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1. Stability

Definition & classification

IEEE/CIGRE joint task force:

“The ability of an electric power system, for a given initial operating condition, to
regain a state of operating equilibrium after being subjected to a physical
disturbance, with most system variables bounded so that practically the entire
system remains intact.”

B Power System Stability: Definition & Classification

Newly added categories :
N. Hatziargyriou et al., "Definition and
\  Classification of Power System Stability — Revisited

— o e e e e e e o -

/
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Traditional categories:

P. Kundur et al., "Definition and classification of power system stability
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1. Stability

B Power System Stability: Challenges

Challenges
Generation side: Demand side: Devi rid interface:
Higher-level intermittent Demand response, distributed Powe(erY:e(I::(;?rcl)nilc fonezlceer.ters
renewable energy resources energy storage units, etc.

Very high wind power
penetration level (48%)

South Australia /
West Europe Blackout Blackout .
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1. Stability

B Power System Stability: Assessment & Control

Assessment & Control

I
On-line Stability | | Preventive , | Real-time Stability | | Emergency
Assessment Control : Assessment Control
1 >
time
Steady State Dynamic State
(pre-fault) Contingency (post-fault)

. ransie iljye i.@, the ability of the system
g %p S ' er a large disturbance, is
the mostUStringent requirement for a power system

because instability can develop rapidly within
several cycles after a disturbance.

* It mainly depends on both its inherent dynamic
characteristics, i.e., how the system responds to
disturbances, and its steady-state operating
conditions, i.e., how the system is dispatched.

00 Transient stability lost after 1.3s ———>

300 — -

" fault occurs at 0.2s ]
—
I

Rotor angle (degree)

* Its operation control includes preventive control
(e.g., generation redispatch) and emergency
control (e.g., load and generation tripping).

r r r r r r r r
(0] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

\\ Time (s) J

* Wind power generation adds more complexity
due to its stochastic power output nature and

PSS/E simulation costs 2.2s CPU time power-electronic converter interfacing. 5
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1. Stability

B Power System Optimal Operation

Conflicting triangle for power
system operation objectives

Power system operation framework

Optimization Model

Low-carbon

« Day ahead forecasting
of load & renewable
power output

reserve requirement
contingency set
generator cost (bidding)

Hourly to 15min ahead
forecasting of load &
renewable power output
contingency set
generator cost (bidding)
system data, etc.

Contingency occurrence

¥

Optimal operation

system data, etc. point
S = . UL Ifneeded
UC/SCUC OPF/SCOPF OPF-bgcs)ﬁtdr;ecurity

. Generation rescheduling,
a n ,@ t /orstlt load shedding, generation

tripping, network

reconfiguration

Economy Security vk aE _ >
Day-ahead Intra-day Real-time

Optimal Power Flow (OPF)
* u — control variables, such as active power output and voltage settings of the generator

units

* X — state variables (also called dependent variable), such as bus voltage magnitudes
and angles as well as branch power flow;

* y — parameters, such as load demand, network topology and network parameters, which
can be (or assumed to be) deterministic if they can be accurately predicted such as the
load demand; or stochastic if less predictable, such as the wind and solar power output

&5 NANYANG that is naturally uncertain.

1 - TECHNOLOGICAL h(xa “: y) <_: O' » g —equality constraints, i.e., power balance based on power flow equations

% UNIVERSITY * h —inequality constraints, i.e., network operating limits (such as branch flow limits and

voltage limits) and limits on control variables (such as generator capacity). 6

min /' (X,u,y)

st. g(x,u,y)=0




1. Stability

Definition & classification

B Optimal Power Flow with Security/Stability Constraints

h, (x,,u,,y,)<0 (k=0,...K)

|
U

[

I

* subscript k denotes the kth system configuration (k=0 | : N

corresponds to pre-contingency configuration, and k >0 ' + Constrained by a transient stability index (TSI) Iarger than

|

I

corr ds to the kth pos gency co ratlon) « athreshold £ for a fezm d Cor;tlf;gde?fcyhstt(l: ebra
I Vet N T O b y ight2id e
Hybrid Method | Challenges for TSCOPF problems |
Data-Driven Methods

TSC-Unit Commitment
Robust TSCOPF-Load
Robust TSCOPF-Wind
PC-CC Cor. TSCOPF
Full Robust TSCOPF
283 NANYANG
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Discretization Method
Data-Driven Method
Evolutionary Algorithm

Challenges e et H ittt ettt 1
Assessment & Control | Security-Constrained OPF (SCOPF) | i Transient Stablllfy-Constralned OPF (TSCOPF)
Optimization Model i I]fli]fl ‘f[‘](xﬂ ,uﬂ ,yﬂ) i i min F(K, u, y)
| "o ! =
2 R . : —O k—O K : | S‘r' g(xjuiy)_o
- Review ! Sf-gk(xkﬂuﬂayG)_ ( T Vseee ) h(K u ) 0
Direct Method ! __________’__’_y____ _______

1) Selection of a proper TSI - traditional criterion is the maximum rotor angle difference, e.g., 180°, which is
however system and operation condition dependent; improper values lead to conservative or optimistic solutions.

2) Handling of the TSI constraints - a large set of DAEs that are mathematically intractable in optimization model.

1
|
|
|
1
|
|
|
|
|
3) Solution quality = computation speed, optimality, convergence; compatible with the industry practice (e.qg., ;
industry-grade models and simulation tools). !

|

|

|

|

|

|

|

|

|

|

1

4) Modeling and addressing the uncertainties - intermittent renewable energy resources have been well
addressed in SCOPF problems, but not TSCOPF. Besides, the load dynamics and its model uncertainty has a
significant impact on transient stability. Solutions should be robust against such uncertainties.

5) Multi-stage coordination for transient stability control - preventive control (PC) before the contingency and
correct control (CC) actions after the contingency. 7




1. Stability

Definition & classification

B The first (probably) paper on TSCOPF - 1983

Challenges
Assessment & Control

Optimization Model

2. Review

Direct Method
Discretization Method
Data-Driven Method
Evolutionary Algorithm

3. Our Methods
Hybrid Method
Data-Driven Methods
TSC-Unit Commitment
Robust TSCOPF-Load
Robust TSCOPF-Wind
PC-CC Cor. TSCOPF
Full Robust TSCOPF
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IEEE Transactions on Power Apparatus and Systems, Vol. PAS-102, No. 7, July 1983 2145

| DYNAMIC SECURITY DISPATCH: BASIC FORMULATION |

K.S. Chandrashekhar, Member, IEEE

D.J. Hill, Member, IEEE

Department of Electrical and Computer Engineering
University of Newcastle
New South Wales, 2308, Australia

Abstract - This paper presents eliminary results
Mt cte for miec secu dispatc
E}ge powe téms. sual indireet appr Qp
arts with an operating point chosen jto g op

economy; then contingency testing using simulation in-
dicates adjustments which may be needed to ensure ade-
quate transient stability after the most likely faults.
The nature of the adjustments is derived from "intuit-
ive feel" for the system. Using a model given by
Bergen and Hill [1], distribution factors are presented
for systemmatically improving transient stability with
variation of bus powers, line impedances and bus volt-
ages. By incorporating a stability index into the cost
function for economic dispatch, there can be a trade-
off between the requirements for economy and stability
in choosing an operating point. The method could be
adapted to either planning or on-line scheduling to en-
sure adequate dynamic security. The application of the
approach is demonstrated on a 5 bus example system.

requirements. Thus, although there has been several

- d curify in the literature [4,
h e u tion of a systemmatic
lgo m for dynamic security dispatch ﬁn the sense re-

quired here.

The structure preserving model presented by Bergen
and Hill [1] has the significant feature of allowing
direct stability analysis on a dynamic model whose
steady-state solution is given by a (simplified) load-
flow model. Thus it is suitable for the task in hand.
Further the results of [1] have provided a convenient
algebraic index of stability as a function of injected
bus powers, system voltages and line impedances. This
can be used directly for stability emhancement or incl-
uded in an optimal dispatch algorithm cost function. If
the techniques are to be used on-line, then we are assu-
ming that a direct stability assessment test has pre-
ceded the enhancement to identify the required improve-
ments. A companion paper [15] deals with this topic.

K. S. Chandrashekhar and D. J. Hill, "Dynamic Security Dispatch: Basic Formulation," IEEE Trans. Power

Apparatus and Systems, 1983.

8




B Literature Review for TSCOPF

Direct method (sequential method)

2. Review

Discretization method (global method)

Evolutionary algorithm-based method

Y. Xu, Z.Y. Dong, Z. Xu, et al, “Power system transient stability-constrained optimal power flow: a
comprehensive review,” Proc. 2012 IEEE PES General Meeting, San Diego, CA, USA, Jul. 2012.




2. Review
Direct Method
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Direct method

« To directly stabilize the system through critical
control variables (e.g., generation output) based on
the underlying stability mechanism.

|

|

|

|

|

|

1

i « The key is to analytically determine the generation
! shifting amount and direction.
|
|
|
|
|
|
|
1
|

Pros Cons

* High solution efficiency < Local optimal (sub-

I|C|t stab ati optimal) solutions

U TU)@epyright 2

. Classu: referen es:

[1] K. S. Chandrashekhar and D. J. Hill, "Dynamic Security Dispatch:
Basic Formulation," IEEE Trans. Power Apparatus and Systems, 1983.

[2] T. Nguyen and M. A. Pai, “Dynamic security-constrained
, rescheduling of power systems using trajectory sensitivities,” IEEE
| Trans. Power Syst., 2003.

| ' [3] D. Ruiz-Vega and M. Pavella, "A comprehensive approach to
. transient stability control I: Near optimal preventive control,” IEEE
| Trans. Power Syst., 2003.

1

| [4] R. Zarate-Minano, T. V. Cutsem, F. Milano, and A. J. Conejo,

: “Securing transient stability using time-domain simulations within an
| optimal power flow,” IEEE Trans. Power Syst., 2010.

Computation flowchart

Start

A

> Conventional OPF

Contingency list

I"" ra |ent Stability Assessment
‘ (TSA)

no yes
v

Determine required generation
shifting to stabilize the system




Discretization method

* Model the TSI as the swing equations (DAES). Classic swing equations

OPF model.

L

« Constrain the rotor angle in Center of Inertia (COIl) Lo M-@ — P .—P. !

framework with an empirical threshold. L) bdt meoe {ieS;} |

2. Review » Discretize the DAEs into numerically equivalent L ﬁ = w; i
algebraic equations and incorporate them into the L | dt :

Discretization Method

—— e o mm mm mm mm o mm mm mm mm mm o e e e o e e = e = ey

U YA gNTU iopyright

rigorous « Convergence difficulty

&
N
Y
r )1
=
é\

e (Classic references: Discretization of DAEs

! |
| |
! |
| |
I ! I
: D! .
: L :
1 [1] D. Gan, R. J. Thomas, and R. D. Zimmerman, “Stability-constrained | dw; = Dy(P,1, Poy) !
+ optimal power flow,” IEEE Trans. Power Syst., 2000. L de RV mb el !
|
' [2] Y. Yuan, J. Kubkawa, and H. Sasaki, “A solution of optimal power | i :
| flow with multicontingency transient stability constraints,” IEEE Trans. ! ! St — 8t —— (™t + ) =0 |
' Power Syst., 2003, N 2 |
i [3] Q. Jiang and Z. Huang, “An enhanced numerical discretization o h i
%@t NANYANG ' method for transient stability constrained optimal power flow,” IEEE Lt — ol - 5 (D1 + DM = |
(I
| 1 1
| |

PSS LSRN | T5ns. Power Syst., 2010.
|
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Data-driven (machine learning) method

« Extract stabilization rules via machine learning from a
transient stability database and incorporates the rules
as explicit constraints into the ordinary OPF model.

