

Static (algebraic) or dynamic (differential)?
Scope
Accuracy Small-signal stability
for SSO No large disturbance (faults, frequency events)

A V, I narrow band signals

EMT—abc [EMT—dq]

time-domain

PSCAD, Plex
Simscape,
PF (EMT) etc.

This diagram is for illustrative
purpose only. The scales are not
meant to quantify the difference

[EMT—dq]

freg-domain

PSS-E, PSLF, TSAT,
PF (RMS), SSAT etc.

RMS+

Daniel Lara et. al. “Revisiting Power Systems Time-Domain
Simulation Methods and Models” TPWRS, 39(2), 2024
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Scenario checks
possible




EMT vs. RMS for GFL

Grid-following (GFL)
Damping ratio (¢) of SSO mode

0.61

0.4

~ 0.21

Imperial College London

— RMS+

— EMT-dg -

1 4 7

SCR

Participation of network state in SSO mode

10

—_ I

SCR

0.6f
0.4r

0.21

0

-0.2¢

151

| — EMT-dg
i — RMS+

T~

5

10

15 20 25
PLL BW (Hz)

10

15 20 25
PLL BW (Hz)

1) RMS generally shows higher damping than EMT

2) Difference between EMT and RMS is more at low SCR (weak grid) and
higher PLL bandwidth
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Network dynamic modelin DQ frame
dlLDQ
dt

vADQ - RiLDQ $ a)LiLDQ + L

dvpg
dt

iADQ - $wavDQ + Cb

Difference between EMT and RMS
more pronounced for

= higher oscillation frequency %

(usually at higher control BW)
= higher L and C, (i.e., lower SCR)

= higher participation of network
states




EMT vs. RMS for GFM

Grid-forming (GFM)

Damping ratio (¢) of SSO mode

0.8} \ — EMT-dg { 0.8} | 0.8}
0.6\ — nhio 0.6 : 0.6
_, 0.4} : 0.4} . 0.4f . —EMT-dg
0.2r i 1 02r —RMS+ 1 0.2¢ = RMS+
0f— 0 0 :
0.2k . \ 0.2t . - 1 0.2l . a - )
1 4 7 10 5 20 S0 50 250 oL D 500 625 750
SCR Voltage control BW (Hz) Current control BW (Hz)
Participation of network state in SSO mode
15 I 151 ' — 15}
= 1D
2 10f 10} =715 10} — T
= -~ I,
2 5t 5t 5
7 _
1 4 7 10 5] 20 90 50 250 S O 500 625 750
SCR Voltage control BW (Hz) Current control BW (Hz)

1) RMS shows higher damping than EMT unless GFM voltage control is slow
and/or network is strong (high SCR)

2) Stability assurance with RMS could be misleading!
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39-bus test system with 100% IBRs

EMT vs. RMS

— EMT-dg_—— RMS#+ --- Ref B31:GFM — pyr.dg — RMS+ - Ref
GFM ; ] ’ I
prmw =5.4pu 5.9t il 1.05}
GFL[(— B37 R = ; =
P =25pul/~] B2s B26 [ B2§ | H TBz9 2 ﬂ &
B30 =~ 5.5F I\,\I\‘ _ 1.021
i B27 i g Sz
B2 - B38 as VALY KF
BIS I B24 GFL V R e
Bl —]-|37— -Tr—Pf“ =83pu 5.0t ‘ 1 0.98
5 v GFM B32: GFL
nGFM B3 P™s = 6.5 pu x
P =10 pu ] B16 B3 6.58} ] 101F
_BI5 i B2l - )
T 7 B22 =) e
—L I — 6.52} — 1.00}
Bg9l B4 B14 g is
B5
B Biof sl ' 6asl ¥ . , pgsft IV UN o
B7 E; B23 B37: GFM
BS| Bl B3| 555 B36 581 4 ——1  1.033}
B31 B34 _| p33 gl;L . - .
BI10 756 = 5.6 pu = a
BO v l B32 S 6 3pn = 56 { T 1.028
P = 5.2 pu GIT P9 =5.1pu
P = 6.5 pu 5.4F » 1 1.022}
Step change at 0.1s - B. of GFL at bus 30 reduced by B39: GFM
10%, V. of the GFM at bus 31increased by 5% 105} [ . 1 103sf
. - =
45% GFL and 55% GFM B B
- 102 . 1.030
. &= iE
Difference between EMT and RMS response ool N i P .
depends on: 0 0.5 1 0 0.5 1