« The key is to extract effective, accurate, and robust
stabilization rules.

Pros Cons

* High online solution  The rules depends

Stability

2. Review
database

Machine learning

Data-Driven Method (rule extraction)

[2] I. Genc, R. Diao, V. Vittal, et al, “Decision trees-based preventive
and corrective control applications for dynamic security enhancement

%40 NANYANG in power systems,” IEEE Trans. Power Syst., 2010.
TECHNOLOGIC A L | ORISR

UNIVERSITY b o e e e

ipfed (as di Nt édatabase angd
e [U) G g hi
u ¥amn ) Gopyright: 20247
« Therules can be used « Cannot'gudrante i .
for stability the effectiveness & !
assessment/monitoring accuracy :
I i i
» Classic references: | : OPF :
o | | . i pode =
[1] E.S. Karapidakis, N.D. Hatziargyriou, “On-Line preventive dynamic ! l |
security of isolated power systems using decision trees,” IEEE Trans. | ' e Y .
Power Syst., 2002. : ; TSCOPF : |
: Result : !
: s s
1 : :
| : :
|




2. Review

Evolutionary Algorithm

20> NANYANG

TECHNOLOGICAL
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Evolutionary algorithm (EA)-based method

* Run an EA to heuristically search the optimal
solutions of the TSCOPF model, where the stability
compliance is checked through TSA.

« The key is to select a powerful EA, proper control
variables, and an efficient TSA tool.

1
1
1
1
1
I
1
1
1
1
1
1
1
Pros Cons :
1
1
1
1
1
1
1
1
1

+ “Global” optimality « Solution

« No limitation to problem Inconsistency

. All stability categories Long computation
can be considered time

» Classic references:

|
1
|
|
|
|
|
|
|
|
[1] N. Mo, Z2.Y. Zou, K. W. Chan, and T. Y. G. Pong, “Transient stability :
constrained optimal power flow using particle swarm optimisation,” IET |
Gen., Tran., Dis., 2007. :
1
|
|
|
|
|
|

1 [2] H.R. Cai, C.Y. Chung, and K.P. Wong, “Application of differential
\ evolution algorithm for transient stability constrained optimal power
. flow,” IEEE Trans. Power Syst., 2008.

|

U XAt TU) Copyright

Computation flowchart

Start

Population initialization

> Offspring generation

2024

Fitness evaluation of individuals <

Solution update

Terminal condition satisfied?

yes




B Our contributions to this field (with acknowledgement of funding providers)

2020 2022-23
2018 - [11] Fully robust
‘ = [9] Direct method  Preventive-
[8] Robust for preventive corrective
. 2017 TSCOPF transient stability coordinated
[7] Robust considering control for wind TSCOPF
cli TSCOPF uncertain power variation [12] Frequency-

wind powe ‘A constrained
u Yan WU Opyright 2029 eima-

3. Our Methods 2012-14 .
Ay coordinated [13] Data-driven

[1] Review and OMlB based QO \) @7 NANYANG TSCOPF Wlth method for
classification of preventlve TECHNOLOGICAL uncertain wind stability-
TSCOPF control 3% ,;‘;‘ UNIVERSITY power (r:or;strratine;d load
[2] Hybrid ®” SINGAPORE eetorato
method for

TSCOPF % THE UNIVERSITY OF

[3,4] Data- - B:E v SYDNEY

driven methods

& o> NANYANG
TECHNOLOGICAL THE UNIVERSITY OF Ministry of Education
UNIVERSITY NEWCASTLE SINGAPORE
AUSTRALIA
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Data-Driven Method
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3. Our Methods
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Data-Driven Methods
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Robust TSCOPF-Load
Robust TSCOPF-Wind

8.

PC-CC Cor. TSCOPF 11.

Full Robust TSCOPF
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B Our contributions to this field

Y. Xu, Z.Y. Dong, Z. Xu, R. Zhang, and K.P. Wong, “Power system transient stability-constrained optimal power
flow: a comprehensive review,” Proc. IEEE PES General Meeting, San Diego, 2012.

Y. Xu, Z.Y. Dong, K. Meng, J.H. Zhao, and K.P. Wong, “A hybrid method for transient stability constrained-
optimal power flow computation,” IEEE Trans. Power Systems, 2012. — the best TSCOPF results on New
England 30-bus system in the literature as of 2012.

Y. Xu, Z.Y. Dong, L. Guan, R. Zhang, K.P. Wong, and F. Luo, “Preventive dynamic security control of power
systems based on pattern discovery technique,” IEEE Trans. Power Systems, 2012.

Y. Xu, Z.Y. Dong, R. Zhang, and K.P. Wong, “A decision tree-based on-line preventive control strategy for
power system transient instability prevention,” International Journal of Systems Science, 2014.

Y. Xu, Z.Y. Dong, R. Zhang, Y. Xue, and D.J. Hill, “A decomposition-based practical approach to transient
stability-constrained unit commitment,” IEEE Trans. Power Systems, 2015. — the 2"d paper for TSCUC.

Y. Xu, Z.Y. Dong, J. Zhao Y. Xue, and D.J. Hill, “Trajectory sensitivity analysis on the equivalent OMIB of multi-

m hi esystems |e S|e tability control,”sIET . 3]
al and aj @y a Ecrgg E wer flow with uncertain
dynam oads ? rans. aryGri stpapepfor h'load dynamics and uncertainty.

Y. Xu, M. Yin, Z. Y Dong, R. Zhang, and D.J. Hill, “Robust dispatch of high wind power-penetrated power
systems against transient instability,” IEEE Trans. Power Syst., 2018. — the 15t paper for TSCOPF with wind
power uncertainty.

H. Yuan, Y. Xu, “Trajectory Sensitivity based Preventive Transient Stability Control of Power Systems against
Wind Power Variation,” Int. J. Electrical Power and Energy Systems, 2020.

H. Yuan, Y. Xu, “Preventive-Corrective Coordinated Transient Stability Dispatch of Power Systems with
Uncertain Wind Power,” IEEE Trans. Power Syst., 2020.

H. Yuan, Y. Xu, and C. Zhang, “Robustly Coordinated Generation Dispatch and Load Shedding for Power
Systems against Transient Instability under Uncertain Wind Power,” IEEE Trans. Power Syst., 2022. — the 1%t
truly robust optimization method for TSCOPF with wind power uncertainty.

D. Xie, Y. Xu, S. Nadarajan, V. Viswanathan, and A.K. Gupta, “Dynamic Frequency-Constrained Load
Restoration Considering Multi-Phase Cold Load Pickup Behaviours,” IEEE Trans. Power Syst., 2023.

D. Xie, Y. Xu, S. Nadarajan, V. Viswanathan, and A.K. Gupta, “A Transparent Data-Driven Method for Stglblllty-
Constrained Load Restoration Considering Multi-Phase Load Dynamics,” IEEE Trans. Power Syst., 2023.
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Hybrid computation method for TSCOPF [2]

* Motivation: combining classical programming and EA-enhanced stochastic search.

« Key idea: rather than coding all the control variables in the EA, only the maximum P output
(TSC-feasible region) are searched by EA, and all the OPF variables are optimized by the
interior-point (IP) method - global optimality, no limits on TSI (including multi-swing stability),

TSA tool, system model, significantly enhanced evolutionary speed.

Feasible operating region defined by
only steady-state constraints (2)-(6)

Tsqlidasitle A ¥
a 's;utio regi _ /
definedby (1

OP3 B

OP1.: Initial optimal OP determined by a

conventional OPF —» EA optimization
OP2: OP located in the max TSC- _
feasible solution region - » Conventional OPF

) calculation
OP3: Global optimal OP

\
\
\
\
|
|
I
|
|
|
/
|
/
| Ig

Conventional OPF

Initialization
(Determine and initialize u°)

i v
Substitute u° u' into the
conventional OPF model

u', operating constraints

c
£
v

Inner-layer }
optimization 4

to solve the model

OPs |7} programming technique
Searching max

TSC-feasible
solution region
(u°) by EA

Perform TSA and calculate

< Contingency list and
objective function F

transient stability index

}

Find and update the
current global best
individual OPpest

Terminal conditions
satisfied?

Yes

Output results

No

« Totally computing time: maximum generation number X population size X (OPF solving time

+ TSA computing time)

- compared with existing EA-based method, its population size has been reduced by at least 50%.




1. Stability

Definition & classification

B Hybrid computation method for TSCOPF [2]

Challenges 160 b T T T T T 10
—%— C1
Assessment & Control 1400 e 2 1
Much faster —+—C3 |

—&— C1&C2

convergence Speed —A— C18C28C3

B

[ay
N
o
=)

Optimization Model

§1000

g 800 r 1
2. Review 5 « N I SN [

. 400 12345678910 12345678910
Direct Method S 20 20
. . . 200
Discretization Method - ‘ 0 20l
Data-Driven Method ' ’ P Generationno, * ¥ 0
. . TSC-OPF CALCULATION RESULTS OF NEW ENGLAND SYSTEM 207
Evolutionary Algorithm 1o .
I r (I 4 c1,c2

3. Our Methods y6 34 8010 123456780910
Hybrid Method G4 (MW) 634.96 638.00 634.70 647.97 | 652.12 50 T

G5 (MW) 49450 | 51370 | 51145 | 49450 | 494.50
Data-Driven Methods G6 (MW) 655.13 621.50 | 655.31 | 623.50 | 623.50 Horizontal axis: generator no.
TSC-Unit Commitment GS (MW) 53046 | 541.01 | 54021 | 548.92 | 552.57

G9 (MW) 807.50 | 838.21 | 788.40 | 807.50 | 788.00 Smaller Pg change
Robust TSCOPF-Load G10 (MW) 983.38 | 087.56 | 983.76 | 1000.02 | 1005.59 C1,Cc2,C3

) . 45 (C]) _50 - - - - - - - - - -
Robust TSCOPF-Wind Stability margin| 8.0 06 08 g.: Egg 0.7 (C2) 12345678 910
_ D e e ey I =Y s0Ey . .
PC-CC Cor. TSCOPF I /Cost ($/h) 778 19.83 15.20 34.28 50.86 |=———) The best TSCOPF simulation results on New
Full Robust TSCOPF Ao (shy | SSSSTABOQNT|T = ST T T England 39-bus system as of year 2012 (to
e 84.5307 | 517407 | 176 1566.72 .

2% NANYANG in the literature | | iy | o 1ons reported check if the results are beaten as of now)

power flow computation,” IEEE Trans. Power Systems, 2012.

TECHNOLOGICAL
% UNIVERSITY [2] Y. Xu, Z.Y. Dong, K. Meng, J.H. Zhao, and K.P. Wong, “A hybrid method for transient stability constrained-optimal



B Hybrid computation method for TSCOPF [2]

Simulation results on New England 39-bus system Simulation results on a 39-gen 120-bus system

(the equivalent model of a realistic power grid)

3. Our Methods
Hybrid Method

|
|
|
|
100 o : 80 T T T T T T T T T
— : 60 " \ .
: i o =22\ ]
-l ' 3 / |
2 A\\ A iy AN, W s ZEN\\
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U N |VE RS'TY Tlmf.‘ (s) . . OMIB angle (degree) | . Time (s)
Solution result: multi-swing stable | Solution result: stable 18

100

ulti-machine rotor angle (degree)

(multi-swing stability case)
T 12

T

Rotor angle (degree)

300¢

Q,
88

Time (s)
Base case: unstable




1. Stability

Definition & classification

Pattern discovery-based data-driven method for TSCOPF [3]

« Critical generators identification - feature estimation and selection (based on features’
Assessment & Control importance on system stability status)

Optimization Model

Challenges

* Relief method: evaluate the quality of features according to how well their values distinguish
among instances near each other; Consider both the difference in features’ values and classes,

2. Review as well as the distance between the instances; Good features can cluster similar instances and

: separate dissimilar ones in the distance space.

Direct Method |

Discretization Method W[XT? =W[X] —Zdlff(x R,H,)/(m-k)+

Data-Driven Method
R,M.(C))]/ k
@.&ﬁéﬁ_:“}_?ﬂfi_l

Evolutionary Algorithm
+T1 =+ + fr# T f++ff + =

value(X,R) —value(X,R)|
max(X)—min(X) : P(C)

diff (X,R,R") =

[
I
I
|
I
I

- - o

3. Our Methods 2BeH
Hybrid Method ' o o 1 0.9
Data-Driven Methods | > ' 08
TSC-Unit Commitment : ) ] 0.7
Robust TSCOPF-Load
Robust TSCOPF-Wind
PC-CC Cor. TSCOPF

+ + ]
++i +++++++ + 4+ ++*+

(@] O+O

0.6

0.5

0.4 0.4

0.3

Full Robust TSCOPF 0.2
&bt NANYANG 0.1 0.1

: TECHNOLOGICAL . | , , | | T ® 7
UNIVERSITY 0 0.2 0.4 0.6 0.8 1 % 02 04 o6 08 1§ ]
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Pattern discovery (PD): search all the significant
events in the instance space.

Residual analysis: the difference between an event’s
observed (actual) occurrence probability and expected
occurrence probability.

Recursively partitioning: divide the instance space
with residual evaluation of each hyper-rectangle, until
all the significant events (patterns) are identified.

lllustration of PD by residual analysis and recursive partitioning.

Key definitions of PD:

Consider a continuous data set £ in the N-dimensional Eu-
clidean space R, let X = {X1, Xo,..., X} represent its
feature set, and each feature X;, 1 < i < N, takes on values
from its domain d;, d; C R. The following definitions are made
for PD [19], [20].

Event: anevent, E, is a Borel subset [28] of RV, while a Borel

subset geometrically forms an N-dimensional hyper-rectangle
in RV, defined by

E=nhxbhx-xIy={X:X;el;;,) 1<i:<N} (1)

where I; = (a;,b;] is a one-dimensional semi-closed interval
along the 7th feature, —oc < a; < b; < oc.

Volume: the volume of an event, v, is the hyper-volume oc-
cupied by the Borel subset. Let L; represent the length of the

h fh il?lOf?t EAL; = |b; — a;|, the volume of E is
‘ \ N

v(E) =[] L )
i=1

Observed frequency: the observed frequency of an event F,
0, 1s the actual number of instances that fall inside the volume
occupied by £.

Pattern: a pattern is a statistically significant event. Let ¢ (-)
be a test statistic corresponding to a specified discovery criterion
¢ and #¢ be the critical value of the statistical test at a significant
level of . An event F is considered to be significant, i.e., a
pattern, if it satisfies the condition

9(E) > 62, 3)

Residual: as the statistic ¢/ (-) to test the significance of the
pattern candidates [19], [20], the residual of an event £ is
the difference between its actual occurrence, i.e., observed
frequency, and its expected occurrence:

5E:C’E*GE (4)

where eg is the expected occurrence, or expected frequency,
under the pre-assumed model estimated by the given data set.
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» Define the stability status of the “events”:
MS
M. +M,
M

—1 > —>"insecure"
M, +M,

> A — "secure"

N

. CompoKse the statisticJaIIy stable and unstable regions:

| - |
R® = UE’ R = _UlEJ
J:

Un G

i=1
. Di?ch the unstable point to the nearest stable region:

B Pattern discovery-based data-driven method [3]

Substitute |
theregion !
boundaries :
into the :
OPF model 1
as linear :

F=Ta AN

1

N

opyrightr262

Initial OP

Dynamic Security Assessment

v

(DSA
n

Contingency

)
4qﬁﬁme4mb
o]

Patterns
Find the y-th nearest secure pattern to this|
oP

Formulate this pattern into a standard
OPF model and solve the OPF

yes

é

. 1
secure + +| ‘
1 insecure +~ + ’
0.8 + + 08 +++++*{ L Wt
e e A L ¢ 0.8 + o
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0

0

[3] Y. Xu, Z.Y. Dong, L. Guan, R. Zhang, K.P. Wong, and F. Luo, “Preventive dynamic security
control of power systems based on pattern discovery technique,” IEEE Trans. Power Systems, 2012.

:
0.2

r r r
N 04 0.6 0.8

Statistically stable region
21



B Pattern discovery-based data-driven method [3]

Simulation results on New England 39-bus system Simulation results on New England 39-bus system

(single contingency case: fault 1) (multi-contingency case: fault 1 & fault 2)
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3. Our Methods 0 05 1 ‘15 2 25 3 35 "4

Time (s)

Data-Driven Methods

m
o
—~ n
(O] 7]
o =]
[@)]
2 m
c) -
G g
o)
5
4
). i A0 1 1 | 1 1 | L
&9t NANYANG 0 0.5 1 15 2 25 3 35 4

Time (5)

i ._____________________
. i:'n_
:|-
3
o -
o)
Pl
n
w
[#5)
il
I |

TECHNOLOGICAL 40 : i : i r _
Sl ° o ! o Time é) 25 : 35 N Solution results: all stable 22



1. Stability

Definition & classification

B Decision tree-based data-driven method [4]  Atrained DT from stability database
of New England 39-bus system

Challenges .. S
A T « Decision tree (DT)-based stabilization rule: —
ssessmen ontro
. Class =
Optimization Model RC = {T o S : Ni < 77i 1€ 9} PG39 <= 1108.55
Class Cases %
. where Rc¢ represents the tree growing for contingency C, T A
2. Review S 231 231
S T denotes the terminal nodes of a tree, S means “stable” class, I .
Discretization Method N; and u; are the node i and the corresponding threshold, P39 <J1108.55 PG39 > h108.55
1SEEE |z.a 1OI IAEERE respectively, U denotes the critical generator set. Terminal Node 2
Data-Driven Method c at : Node 1 Class =S
. . . omputation steps: Class = | PG31 <= 597.83
Evolutionary Algorithm ) s Sacon. 8 Class Cases %
(1) 17 i f | 2@24 | 19 171
| I . . ) s S 92 829
3. Our Methods ) o | | ' { 1] I
. 2) Modity tree splitting rules as R-={T€S:N; <d; Xn;i € I
Hybrid Method ) 9} and set d, = 1; PG31<$597.83  PG31>|597.83
Data-Driven Methods 3) Substitute the modified splitting rules into OPF model; Tﬁrgi”;' Tﬁrg"ing'
TSC-Unit Commitment 4) Solve the OPF, if it is convergent, obtain a new OP and go to c|aosse= S C|Zsse:|
Robust TSCOPF-Load step 5); otherwise, go to step 6); Class Cases % ||Class Cases %
Robust TSCOPF-Wind 5) Conduct TSA on the new OP subject to contingency C, if it is SI 83 9513:3 SI, lé Zi:i
PC-CC Cor. TSCOPF “stable”, stop the computation; otherwise, go to the next step; I | .
6) Update d; = d; and return to step 3).
Full Robust TSCOPF | 6) Update d; =d; +¢ and return to ste P3). & stavilization rule

i1t should be emphasized that ¢ in step 6) is a user-1

&> NANYANG o T i l I '
' I e [\ defined parameter, it is used to increase the; | Faultl {PGBQ >1108.55 & P631—597 83}

UNIVERSITY .generatlon shifting in case the transient stability
'can 't be ensured from the original tree threshold 7. !

r
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B Decision tree-based data-driven method [4]

Simulation results on New England 39-bus system Simulation results on New England 39-bus system

(critical feature selection) (multi-contingency case: fault 1 & fault 2)
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B Transient Stability-Constrained Unit Commitment (TSCUC) [5]

A. Objective Function C. Steady-State Security Constraints

NT NG

e i-'-F PTDF -P —
min 3°>°[C,(B,) I, +CU, +CD, | (1) ; ZII i B

=1 i (8)

where C, (P, )is the generation cost function: ZPTDE,I Dy <F™, Y,V VEk
Jj=1
C. (P ) a -1, +b P +c, ( ) (2) where k=0 denotes the base case, and 4=1,2...n denotes a

contingency case, PTDﬁ}ﬁ is the power transfer distribution

B. Operational Constraints factor of bus i to line / for contingency k at period ¢, D, is the

a) Power balance: load demand of bus i.

D. Tmns;ent Stabdn} Constrainis

(3) »
3. Our Methods L’! Gxaaﬂr]“ (N TU j C O py rl gm is c;med %oug; Ea v:i:(ious time-domii

I, = F = P 1. (4)  simulation-based TSA procedure.
c) Spinning reserve limits:
« Challenges: a large-scale mixed-integer

nonlinear programming (MINLP) model
with DAE constraints.

TSC-Unit Commitment >R,-I,=R’. Vt (5)

i=1
d) Ramping limits:
{RD = Pf{r+1} Pf‘r = RU:‘

SD; = Pf(r+1} —F, =8U,

it

i * Proposed method: 1) decompose the
, ViVi (6) ! problem into a master problem (UC) and a

range of subproblems for steady-state
security assessment and transient stability
assessment (TSA); 2) generate Benders
cut and stabilization cut to eliminate
security/stability violations. 25

e) Minimum up and down time limits:

2 TECHNOLOGICAL (X7 —T™) (L — L, ) 2 0 |
UNIVERSITY M . Vi (7)
[X:{r -1 _Tf ) [‘Tf(:—l} _‘Tn)g 0




B Extended Equal -Area Criterion (EEAC)

____________________________________________________________________________________

Transient Stability Assessment (TSA)
Po(T) = Pp(T) = P(Ty) =0, Po(T) >0

100 120 140 160

Tlm e (s) OMIB angle (deg)

: _NMJ.Q;..J_( ) . = \
3. Our Methods | U Y@C Dzu\l J;%)cho pyrrg'hﬁtpfi}o_zeﬂ}) <0, o) =0
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| o ()=(Me)" S Ma() - N E

| ieC Lo s = :0.63:“

| 5 (1)=(My)" > M5 ( A |

i For NMs: 4 = i i

______________ I e R B crossing P, at T, (time toflrst swing stability)

6.5
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/\N ol |7 Pe
L g
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__________________________________________

One-Machine-Infinite-Bus (OMIB) equivalent

50

TSC-Unit Commitment

Il ,l
5 7 s/ Tr=0.4s

5(t) = 6:(t) — 6n(0); @(t)=ar (t)—ay (1) gt
g T § s
e N S

OM 4t
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10 35

Pn(t) =M - [Mc_l ) Bur(®) =My Zqu(t)]

rec qEN

stablllty m&f*gm r) A °M'Ba"9—“34acc65
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TECHNOLOGICAL rec
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—M (w(Tu)) /2, unstable
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B Stabilization Cut Derivation [5]

Working Principle
Stabilizing an unstable system consists of modifying the
pre-contingency conditions until the stability marginz; becomes

zero (or positive). This can be achieved by increasing the

decelerating area 4, and/or decreasing the accelerating area

realized by decreasing the OMIB mechanical power P, (rﬂ ) :

AP, (1) =M-(M. )" -AB. =M -(M,)" (21)

where 7, denotes the pre-contingency state, AP, and AP, are

U“Vaﬁgef"N‘T U @t‘)“g

AR, =3 AP, (1)): APy =) AR,

ieC JeN

) AP\

To maintain the power balance, the following condition should
be satisfied:

AP, =-AF, (23)
Substituting (23) into (21), we have:
AP, () =| M- (M. )"+ M-(M,)" |-AR s