Time (s) Time (s)

1)  Relative share of GFL and GFM
2) GFL and GFM control bandwidths
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3) Aggregated model at GSPs &5 Scottish & Southern

Project with SSEN-T in collaboration with SSEN-D

Imperial College London

Basis

— DNO test data at distribution
substations

— Composite load model (WECC)
Aggerate at GSPs bottom-up
Active distribution with DERs
Impact on stability

Recommendation for field tests
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4 ) 4 )
Transmission Transmission
network network
>132 kV > 132 kV
\_ ), \§ ),
Grid supply
point (GSP)

4 ™) v
Distribution Aggregated
network GSP model
<132 kV
\_ y,




Four-layer defense against SSO

Ongoing research with NESO and EPICS global center

1) Design trade-off with
higher degrees of freedom

OEMs

DeVe|0I0ers IBR control 2) Rethink IBR control for
design stability guarantee with

minimal conservativeness

Purely data-driven
(model-free):

1) Unified DEF
2) SVD

Enhanced IBR [REESESEUE
representation

Post-event
connection

compliance

root cause

analysis 2) Evolving grid

situation

Detect
Incipient SSO
near real time

System
operators

Track IBR response via
‘Digital-twins’ of IBRs
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Test bed for validation (under development)

Simulation model of transmission grid in North of Scotland

Ballhe & Bernaheig @Ness e [ CCGT/CHP

Camster
“w:‘ { : . ,l *Causeﬁme @ HYDRO / PUMPED STORAGE
‘\‘ & Athacha&*. kum of Whilk
4 /i_‘ 7 ;‘ ﬁuollrunch*i éadkav‘éahzzgar . * WIND
- 4 v 4 S— Cassg Gordonbusn alsary | Be
e \ A s ® BATTERY STORAGE
AT \“ i 7" Creag Rjathd\m @““ _ /// /
, o ~100 buses
N Coire Na Sh'“ Moray, N etWO rk
: Cloiche * A | . Tnarsumn \

~150 branches

Cono rriemoilli'q;;gr—a
WL | A RO // Nominal dispatch
e"llx‘l \ L H | _Dedn’ Culhograné o 4 5 -B-e;-y Bu
'. diobdng’ |\ Corrimony A A% Kimorack > *Mo./ o udapg LReterheady
/ ’\ \ 4 j Fasnakyle(® %ﬂ Achi 3\ ———Blackpark A 7
v -

7 Hywind
Hill of Glaschyle & e

1))
g : qualdh °°"°9‘"‘ Glen Kyllachy

BEr e Region load ~0.9 GW

kauls Export south ~1.8 GW

"»\ | Beinneun Fw ers &l Dorenell m
— ) \Mm A L “*@ Ely _To Clach
V L

Ceannacroc -
b lenpiu Q b\ ; °"5l°n unmagla Paul's Hill I
A, & 1 Glendoe

\¢,
Pgdtowﬂ ,

AAberdeen
—A

@m Generation

IBR ~1.9 GW (70%)
SM ~0.8 GW (30%)

ochty Power Station

|
- Rann \\
oS 7 S lunie

CE%T“' B"“"’g \\ 0"y Thanks to Lily Yang, Hazem Karbouj,
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A .m@% Y I o - /: Xiaoyao Zhou and Yuan Chen from NESO
NESO ETYS 2023 App A

An EMT benchmark (open source?) with generic IBR models for SSO research
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Take away...

Work in progress

= |BR model could be estimated around an
operating point to analyze their effect on SSO

= For SSO studies, RMS tools are not generally
adequate

— depends on GFL-GFM mix, their relative location
and control bandwidths

» Revisit aggregated load model

= Four-layer defense against SSO
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