_[M'(Mc)_l +M'(M\')_IJ'ARV

~-
=
—+
o
é
wa
5
"]
=)
=
4.
©
B
=
o]
o
=
L]
<]
=
o
"]
—
w
7]
=
=
[1*]
jm

— o e e e e R M e M M e R M M e e M M e m M M e e

Proposed Stabilization Cut

Numerous examples have reported a quasi-linear
relationship between changes of stability margin and OMIB
mechanical power at pre-contingency state:

An=¢-AP, (1) (25)

where ¢ 1s the approximate linear sensitivity of the stability

margin with respect to generation change.

n(radmr}\

Minimum

Pc(lva) distance
(MW)
2600.  2800. 3000. -2.5

-5.
-7.5
-12.5 3504, 4500
In practice, the sensitivity value around the operating point »
can be numerically estimated via two successive EEAC runs:

Gn = [A»"}‘[n_z] —M[n-l]]f[APm (4, )[H] —AP, (rﬂ)[n_”] (26)

With ¢, , the required generation shifting for TSC can be

X 5500,
R(MW)

whose stability margin i1s 7, ( 77, <0), if the desired stability
margin is £ ( & = 0), the required increment in stability margin
1sAn =z -5, +& . Combining (24)-(26), the required generation
shifting between CMs and NMs can be calculated as:

e o o o o e e e o e e o mm e mm mm e e mm e mm e mm e e Em e e e e = e =

analytically calculated. Specifically, to control an unstable case,
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Master Problem

i Unit Commitment (UC)

Additional
constraints

Subproblem

opyright 2024 o=, o

Let x denote the UC status 7 and generation dispatch P, and
y denote the system state variables. The TSCUC problem can

be rewritten as the following standard BD form:

min ¢'x

st. Ax=Db
Ex+Fy=>h
0<n<e

(28)
(29)
(30)

(31)

where (28) corresponds to the cost function (1), (29)
corresponds to the operational constraints (3)-(7) as well as the
additional constraints generated from the subproblem, (30)
corresponds to the network steady-state security constraints (8),
and (31) corresponds to the transient stability constraints (9).

B Transient Stability-Constrained Unit Commitment (TSCUC) [5]

Network Steady-State Security Evaluation (NSE)
The NSE involves both the base case and contingency cases.
For each case, a linear programming (LP) model is built [3]:

v(x)=1"s (32)
Fy+s>h—-Ex, = (33)
where 1 is the vector of ones, s is the slack vector used to check
the violation of line flow constraints, and = 1s the Lagrangian

min

s.1.

multiplier vector of inequality constraints in (33). v(x)>0

means the violation occurs, and the Benders cut 18 generated as:

ﬂ:Ex x (34)

increment of the objective function (32) when x 1s adjusted. In
the next iteration, (34) will be added to (29) of the master
problem to eliminate the steady-state security violation.

Stabilization cut

I:: J‘?I.’

licC ieC 6”

where ém. (7,) denotes the gep'eration output of unit 7 obtained

/
from the master problem.
4

/

>
Linear algebraic form )8



B Transient Stability-Constrained Unit Commitment (TSCUC) [5]

Computation Flowchart Implementation structure
(_start ) MATLAB
\ 4
Benders cut . Master problem < Stabilization
ucC cut
A | A TSCUC model IEEAC module
Subproblem
‘ v o 4 ‘
. Steady-state security block | |  Transient stability block
- [NSE for NSE for TSA for TSAfor| |
period 1| ™" | periodt| || |period1| " | period t

o dmw 260?2 4 e,

u — ure
3. Our Methods yes
GUROBI PSS/E
TSC-Unit Commitment o
1200 —O— G30
§ § —o— G31
21000 = —5— 632
2 800 g o=
'g 3 —5— G34
E 400 E —&— G37
g g o e
b 2> NANYANG 200 / : ——
a TECHNOLOGICAL . =2\ £, g
% UNIVERSITY 1 y 18 22 24 12 4 6 8 10 12 14 16 18 20 22 24
TSCUC restlts on New England 10-gen system (left-single fault; riftt-multiple fault) 23
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B Transient Stability-Constrained Unit Commitment (TSCUC) [5]

1000

500

Rotor angle (deg)
o

| PR

-

50 100 150
OMIB angle (deg)

CPU TIME (IEEE 50-MACHINE SYSTEM)

Rotor angle (deg)

® Tr=1.36s

r r

60 80
OMIB angle (deg)

Rotor angles of IEEE 50-gen system (left: base case; right: solution results)

100 120 140

TOTAL CPU TIME FOR. TSCUC COMPUTATIONS

50-machine 145-bus
system (method of
this paper)

54-machine 118-bus
system (method of

69-machine 300-bus
system (method of

[SD

UC by MILP NSE for BD cut TSA by EEACHPSS/E
(T ) (Tysz) (Trps )
13.7s 0.3s 2.25-2.7s

|
[5] Y. Xu, Z.Y. Dong, R. Zhang, Y. Xue, and D.J. Hill, “A decomposition-based pradtical approach to transient stability-constrained unit
commitment,” IEEE Trans. Power Systems, 2015. — the 2™ paper for TSCUC, 140 times faster than the first paper in the literature.



B Robust TSC-OPF with uncertain Dynamic Loads [7]

 Problem descriptions:
1) Load dynamics has a substantial impact on transient stability
but has not been properly treated in TSC-OPF problems »

-350

TECHNOLOGICAL Load component (%) V.S. stability margin [R]
% UNIVERSITY [R] R. Zhang, Y. Xu, W. Zhang, et al, "Impact of dynamic load models on transient ~ ———-~-~-=-=-=-~-~-~-~-----—-———-—-—-—-——-—-—-—-—-—-~-

|
|
|
|
|
! Oﬁ 5t [ ] :um=o‘szss
—> all the conventional works only consider static loads. |2 a0 S
1 0.5 1 1.5 2 40 60 80 100 120 140
|- T T T T T T T T T T T T T T T T T T T s T T ST S T s s s s s | 1 Time (s) OMIB angle (deg)
! Composite Load Components & Load Dynamic Behavior ! ! 31000 s _» P
: L s 2 U \
1 | 1 § E 20 on
| R e+j X 1 | g ®  T=o7s
1 1 [ 15
| | | 0.5 1 15 2 50 100 150
! | 1 Time (s) OMIB angle (deg)
1000 = < <
: : : g c3 = 6 ST T
! Di e sfofimer Constan P=Pgy/Xe | | . 15, _
I light saturation | na @ " 0 1 § 0 E o ® oo
3. Ou r MethOdS : Qll : : ’I'SOOO 0.r5 i 1.'5 2 50 100 150
| 1 1 Time (s) OMIB angle (deg)
: 1 1
! i Oy s | ; I Considering dynamic load models, all the stable
| / o I : TSCOPF solutions become unstable [R]
i SR T Om Voltage . Qin . Q I e e e e
! A o decrease | increase | increase :

Robust TSCOPF-Load S T TTTTTTTTTTTT T
i l\'r all l'() r i i R i:: 1&0\ 15% 20% 25% —y
____________ ._.____________._._____.____.______._______J : EE-ZOO —sum

2) Load compositions are very difficult, if not impossible, to »: £E X

estimate for online TSC-OPF calculation, and their variations - o
& e %> NANYANG have a significant impact on transient stability. :
1
I

stability-constrained optimal power flow," Proc. IEEE APPEEC Conference, 2016.
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Robust TSC-OPF with uncertain Dynamic Loads [7]
E,
« Augmented TSC-OPF modelling: L :

Challenges

Assessment & Control

Optimization Model min f(x:u) u to make the system robust stable to F
n

_‘

] ql

the random variations of load model §

‘“—
2 Revi s.t. g(x,u):[}
. Review Orthogpnal Array
Direct Method h(X ll) <0 RetX Il
Dlscretlzatlon MethOd TSI( Xx.u 'C, :‘"" & @ @ Di_schgrge Transtfmer Constant P:Po*l/K: I _T T_
Data-Driven Method lighting saturation power Q=Qo*V 3

Evolutionary Algorithm . hallenges:
Hoy

NTR s Eyright %024&

1
3. Our Methods TABLE I TESTING SCENARIOS DETERMINED OF OA Lg(27)
Hybrid MethOd ° Proposed approach: sTc:Snt;:]:'lgo _ . i 'Vﬂ['iﬂl]ie levels i i i
Data-Driven Methods 1) Robust design based on Taguchi’s Orthogonal Array o -2 o o > 5 -
1 1 1 1 1 (l) <2 (1) 3 (1} ) [:l:] Cs [:l) Cs (1) <7 (l)
TSC-Unit Commitment Testing (TOAT) for uncertalnty mode_llng - to sel_eqt a : : : _ S B _
small number of testing scenarios with good statistical 2 a® | &M | @ | 4@ | 4@ | <@ | 52
Robust TSCOPF-Load information in the uncertainty space. 3 20 | 2@ | 2@ | a0 | o0 | 20 | 20
Robust TSCOPF-Wind 2) Trajectory sensitivity-based critical uncertain 4 a0 | 2@ | 5@ | 4@ | &@ | 20 | 5O
PC-CC Cor. TSCOPE parameters identification - no need to model all load - @ | a0 | @ | 20 | a@ | a0 | <0
‘ parameters, hence smaller problem size. p O o0 120 20 a0 | a0 |20
Full Robust TSCOPF 3) Decomposition-based solution framework = high : - : - d = "
eﬂ:|C|en Cy 7 1 (2) 5 (2) s oy N (0 Cs (2) 2:(2) )
&t NANYANG 5 | @ | 20 | a0 | 20 | a0 | 40 | 20

‘ TECHNOLOGICAL 4) EEAC-based stabilization cut construction
UNIVERSITY [7] Y. Xu, J. Ma, Z.Y. Dong, and D.J. Hill, “Robust transient stability-constrained optimal power flow with uncertain dynamic 5,
loads,” IEEE Trans. Smart Grid, 2017. — the 15t paper for TSCOPF with load dynamics and uncertainty.
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B Robust TSC-OPF with uncertain Dynamic Loads [7]

Challenges
Master problem (OPF) |« Contingency ID | Fault location Fault duration Tripped line
Assessment & Control o1 Bus 21 0 165 L e 2102
Optimization Model v c2 Bus 4 0.25s Line 4-5
(x0) c3 Bus 29 0.10s Line 29-26
. v Subproblems (TSA) v
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~— 6j 7l
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PC-CC Cor. TSCOPF number of feasible (stable) scenarios for i-th contingency. © . 2‘/ |
©
= OF ] B -
Full Robust TSCOPF TABLE VII ROBUSTNESS DEGREE i ~ £ “ ok o
- T 1 e @®  Tr=065
& @} & NANYANG Sqlutlﬂn C1 C2 C3 : Average || | _500 s : " ; 2 6 26 4b 6FO 8F0 I
TECHNOLOGICAL This paper 99% 97% 100% ‘| 987% |! : :
{5 552 UNIVERSITY Ref [13] 0% 26% 2% | 16% |, fime () OMIB angle (deg)
# = . (i (v 0 (V] .
/) . ] solution results: all stable 33
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1. Stability

SENELEREEERNENEE M Robust TSC-OPF with uncertain Wind Power [8]
Challenges ot ettt
;  Proposed approach:

1) Robust design based on Taguchi’s Orthogonal Array
Testing (TOAT) for wind power uncertainty modeling
(same as [7] for efficiency and effectiveness).

2) Converting the DAE set-based stability constraints to a

|

|
Assessment & Control ;
|
|
|
|
|
|
1 . . . . .
| single algebraic constraint derived from OMIB equivalent.
|
|
1
|
|
|
|
|
|
1
|

: r= I
Optimization Model Hl{}n f(x,y}u}:*l_vﬁ- - »uncertain wind power output

2. Review st. G (J”xﬂn”:ﬁ’)=0, I‘“(x‘ﬂ):()

: H”? (y®,u,w)<0 ==y gmmmse
Direct Method () H (6(0). (00, 9) =5, o, (L 0
Discretization Method #(1)=D(x(2).3(t).u. ) =0, teT Vo L
Data-Driven Method targeted e‘auivalent reference critical OMIB

Evolutionary Algorithm ( (r) y(r) " w) , teT OMIB (C-OMIB) under CCT

u- Yan (NDU) Copyright-sgiddeie.

) y(f) u w)f-:() teT

3. Our Methods

considered since it can be partially controlled through inverters
&4t $> NANYANG and not an uncertain variable. 4) Decomposition-based solution framework (similar to [7]).

' TECHNOLOGICAL [ T
% UNIVERSITY [8] Y. Xu, M. Yin, Z.Y. Dong, R. Zhang, and D.J. Hill, “Robust dispatch of high wind power-penetrated power systems 5,
against transient instability,” IEEE Trans. Power Syst., 2018. — the 15t paper for TSCOPF with wind power uncertainty.

1
| 1
i . ! ]
Hybrid Method where u denotes the vector of control variables including the 1 | ° = 3 1 /'4\\ -
Data-Driven Methods active output and voltage set-point of synchronous generators; | ! 4 Adec 1 ‘ . . | pamin=pm-Pe
. . x(f) and y(¢) respectively denote the vectors of power system | | 3 Tﬁ | 3’ '
TSC-Unit Commitment state and algebraic variables during the whole transient period 7, ! : }g',' . o ’ _ § 0
Robust TSCOPF-Load where T €[7,.t,)U[t,.1,,], ta is the fault clearance time and : L & , . | 3;
Robust TSCOPF-Wind fena 1s the end time of the transient period of interest, i.e., 10s; #, : : — \\ N
stands for the initial pre-fault steady state; w denotes the vector 1 | * Fe P | \ 4 Fe em | \
. f ' . | L
PC-CC Cor. TSCOPF of uncertain wind active power generation output. Note that the | ! 50 100 150 200 50 100 150
Full Robust TSCOPF reactive power injection of the wind generators is not | : OMIG angle (deg) OMIB angle (deg)
I : (a) normally unstable condition; (b) extremely unstable condition
L
| |
1




1. Stability

Definition & classification

B Robust TSC-OPF with uncertain Wind Power [8]
Challenges

Decomposition Framework

Computation Flowchart

/ L / L

Assessment & Control

o e . wind power static network dynamic model
(o) ptl mization Model / forecast contlngency set /

parameters
2 R " TOAT library OPF solver TDS engine
. Review | 7 |
. Stabilization Base Stabilization  Stabilization i
DI re Ct M eth o d dispatch consraints 1 dis atch ettt e dispatch 1. Solve the mastgirszgc;lglhem to obtain base |
R ) \ | ; |
Discretization Method

2. For each scenario, run TDS to obtain the

I Data
q _I input

I l Evoke a
«— .| + software

trajectories

Data-Driven Method
Evolutionary Algorithm

SIave problem 1
Stability check for
wind scenario 1

Slave problem 2
Stability check for
wind scenario 2

Slave problem H
Stability check for
wind scenario H

Attach to +
master problem

3. Perform EEAC/SIME for transient stability

I Computation
I flow

3. Our Methods
Hybrid Method
Data-Driven Methods T =(
TSC-Unit Commitment

Robust TSCOPF-Load
Robust TSCOPF-Wind

Computation Efficiency Analysis
N,
XNH +Z(]}SA XNH.")
i=l

where Topr, I7s4 respectively denote the CPU time for OPF
solution, and TSA for a contingency; K and H respectively
denote the number of contingencies and the testing scenarios

7. Formulate
stabilization
constraint (27)

I
4. Construct/update the U-OMIB |

5. Calculate the trajectory

- L sensitivities at t, * - - |

T .+T1 ><K><H

OPF IS4

6. Estimate the CCT and construct
the C-OMIB

TABLE VI CPU TIME (8) FOR COMPUTATIONAL TASKS

PC-CC Cor. TSCOPF determined by TOAT; Nj denotes the total iteration number,

Test system OPF EEAC TDS Total
Full Robust TSCOPF and V,; denotes the number of unstable scenarios in the i-th New England 012 02 0.16 35
iteration. The second term means that an unstable scenario ;
%?3\@}%\7)\ NANYANG Nordic system 0.26 0.2 0.22 9.7

requires an additional TDS to calculate the stability margin

sensitivity for deriving the stabilization constraint.
e e e e e e e e T = L e e e e e — = e e e e = 1 35
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B Robust TSC-OPF with uncertain Wind Power [8]

1
N l
R R \ | ! 150 i ' :
| 8(1,)= 0 (1,)-AS(1,) <57 (4,) | A u-oms
_______________________ - ———cC-
where &, (7,) is the unstable OMIB angle of the original : ! 100 | |
1 I ~
system at 7, , and AS(z, ) denotes the required reduction in the | ; % i
rY o JT = ——
OMIB angle to be smaller than &, (7, ). ! : nc_; 50 B T~ :
1 ~
; - :
____________________________________ o |
Il A5 ic UT? u? G! It : I I :
: : : 0.8 1 I
N (s) |
o oy ﬁ I rl oM ies for C1 under [, |
3. Our Methods : i
generators S” and S” denote the sets of generators with ! . ? ,
positive and negative sensitivities, respectively (posmve : : 2157 : |
sensitivity means that increment m generation 9L_1tput will raise ! | *% i L | |
the OMIB angle and vice versa),! D, (8yp.1,. P, ).15 the OMIB | L5 |
_________ n - 4
angle trajectory sensitivity with respectlto real power output of | : > 05 :
generator 7 at the instability time 7, . : : : g oF 1 :
Robust TSCOPF-Wind | L S5l l 1
agb(xﬂ,r,ﬁ)M_cg DAL = | | | . . . . !
Ax(t)x —— = P(x,.1.2) L 0 01 02 03 04 05 06 07 08
. 1
where ®(x,.,7,A) is called as the frajectory sensitivities i : . - Time (s) . |
&9 NANYANG associated with the flow x. | i Trajectory sensitivities ocl; I\s;lyllgcgr:(;?eous machine’s output to !
1

TECHNOLOGICA L |5 B E ]
% UNIVERSITY [8] Y. Xu, M. Yin, Z.Y. Dong, R. Zhang, and D.J. Hill, “Robust dispatch of high wind power-penetrated power systems 5,
against transient instability,” IEEE Trans. Power Syst., 2018. — the 15t paper for TSCOPF with wind power uncertainty.



3. Our Methods

Robust TSCOPF-Wind

& o> NANYANG
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UNIVERSITY

B Robust TSC-OPF with uncertain Wind Power [8]

Simulation Results on New England 39-bus SyStem Contingency ID Fault bus Fault clearance Tripped line
Cl Bus 4 0.25s Line 4-5
TABLE I TESTING SCENARIOS DETERMINED OF OA Ly(2°) 2 Bus 21 0.16s Line 21-22
Testing Variable levels _(?3 _ Bus 29 _ : 0.10s | Line 2?-26 _
scenarios W W, Wy 1000 60—
@ v ™ f | A
2 T 600 / 820 L [\
G31—>» =
@ p = 'f\,
b 2 ! 2 2 400 /ﬁ D g T e T
N 2 2 1 w yd © — v
S 200 e 220t
i _— &
0 — — 40 —
_ ZG I
4 6 0 1.2 2 3 4 5
ime (s) Time (s)
(a) (b)
0t ﬂ\"\s\ N, . Fig.4 Rotor angle trajectories for C1 under /;: (a)-unstable (under initial
learing ti ; (b)-tabl der CCT
. sol \\eﬁﬂ | clearing time); (b) e (under )
™ T 4 7 y 6
E -100 1 1 1 1 ! 1 ! _(T:}____—@——_
- 0.06 0.08 01 012 0.14 016 018 0.2 022 024 026 4l
= Fault clearing time (s) 2 —87 / -
E 100 T T T T T T T T \\ 32 e //\Q'
[0 =
50 F E ’ gt} r ;
o . & -
0 2 1
& 2 2 ——
50 Fe Fm @ wW=039s Pe Pm @ 1r=068s
. . 4 . . . .
-100 20 40 60 80 -20 0 20 40 60 80
91 92 93 94 95 9% 97 98 99 100 OMIB angle (deg) OMIB angle (deg)
Wind power output (% relative to initial value) (a) (b)

Fig.5 Pe-OMIB angle plane for C1 under /;: (a)-unstable (under initial clearing

Fig.8 Transient stability margin V.S. key parameters: (a)-fault clearing time;
time); (b)-stable (under CCT) 37

(b)-wind power output



B Robust TSC-OPF with uncertain Wind Power [8]

Simulation Results on Nordic32 system e
2 (-
3 ) ¥ e, "\ instable
f  9aon 401 1011 1013 ;:‘”’“ o
l i ® 200 :
L g 2y
i £, ,
amz 1012 1014 4 [—Fre — |
7

(a)-multi-machine angle; (b)-Pe-OMIB angle ,’

] g
4072 j; 4?; é 20 02 04 06 08 50,’ 100 150 200
grd’ gley g3 Time (s) ,  OMIB angle (deg)
E%gzz MWgit Fig.12 Unstable trajectories for Nordic32 s system before dispatch:

1021 mzz a21| % — 400KV ,
— 220kV , . :

W gi2 — 130kV . ! . J :
g4 synchronous +Alternative stability margin
E I ¥ 2031 ‘ 1| i : y, also withholds quasi-linearity

Y AREN opy rg
. NORTH '

3. Our Methods

L L 1 i L

i 6
14 0150.1550.16 017 0.18 019 02 021 022
W Fault clearing time (s)
4046 Fig.13 extremely unstable margin v.s. fault clearing time

50 ¢

Robust TSCOPF-Wind

Rotor angle {deg)

?% gl7 gi7b o '
A A
2 NANYANG | 08| | g a0
4 TECHNOLOGICAL 2l ﬁ’ﬂL e e e e e w
Time (s) OMIBangle (deg)

UNIVERSITY
Fig.14 Illustration of stable trajectories for Nordic32 system affet dispatch:

(a)-multi-machine angle; (b)-Pe-OMIB angle




1. Stability

Definition & classification
Challenges

Assessment & Control

Optimization Model

2. Review

Direct Method
Discretization Method
Data-Driven Method
Evolutionary Algorithm

3. Our Methods
Hybrid Method
Data-Driven Methods
TSC-Unit Commitment
Robust TSCOPF-Load

Robust TSCOPF-Wind
PC-CC Cor. TSCOPF
Full Robust TSCOPF

&0t %> NANYANG
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B Preventive Transient Stability Control against Wind Power Variation [9]

Aim: preventively redispatch the power system for compensating wind power variation

The total change of the wind power will be
compensated by synchronous generators

| possible
| strategies

1. By all synchronous machines according to their
capacity ratio:

zn P
DP.:
i=1 9

2. By all synchronous machines according to their
inertia:

QAPgi=— - AP

Geapy ritsht Z6.2¢

3. By all synchronous machines evenly:

AP
.APgi = -

n

\ 4. By critical machines and non-critical machines:
( P
I AP AP >0

- P,
Lrec

Pngq

- P
DI

AP 4
*

: <
APy, AP AP <0

\
39



B Trajectory Sensitivity of a Dynamic System

The dynamic behaviour of a power system can be described T4 obtain the sensitivities of the flows & and ¢, the Taylor
by the following DAEs series expansions of (5) and (6) are formed [23]

x=/f(x, v, A 1 Ih( x
[ U it AN = gl A B N g
0=glx, y, A) ) oA
(7)
where x denotes dynamic state variables, for example, de(xg. 1. A)
generator angles and speeds; y denotes algebraic state o(xg, 1, A+ AN = @(xy, 1, A) + O = T AA+ &% (8)

variables, for example, load bus voltage magnitudes and oA
angles; and A represents parameter changes.
The flow of x and y can be deﬁned as follo

pAa %ene% e i
U Ya n .( ) O p3y t E @1 der terms £? and €% can be
3. Our Methods x( neg ithoUT™uth Sacrifice of accuracy, giving

y(f) = QD(XO, Z, /\)

where £? and £ are the higher-order terms of the Taylor

A.X(I) — ¢(x0> f A + A/\) - ¢(x07 f, /\)

where x(7) and y(7) satisfy (1) and (2), along with the initial dqﬁ(), , 1 A)
conditions 3 X A = ‘I’(loa 1, M)AA )
. B(xo, 19 A) = x, (5) Ap(?) = @lxg, 1, A +/;w\_) — @(xg, 1, A)
Robust TSCOPF-Wind ()QD(A,O l, /\’y
g(dl(xg. 1), @lxp. 15); A) =0 (6) = P A = \P(lw t, M)A (10)
________________ ¥ e,
&t NANYANG [23] I. A. Hiskens and M. A. Pai, "Trajectory sensitivity analysis of 1 where the time-varying partial derivatives ® and ¥ are called:

RSO LIS ROIENOENRE 1y brid systems,” IEEE Trans. Circuits and Systems I: Fundamental \trajectory sensitivities associated with the flows x and y [23]. :
UNIVERSITY Theory and Applications, 2000. ~ TTTTT oo oo oo oo o o T m T m T e 20" """



B Trajectory Sensitivity of New England System with Wind Power Variation

: Stability margin VS. wind power output
| 50
Bus 21 0.16s Line 21-22 : 0
c 30
Bus29  0.10s lne2926 1 F -
1 < 1w
. 477 e . . | % 0
¢ = P Sensitivity of different strategies : g »
I

101% 102% 3% 104%
g utput(relative to initial value)

—4—strategy 1 —l—strategy2 —@—strategy3

3. Our Methods

15

2042.7 202.4 10 O
5609.2 1894.4 %
g f
2
Robust TSCOPF-Wind - High sensitivity represents efficient and potent wind 8 10

power balancing strategy
« Strategy 4 is the most efficient - compensated by
critical machines and non-critical machines

-15

-20
100%  110%  120%  130%
Wind power output(relative to initial va

150%  160%

|

|

I

|

I

|

|

I

|

|

I

|

I

|

strategy 4 |
I

|

|

I

|

I

|

|

I

|

|
TECHNOLOGICAL H. Yuan, Y. Xu, et al, “Sensitivity analysis of transient stability for power systems :
% UNIVERSITY with high level wind power,” 11th IET Conf. APSCOM, 2018. :

—4—strategy 1 —fl—strategy2 —@—strategy 34




1. Stability

Definition & classification

Preventive Transient Stability Control against Wind Power Variation [9]
Challenges

AEEEESIIES (< ST  Based on trajectory sensitivity analysis, the wind power balancing by CM and NM

Optimization Model is the most efficient.
» According to trajectory sensitivity, CM and NM can be recognized by its negative
2. Review and positive value.
Direct Method » Hence, preventive control (PC) can be applied by the recognized CM and NM.
Discretization Method
Data-Driven Method
Prediction Realization

Evolutionary Algorithm

Wind power variatio

earamsmanl A
SGHERL J0p4

PC New

3. Our Methods U Ya N (N TlU )

Data-Driven Methods (Basr:: operating (SIME) — (GE[IEI'EIt:lﬂ[l — ﬂp&raﬁng —p-| End
TSC-Unit Commitment point,0P1) rescheduling) point,OP2

Robust TSCOPF-Load * Simulation Contingen Occured f

Robust TSCOPF-Wind o

PC-CC Cor. TSCOPF
Full Robust TSCOPF

& NANYANG

T LIIE\I(I:\II-IEIROSLI?$ ICAL [9] H. Yuan, Y. Xu, “Trajectory Sensitivity based Preventive Transient Stability Control of Power

Systems against Wind Power Variation,” Int. J. Electrical Power and Energy Systems, 2020. 42

Proposed Preventive Redispatch Framework




B Preventive Transient Stability Control against Wind Power Variation [9]

Ng

min C.. = Z QP2 + by P + c Linearization of transient stability
P Ly R G T TGl Tk constraints
l

|
|
|
. - . , _
st A PGi >0, i€ g+ Positive sensitivity | b (xo’ t /1) _ ¢ (xo,t,A+A1)—p(xq,t,A)
|
|
|
|

AL
S APgi + AP, = 0, Vk € {5~y §*} JVind power ®(n,2) - Ad = 4y

U) CopYright 20241 §

APg; <0, je€S~ Negative sensitivity

3. Our Methods

Transient stablllty An = ZNGCD-(n, Pg) APy,
constraint

|

|

|

|

PO < P + APgy < PEA* o :

Generation limit |

Robust TSCOPF-Wind 0 < APg, <50 (2, @i, Pai)APg + 19 20

|

3

TECHNOLOGICAL [9] H. Yuan, Y. Xu, “Trajectory Sensitivity based Preventive Transient Stability Control of Power

e Systems against Wind Power Variation,” Int. J. Electrical Power and Energy Systems, 2020. 43




Preventive Transient Stability Control against Wind

Power Variation [9]

Base operating
point(OPF)

v
shared wind power )
variation proportional to S [Tncertaintics Wind power
Calealate 500 2 generator’s capacities Mechanical system gener ator model

. ‘ Contingency Dirtve train
Calculate Py (1) S it e A R set (WT3T1)

Electrical .
Compose the OMIB Pitch controller Tl Generator/converter
r—— equivalence (WT3P1) (WT3E1) (WT3G2)

EFAC

- onmd

| Calculate Por(0) S eaytie
, ! ) - (WT3T1)
NTU) C ht 2024
Calculate P, (1) <! : ransient es\
et stable? -

- ] -

CalculateT, B3 Contingency Set for New England 39-bus system

Calculate sensitivities of
each generator ~

Caleunlate T, <
Lagend Contingency ID Fault bus Fault clearance Tripped line
:Trajiactory Recognize CM and NM ; Data _
: Cc2 Bus 21 0.14 s Line 21-22
Form transient stability ) c3 Bus 29 0.05 s Line 29-26
constraints Computationy )
flow
_ Solve the mathematical ‘
Computational model Solution
Flowchart algorithm
Re-arrange synchronous
generation with wind

variation
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' recHnoLosicaL  Preventive Transient Stability Control against Wind

UNIVERSITY Power Variation [9]

« Results: Single-contingency
1800 ‘ : ‘ 100 ‘ ‘ ‘ Generation output (MW) at base operating point, before

1600 | and after optimization with wind variation for C1

1400 - 50

OJI ]

= o H v 2504 241.4
v W 5835  567.5
€ o : 500 500

647.4 654.5
524.4 524.2

—_— XLLYa PﬁéNlU%e(b) op

Rotor angle trajectones for C1: (a) unstable (before optimization); 668.4 665.9
(b) stable (after optimization) ’ 576.4 576.7
DN TEs 7 490 490
i ol e 8505 8724
S ] 2l | 950 950
go— | g’ /J —=150 -150
<, -22.69 12.86
2 f ’ « Contingency 1 is applied
e e e L * CMis G31
(B)OMIE angle (deg) (b) oM angle (Geg) « Reduce G31 generation to improve transient
Pe-OMIB angle plane for C1: (a) unstable (before optimization); stability

(b) stable (after optimization)
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' recHnoLosicaL  Preventive Transient Stability Control against Wind

UNIVERSITY Power Variation [9]

« Results: Single-contingency

Generation output (MW) at base operating point, before
and after optimization with wind variation for C2

239.5 254.1 289.5
560.9 591.1 612.9
650 583.3 583.3

—_
o
o
o
(o]
o

—G30
——G31

33|
—G34
—— G35/
—G36
—G38

(2]
o
T

~
o
T

G35 and G36

N
o
T

Rotor angle (deg)
~
8

|8 G633 624 6552 674

, 2 531.2 504.1
. an (35 6762  644.9
_— G36 553 5842 553
R  G37 N 4733 4733

P s 5 2 25 ' ) ‘ ‘ 822.4 859.9 8724

(a) Time (s)
Rotor angle trajectories for C2: (a) unstable (before optimization); (b)
stable (after optimization)

1000 933.3 933.3

Wind 0 -200 -200
variation

Stability 4526 ~ -378 4885

Sensitivities of seven synchronous generators for C1 and C2

« Contingency 2 is applied

Cl:Sensitivity RIS 1.385 1.36 1.398 1.39 1.355 .« CMis G35 and G36
C2:Sensitivity [OVZLE 0 0.0145 -0.0158C -1.947 -1.3315 X.228  Reduce G35 and G36

generation for stabilization
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« Results: Multi-contingency

Power Variation [9]

1800 T T T 800

—— &30

| |——G31

I G33
——G34

fen — G35

@ s00F | oo G35 and G36— |

| |—aar7

1600
1400 [

1200

1000

@

o

o
T

300 -

‘an (NT

0 05 : 5 2 100 05 )
(@) Time (s) (b) Time (s)
Rotor angle trajectories for multi-contingency before optimization: (a) C1; (b) C2

Rotor angle (deg)

[«2]
o
o

400 [

15 2 25

G31, G35, and G36 are the critical. Compared to the dispatch
of each generator before and after the optimization, it can be
found that G31, G35, and G36 decrease their generations,
103MW, 10.9MW, and 7.1MW, separately, verifying that
decrease the generation of critical generators can improve the
stability.

Generation output (MW) and wind variation (MW) for
multi-contingency before and after optimization

G31#

Wind
variation

Stability
margin

250.4
583.5

298.2
480.5
600
668.8
566.85
657.43
569.3
490
862.6
950
-150

-22.7(C1)
_5.71(C2)
9.07(C3)

64.19(C1)
24.38(C2)
0.01(C3)
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UNIVERSITY Power Variation [9]

* Results: control accuracy
4

Pe5
—Pm ®
2r| e Tr5
——Pe40
¢ Tr40
ENL
2
o
3 5l
o

_6 I | | I | |
-10 0 10 20 30 40 50 60
OMIB angle (deg)
Pe-OMIB angle plane for C2 with the step size of 5SMW and 40MW

For C2, the stability margin after redispatch is 48.85,
which is too large. To achieve a less conservative
result, the step size is reduced to 5SMW and re-perform
the proposed approach. the final stability margin is
reduced to 36.78.

/Xu Yan (NTU) C

0 5 10 15 20
Step size (MW)
The stability margin VS step size for contingency 1

The stability margin varies linearly against step size
within a small range, which is from 1MW to 6MW.
Hence, in this case, the step size can be chosen as
5MW to obtain a reasonable stability margin after
the optimization.



yaeq TECHNOLOGicaL  PTeventive and corrective coordinated transient

stability dispatch against uncertain wind power [10]

* Motivation: coordinating PC and CC for transient stability under wind power uncertainty

Preventive Control and Corrective Control Coordination of PC and CC
e e e e e e e e e e e e e e e e e e e e e e e e e e e 1
Uncertainties

short-term cost is very high,

Y
but I sterm cost,| . J' B —
ey N U ) Copyrighs
Y
Generation Faylt Load
rescheduling C‘i shedding -
5

I
I

Corrective control (CC) | | Wind Scenarios N4
I
|

Corrective
Control

Stability
level

-

I

I

|

I

I * *
I A Fault »

| Constraint Constraint
|

I

I

|

I

I

Preventive control (PC)

Short-term cost is low but Generation | Load
. . . . : Cost K—— )
long-term cost is high since it Rescheduling Shedding
is continuously implemented. Y Y
Coordination

Proposed framework for coordination of PC and CC

[10] H. Yuan, Y. Xu, “Preventive-Corrective Coordinated Transient Stability Dispatch of Power Systems with Uncertain Wind Power,” IEEE Trans. Power Syst., 2020.



”” rechnoLosica.  Preventive and corrective coordinated transient

UNIVERSITY

stability dispatch against uncertain wind power [10]

« Mathematical model: Bi-level two-step optimization

| Upper level | [ Lower level ]
I . .

| s.t. —1&t0

L 5 | min C, = aPG + b; Pg; + ¢;
______________ I APgi

an Nﬁg@)w@owr

. zp X CDAPDi(lj)

1i=1

| P;; + Pyi ~ Pp; =V, ijCos0;; + j= 1

Qei + Qwi — Qp; = Vtz Vt(GUCOSQt —B; SlnHU)I

AR = Z —AnNg * P
k=1

Any = u(4Pg;)

|

| I ~ . 1
: min F(xy, x;, W) I I Qci + Qwi —Qp;i =V; . V(GUCOSQU B;jsinf;; I
I Xu€Xy x1€EX], 1 I J= [ I
| 5.6y = (X, X, W) <0, P! . AP — 0 ' = Stability |
| =1,...,.M upperlevel |l Z Gi — : constraint |
| x, € argmin{fy (xx, W), LG xa}): g ol [0 Mg !
| X1EX], | I Pginn < PGi < Pmax, l = 1,2,...
: Gn (X, X, W) <0,n=1,...,N}I ; AR + 7Ry < 0 . Uncertainty modelling

I ve e o e e e o m mm mm o o S EE Em Em D o EE EE = =
I lower level , I
I I :
' I
[ |
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TERTE stability dispatch against uncertain wind power [10]

« Solution algorithm

Linearization of risk and stability Mathematical model solving-golden section search:
constraints

___________________ for A .
a-b: original range

Al = 4n al-bl: 1st calculated range ] )
Ne o(n, 1) a2-b2: 2nd calculated range Golden section search is

0618 - to search risk coordination

A = ) @i(n, Par) APg; .~
T 0.236 e 0.382 variaple 1T
ple and efficient for

Q—QWELQ h t 2 0 2“4"0%1' optimization

Nc¢ Ng AR < TR, : Ilustration of the golden section search
Z-<—Z¢i(U,PGi)APGi> « pr. < TR, , —U———t—t———d_”_ln_-_rc)_A-}a_l_or_lth_m _________________________________________
- - ncertainty mode .

Rlskklconstlramt k : y g 9 « TOAT is to model the
___________________ Testing scenarios determined of OA L_4(2"3) uncertainty of wind power
r==—=-=-=-- Ng T T T TTTT- Testing Variable levels * Representative scenarios

scenarios - ~ _ are modelled
An = Z(p‘(n’ Poi) APp; " w2 - « Transient stability margin
L under all scenarios can be

calculated:

1 H
me=g D o)
=1

I
|
I
I
Mm+ny=0 I
Z‘p (1, Ppi)APp; + 1Mo 2 0 :

I

I

N N PR
N RPN P
R NN P

I_Stablllty constraint



Preventive and corrective coordinated transient

stability dispatch against uncertain wind power [10]

« Computation process

Upper level Lower level

Base operating point (OPF)

Remarks:

« CC may be not needed as the = i .
. = _— Solve min (8) e Uncertainties
PC alone is adequate to ?;:3 Solve min (6): s.t. (9)-15) =
T . s.t. (7) ’ Decision Vector: generation
Stablllze the SyStem'. In thlS g Decision Vector: 7 rescheduling APg;;
case the cost of CC is zero 2 _ |
« ClandC2are tfxtal Y n i |
1 s CIT L2411/ g
coordination cos a ( % Calcuiaie the ot 41 1, .'%EHJSE:'
&) § Trajectory
| sensitivity

CC with respect to 71 and 72 coordination cost C1, C2 by
P use of 71,72 le‘e;’
U Second step: CC Legend

pdated the parameter a, b SR (15)

s.t. (17)-(20)

|

e Decision Vector : load i D ata

Termination shedding amount APy; v Input
Contingency set condition meets

Contingency | Fault bus Fault Tripped Computation

| D cle a r a nce line Optimal solution obtain with flow

20_26 respect to thest
Solution

28 0.1 28-29

Flowchart of the proposed method
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TERTE stability dispatch against uncertain wind power [10]

Results: gen redispatch and load shedding Base case dispatch

G31# G34

« The base case cost is 39173.9 $/Hr;

2395 5609 650.0 6240 504.1

G35 G36 G37* G38 (39«

D 6449 5530 540 8224  1000.0
39173.9%/Hr

Robust Generation Dispatch for #2 ‘

|

|

|

|

. For #2, The system is stabilized with both -0.38 and - :
. . . |
0.187 risk coordination parameters; I

|

|

* For -0.38, only PC is adequate and there is no CC.

The total is 3919Q.7- $/Hr, ich is o : 0 Generator
higher:; v (N GTZU ) DIGAAN A1 557 639.1 5138
Generator 35 G36 G37* G38 G39*
 However, the optimal cost happens when 7 is -0.187, A 6512 5636 540 7932 1000.0
which is 39183.9 $/Hr, i.e., only 0.025% increment on | 39190.7$/Hr

the cost can improve the transient stability _ _ _ _ _
Generation rescheduling and load shedding for three contingencies

Contingency Amount of load | PC cost ($) CC cost ($) Total
shedding (MW) coordination
cost ($

_Correctlve control may nqt be needed_to APp1,=7.5, 39256.3 39332.8/
improve the stability since preventlve APp39=69

control is enough, but the min cost comes ‘8?27 A= eyl g L
. . . -U. D12 —=0. .
from optimal coordination of PC and CC. 0907  APpi,=75, 392439 5T 302527
APD39:O.61

v" Conclusion:
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7” rechnoLosica.  Preventive and corrective coordinated transient

stability dispatch against uncertain wind power [10]

« Results: robustness checking
Stability margin for base case

Stability margin -71.6 -16.5 -68.3
| Quantify the robustness of the solutions under

| 0 0 0
I uncertainties of wind power variation Robustness 0l 0% o —

e e e e e e e e e — - - The system is unstable and the robustness is very low for
the base case

---------------- Ku-Yan-(NTU)yCopyright 2024-------

Single contingency ulti-contingency

Transient stability margin for three contingencies Transient stability margin for multi-cont.
Scenarios Scenarios

14.05 13.2 15.53 13.95 41.14 26.6

M
I Robustness dgree: y = ﬁs X 100%
|

1.59 0.36 0.41 1.5 35.51 16.08
2.15 1.00 1.27 A 207 35.73 16.7
5.01 3.22 3.96 L, R 37.12 18.92

Robustness 98% 100% 100%

The solution can achieve a high robustness (higher than 90%) against wind
uncertainty for both single contingency case and multi-contingency case

Robustness 98.1Y% 93.3Y% 93 >

H
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stability dispatch against uncertain wind power [10]

* Results: observations from OMIB plane

5 [ [ [ 5 T T T T T T T T T
—-—=Pel —==—=Pe1
4r generation ?:21 | 4r Pm1 |
rescheduling Pm2 Izgg
3 I 3r load shedding = Pm2 | 7
~\~
NS
1\ | 4 |
_ _ : 7
> 1
s I 1 aql 'i Il /‘ .
g ol E \ | g) E "I' generation rescheduling
' Yan (NTU) Copyright 2024
Ak ! [ I = ! |
i A} ! |
2F E i \\ 7 E | i original
3| 1 ! \ 31 1 | |
1 b N 1]z
U L)
-4 L L ! -4 1 I 1 | 1 1 I 1 I
-50 0 50 100 150 -20 0 20 40 60 80 100 120 140
OMIB angle(deg) OMIB angle (deg)
Pe-OMIB angle plane for #2 under only PC control Pe-OMIB angle plane for #3 under both PC and CC control

» Compared red solid and blue solid lines in the left figure, Generation rescheduling is to reduce the mechanical
power, which shrinks the accelerating area;

» In the right figure, generation rescheduling alone is not adequate to stabilize the system;

« Compared the green solid and yellow dashed lines in the right figure, load shedding is to increase the
electrical power, which enlarges the deaccelerating area;
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stability dispatch against uncertain wind power [10]

 Results: solution optimality and speed

4

3.926 ~ 10 . .
@3.924
»
o
© 3.922
8
2
» 3.92
o)
@)
O —— Total cost
O 3.918 |——PC cost

CC cost ~—
3.916 ' ! ' '
-1 -0.8 -0.6 -0.4 -0.2 0

Risk coordination parameter

Cost function with respect to the risk coordination parameters for #2

T determines the feasible stability region in the
PC. When it is large, the stability region
becomes large and the solution for PC is close
to marginal stability and inexpensive.
Meanwhile, the successive CC will be costly.

XUYan (NTUY/Copyrighit2nds mew

he optimal coordination of PC and CC can
be gained by the golden section search since
the optimized problem is unimodal.

For a single contingency case, the total
computational time is 1080s. For the multi-
contingency case, the total computation time is
about 1573s. The iterations of the searching
process are 30.
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Load Shedding against Instability with Wind Power [11]

« Motivation: to achieve fully robustness (note that all the existing works are partially robust)

Robustness of the solution Fully robustness
f-----------"-"-"-"-" - - - - - - - - “-""-""-=-""/=- R T T T T T T T T
Emergency . _ ' Robust optimization is to find the worst-case scenario of :
control I our previous works: || uncertainties and aims to ensure full robustness against I
= « Coordination is realized . oo g :
Preventive Cost - Cost efficiency is verified : : uncertainties.
|

control
' Therefore, t hi fly grobust stability of
b NadU )1IC A ati
However, the robustne uluti @lﬂl o stable I vag E}Iﬁ alpstiwi wer variation, a two
stage robust optimization model is proposed:
Firs:}::?:;gidson /—~ Generation Dispatch
: i Uncertain
Preventive Control Variable:u
1 Wind Power
Coordination via TSRO veriation y

Uncertainty Set

of Wg}"‘: P(t)wer min max minCg(x) + Crs(y T 5 =5 7 Tk
utpu X ue y
£ Timeline Act if fault ’ ,
JVL occurs T T
Second-stage Decision
Variable: y ELS Decision Table
Emergency Control
d o e e e e e e e e e e e e e e e e e e e e e e e e = = = = = o

[11] H. Yuan, Y. Xu, and C. Zhang, “Robustly Coordinated Generation Dispatch and Load Shedding for Power Systems against Transient Instability
under Uncertain Wind Power,” IEEE Trans. Power Syst., 2022. — the 15t truly robust optimization method for TSCOPF with wind power uncertainty.
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Load Shedding against Instability with Wind Power [11]

« Mathematical model: Two Stage Robust Optimization Model (TSRO)

[ Compact model ][ Detailed model ]

m;nrz?gg(ye&l(gcl,u)cc (x) + CLs(¥)

minmaxminC; + Cj ¢
Pg Py, PL Ng

S.t. CG zzaipgi-l_biPGi-l_Ci

Np i

Pp; = (Pp; — Pyy)
tel0,T
{ngi = (Qp: — Qui) [0, 7] / Second stage

s.t. go(x,y9,u) =0

V)Gijg;eg E) SM!). i'

j=1

_ {y:gk(x, Yiou) =0, }
Qgi + Qi — Qp; = Vitz

hi (X, yi,u) < 0,m (X, Y, u) = 0

N e t ¢ I
j—1Vj (Gij cos 0;; — B;jsin Hij)l

S
0
S
g
A
S
-
|

I
|
I
|
: I
L | : where te[0, T] First stage
_______________ t _ pt -1 | |
. Generation dispatch is first stage, | Qwi = Pwitan(cos = 6),t € [0,T] (|l
modelled in an OPF; : it M L
« Emergency load shedding is : Qi [ : e :
seco.n.d stage, o _ I PG”i1in <PL <P, i=12..,N, I : ie%;w Pui \ uyand ., limit the overall T
generation and load shedding; e <Qu <Qa» 1=12...Ng te[0,T] I ieNw : total wind power outputs, i.e., i,
. Uncertainty is modelling by the : VI <yt <V =12, N, | : \ overall possible realization of r
uncertainty set: min _ gt _ymax [ ' wind power output at
Y LT <b<b™, 1=12...N, 1!  different locations is limited '
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« Stability constraint construction

Recall of trajectory sensitivity Transient stability constraint construction

* Function 1 and function 2
Is related to the wind
power and load shedding,
respectively;

|
|
|
|
_ |
202%md power is balanced
synchronous
generation with an AGC
factor
* By trajectory sensitivity,
stability constraints is

constructed by linear
form;

Me(PC,EC,AR,) = nE¢ + Ane™ + Anf€ > o
AP,
An,™ = f1(AB,)

ATIEC = f2(PLi)

I

I
AX(t) = §(%,,1, B )— &(Xgyt ; - —_————— -
RN ﬂzg%,{, ﬂ:ﬁé f :(NTU C%[;J

|

I

I

|

I

I

; |

| 8ﬂ | |

I | AP;; = —K;AP,i = 1,2,3..

| ¢(X0’tlﬂ+Aﬂ)_¢(Xoltvﬁ) I U U UL | [ —
D(x,,t,0)= e e e e e e e e e e N M e -

ot e E

I I

' :

I I

-=-=-=--

Final linear form of stability constraint
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e Solution approach
Column and Constraint Generation (CC&G)

1 ~ TSROmawixmodel l

: . I
minmaxminax? + bx + ¢ +dTy

X u€el,, vy |

|

I

s.t.Ax+Bu=>»

S (VI £-1¢ KNTU) Copyright 20& .

Master problem Sub-problem

|
(x) (x) ' I
Ux)y+V(xX)u<e I I

I | s.t.Gy <
s.t.Ax +Bu] =b I y=0 I | y=9 |
| u€euy, | | Ux)y+V(xHu<e |
FxSf e o o o oo oo oo e e e e e e e e e e mmw I y>0 I
| ~ |
» The min-max-min problem is ! u€ Uy !

Gyi=g

decomposed to a master problem  ~  strong D]a]t;@m_m___.aa; T

UX)y +V(x)u; <eVuj €S
120

bilinear term “pTVu”.

___________________ > OA (outer approximation) algorithm :_

IS used to solve the bilinear problem.

|
|
|
|
|
|
|
I 6 =d"y
|
|
|
|
|
|
|

and a sub-problem. P s = - === I

» R(x) is a NP-hard problem due to the : R(x) = max —Ig + e) I
uel, |

|

|
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. CO m p U tatl on p F0CesS Ty }I’rjitialization: Lower Bound:

B = —oco, Upper Bound:
Power Output | [UB = 400, Sl =@,i =0

......

. . _ _ L Master Problem)|
« The modified C&CG algorithm has two i IR R MR
iteration IOOpS' E - | Transient Stability Assessment | :
1) Outer loop: conventional C&CG iteration [CEsAe] ¢ {CalclRe Tiaicco Sensitviy] _
between the master problem and the sub-  [Formulate Linear Stabifty Constraint -+ |44t Obtianed S,
Linear ' Obtaln the Current Optlmal Solution : Additional Variables
prObIem Programming T X WIth (x,+1 ,+1) and its Constraints
: 2 ) to Master Problem

) b oo RV (T U) Co

Optimal Solutlon Yi+1

T . | Add the Additional
OA master ; Apply the ELS Solution | [Obtain Optimal © | Stability Constraints
i BIGII "1 |Under the Current u; 1| |[ELS Amount yi+1|; | Formulated by the
”””””””””””””” : ; ! : ; Subproblem
TSA Calculate Current E
- Trajectory Sensitivity|,
. i t:gll o Ne-| and Formulate
Contingency set for New England 39-bus System ; e Additional Stability |
! Yes Constraints !
Contingency ID | Fault bus Fault Tripped line : [Output Optimal Solution w7, :
| |land Add it to SI. Let .
clearance HUB = a(xf,, ) + bxy,, + e+ S, xX0) 5
0.25s 22-23 o R —
% ow0s 2009 o N
26 0.15s 26-28

Terminate and Output
Solution: x7,
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 Results: operation solution

400 T . 1000 ‘ : - .
—o sranity Nargina 518 —onn stability Margin = 38,80 | -OUT figures are the rotor angle curves for C3:
T Genss R o crtiont Gomortior 35 . » The system is unstable under base case (-3.19);
= ——Gen 34 5 —Gen
§ 200 | Gon3s Critcal Generator 38 18 0 censs . 1 » The system becomes more unstable under
= ——Gen 36 \ o _g:: gg .
2 100 |——Gen3s - worst-case without emergency control (-38.89);
c < .
5 o L 1 » The system becomes stable with emergency
2 100 VTV 0 | control (f ugnmrst case,
0 - AU ama% _5p 1?11 under a non-worst
Time (s) Time (s) ith emergency control (58.0);
Rotor-angle curve under initial case Rotor angle curve under worst-case without ELS The emergency control is effective and the worst-
100 T T T T 80

case is found.

5o | ' Stability Margin = 58
n 60 -

Stability Margin = 27

Y
o

40 -

N
o

Load shedding amount with 0.9-1.1 uncertainty budget

Amount of load shedding (MW)
ID

Pl5=154.8

_PL25—141.4 Ppe=139  P,;=281

=126 P ,,=139 P,7=281 —>

Rotor Angle (Degree)
N
o
(=]

Rotor Angle (Degree)

N
o
T

1
H
o

2]
o
'
[=2]
o

1 2 3 4 5
Time (s)

(=}
=
N
w -
£
(]
o

Time (s)

Rotor angle curve under worst-case with ELS  Rotor angle curve under a non-worst case with ELS




Fully Robust Coordination of Generation Dispatch and
Load Shedding against Instability with Wind Power [11]

Stability margin for base case

27.27 -21.49 -3.19
[ Robustness Y] 17.4%  433%

The system is unstable and the robustness is low for base case

M
I Robustness dgree: y = ﬁs X 100%
|
| Quantify the robustness of the solutions under

I uncertainties of wind power variation

—

Robustness check with different uncertainty budget pair for C1 Robustness check with different uncertainty budget pair for C2

Uncertainty budget pair 1 2 3 N. A Uncertainty budget pair 1 2 3 N. A

0.95 0.9 0.85 Total cost under worst case [IEVKYR 48388 53598 40708.91
1.05 11 115 ($/Hr)
Total cost under worst 40969.9 44323 51247 391739 -
case ($/Hr MCS Group 1: £5%B)
MCS Group |: £5%P}" " 100% 100% 100% 54.5%
100% 100% 100% 100% Stability robustness degree o
Stability robustness MCS G o L10uBPr check (%) MCS Group 2: 10%5,,
0 roup 2: 0P, . . . .
degree check (%) 99.4% 100% 100% 99.4% 97.9% 100% 100% 49.9%
SPTr
MCS Group 3: +-\5%B?" MCS Group 3: £\5%P}
91.4% 97.3% 100% 91.4% 86.7% 100% 100% 50.1%
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 Results: Nordic 32 test system

200

100

ng e curve under worst-case without
Rotor-angle curve under initial case or Nordlc system ELS for Nordic System

1 1 T
1 1
! ht b o , . 0 e
! £ Sa0m 201 1011 1013 9 ! - 0 — — ——=
(1)
: l i ! 96”-100 - 5 -200 - |
1 @ @
. 1 | a a
| + X = -200 - o 400" stability Margin:-97.06
! P o
: 40]2 1012 1014 . <g7_300 L E’ -600
1
1 ° S
, | £ 400 stability Margin: -63.81 1 £ 800 ]
1 1
I I & % 1000t 1
1
v B2 ! | |
: 0.5 15 2
ekt T@ r| e o
otor-a

50W/ The system is unstable under base
case (-63.81), and become even
more unstable under worst-case (-
97.06), and change to be stable with
emergency control (37.53)

Rotor Angle (Degree)

glé [1041 mas[

’m [ 4045 A !4\? 205
T 4063 4051 ng 2{

Time (s)
Rotor angle curve under worst-case with ELS for
Nordic System
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e Results

Robustness check with different uncertainty budget pair of Nordic system

Uncertainty budget pair 2

N. A

0.95
1.05 S - -
- 240553.59 935780.33 The robustness of the system is still 100% against wind

Total cost under worst
case ($/Hr)
Stability robustness
degree check (%)

Yap-(NTU) CBBYFgHe2022 =

MCS Group 2: £15%PD"
99.9% 55.8%

100%

Time consumption for different calculation tasks

Calculations | Ca S Stability Solver time | Iteration Total » Computational burden comes
margin - of master ALl from the trajectory sensitivity

G Load and sub- ng time ]
problem calculation;

ses TD
New- C1 0.3s negligible 25s 39s 2s
England C2
C3

\ 0.7s negligible 53s 47s 1.3s

6 2178s « Meanwhile, the number of
4 176s ) ]

2 101s iterations also affect the

2

170s computation time.
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B Our book on Stability-Constrained Optimization for Power System

A
3
i

d pue uonesadQ waysAs
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o
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b
1
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WILEY

4) IEEE Press Series on Power and Energy Systems
\. Ganesh Kumar Venayagamoorthy, Series Editor

Stability-Constrained
Optimization for
Modern Power System

Y. Xu, Y. Chi, and H. Yuan, “Stability-
Constrained Optimization for Modern
Power System Operation and
Planning,” IEEE-Wiley Press, 2023.

This book is a systematic presentation of
our original research works on stability-
constrained power system optimization,

ﬁo 5ﬂl@pyr mC an§ Qt Buﬂconstramed dispatch

Yan Xu an Chi, Heling Yuan

S
IEE??’RESS WILEY

operational control, and
2) dynamic VAR resources placement for
power system voltage stability
enhancement.

https://www.wiley.com/en-
us/Stability+Constrained+Optimization+for+M
odern+Power+System+QOperation+and+Plann
Ing-p-9781119848868

https://www.amazon.com/Stability-
Constrained-Optimization-Operation-Planning-
Systems/dp/1119848865 66
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B Latest Research

Stability-Constrained Load Restoration
Considering Multi-phase Cold Load Pickup Effects
an (N opvyriaght 2024

[12] D. Xie, Y. Xu, S. Nadarajan, V. Viswanathan, and A.K. Gupta, “Dynamic
Frequency-Constrained Load Restoration Considering Multi-Phase Cold Load
Pickup Behaviours,” IEEE Trans. Power Syst., 2023.

[13] D. Xie, Y. Xu, S. Nadarajan, V. Viswanathan, and A.K. Gupta, “A Transparent
Data-Driven Method for Stability-Constrained Load Restoration Considering Multi-
Phase Load Dynamics,” IEEE Trans. Power Syst., 2023.

& NANYANG
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\;ﬁ»f UNIVERSITY (To be introduced in future presentations)
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