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• Definition & Classification 

• Challenges  

• Assessment & Control 

• OPF, SCOPF, TSCOPF (Transient 

Constrained-OPF)

• Direct Method

• Discretization Method 

• Data-Driven Method 

• Evolutionary Algorithm-based Method 

• Hybrid method for TSCOPF

• Pattern discovery-based method for TSCOPF 

• Decision tree-based method for TSCOPF

• Practical method for TSCUC

• Robust TSCOPF with Uncertain Dynamic Loads 

• Robust TSCOPF with Uncertain Wind Power

• Preventive TSC for Wind Power Variation  

• Preventive-Corrective Coordinated TSCOPF 

• Fully Robust TSCOPF under Wind Uncertainty 



Power System Stability: Definition & Classification 
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Newly added categories : 

N. Hatziargyriou et al., "Definition and 

Classification of Power System Stability – Revisited 

& Extended," IEEE Trans. Power System, 2021.

Traditional categories: 

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

IEEE/CIGRE joint task force on stability terms and definitions,“ IEEE 

Trans. Power System, 2004.

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.”
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Power System Stability: Challenges

Generation side: 

Higher-level intermittent 

renewable energy resources

Demand side: 

Demand response, distributed 

energy storage units, etc.

Device-grid interface: 

Power-electronic converters

Complicated system dynamicsHigher operating uncertainties
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Power System Stability: Assessment & Control 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
-200

-100

0

100

200

300

400

500

Time (s)

R
ot

or
 a

ng
le

 (
de

gr
ee

)

Transient stability lost after 1.3s 

PSS/E simulation costs 2.2s CPU time

fault occurs at 0.2s 

• Transient stability, i.e., the ability of the system 

to keep synchronism after a large disturbance, is 

the most stringent 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.

• Its operation control includes preventive control 

(e.g., generation redispatch) and emergency 

control (e.g., load and generation tripping). 

• Wind power generation adds more complexity 

due to its stochastic power output nature and 

power-electronic converter interfacing. 

ሶ𝐱 = 𝐟 𝐱, 𝐲, 𝐩, 𝛌 0 = 𝐠 𝐱, 𝐲, 𝐩, 𝛌
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Optimal Power Flow (OPF)
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Power System Optimal Operation 

Economy Security

Low-carbon 

• Day ahead forecasting 

of load & renewable 

power output

• reserve requirement 

• contingency set 

• generator cost (bidding) 

• system data, etc.

UC/SCUC

Generator unit on/off status

• Hourly to 15min ahead 

forecasting of load & 

renewable power output

• contingency set

• generator cost (bidding)

• system data, etc.

Contingency occurrence

OPF/SCOPF

Generator power output, 

voltage settings, power 

flow of the network

Optimal operation 

point

OPF-based security 

control 

Generation rescheduling, 

load shedding, generation 

tripping, network 

reconfiguration

Day-ahead Intra-day Real-time

If needed

Conflicting triangle for power 

system operation objectives 
Power system operation framework 

• 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

that is naturally uncertain.

• g – equality constraints, i.e., power balance based on power flow equations

• 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).
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Security-Constrained OPF (SCOPF)
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Optimal Power Flow with Security/Stability Constraints 

• subscript k denotes the kth system configuration (k=0 

corresponds to pre-contingency configuration, and k >0 

corresponds to the kth post-contingency configuration). 

• SCOPF only considers steady-state security criterion, i.e., 

branch flow and bus voltage. 

Transient Stability-Constrained OPF (TSCOPF)

• Constrained by a transient stability index (TSI) larger than 

a threshold 𝜺 for a pre-defined contingency list C.

• The TSI corresponds to a large set of differential-algebraic 

equation (DAE) that characterizes system dynamics. 

Challenges for TSCOPF problems 

1) Selection of a proper TSI → traditional criterion is the maximum rotor angle difference, e.g., 180o, 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.  

3) Solution quality → computation speed, optimality, convergence; compatible with the industry practice (e.g., 

industry-grade models and simulation tools).  

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. 
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The first (probably) paper on TSCOPF – 1983 
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K. S. Chandrashekhar and D. J. Hill, "Dynamic Security Dispatch: Basic Formulation," IEEE Trans. Power 

Apparatus and Systems, 1983. 
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Literature Review for TSCOPF
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Direct method (sequential method)

Discretization method (global method)

Data-driven (machine learning) 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.
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Computation flowchart

Direct method

• To directly stabilize the system through critical 

control variables (e.g., generation output) based on 

the underlying stability mechanism. 

• The key is to analytically determine the generation 

shifting amount and direction. 

• Classic references: 

[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.

[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.
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Stable

Transient Stability Assessment 

(TSA)

Conventional OPF

Start

Determine required generation 

shifting to stabilize the system

End

no
yes

Contingency list

Pros Cons

• High solution efficiency

• Explicit stabilization 

mechanism 

• Local optimal (sub-

optimal) solutions

• Over stabilization 
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TSI constraints

Discretization of DAEs 

Classic swing equations

Discretization method

• Model the TSI as the swing equations (DAEs).

• Constrain the rotor angle in Center of Inertia (COI) 

framework with an empirical threshold.   

• Discretize the DAEs into numerically equivalent 

algebraic equations and incorporate them into the 

OPF model. 

• Classic references: 

[1] D. Gan, R. J. Thomas, and R. D. Zimmerman, “Stability-constrained 

optimal power flow,” IEEE Trans. Power Syst., 2000.

[2] Y. Yuan, J. Kubkawa, and H. Sasaki, “A solution of optimal power 

flow with multicontingency transient stability constraints,” IEEE Trans. 

Power Syst., 2003.

[3] Q. Jiang and Z. Huang, “An enhanced numerical discretization 

method for transient stability constrained optimal power flow,” IEEE 

Trans. Power Syst., 2010.
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Pros Cons

• Global solution 
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• Heavy computational 
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• Convergence difficulty 
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Computation flowchart

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. 

• Classic references: 

[1] E.S. Karapidakis, N.D. Hatziargyriou, “On-Line preventive dynamic 

security of isolated power systems using decision trees,” IEEE Trans. 

Power Syst., 2002.

[2] I. Genc, R. Diao, V. Vittal, et al, “Decision trees-based preventive 

and corrective control applications for dynamic security enhancement 

in power systems,” IEEE Trans. Power Syst., 2010.
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Pros Cons

• High online solution 

speed (as direct 

methods) 

• The rules can be used 

for stability 

assessment/monitoring

• The rules depends 

on database and 

machine learning 

• Cannot guarantee 

the effectiveness & 

accuracy 
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Computation flowchart

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. 

• Classic references: 

[1] N. Mo, Z.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. 

[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. 
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Pros Cons

• “Global” optimality

• No limitation to problem 

modeling and TSI 

• Easy to implement

• All stability categories 

can be considered 

• Solution 

inconsistency 

• Non-rigorous  

convergence 

• Long computation 

time
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2017
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2018
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2020
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2022-23

[11] Fully robust 
Preventive-
corrective 
coordinated 
TSCOPF

[12] Frequency-
constrained 
optimal load 
restoration 
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stability-
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restoration 
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Our contributions to this field

1. 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.

2. 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.

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. 

4. 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. 

5. 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 2nd paper for TSCUC.

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

machine systems for preventive transient stability control,” IET Gen. Trans. & Dist., 2015. 

7. Y. Xu, J. Ma, Z.Y. Dong, and D.J. Hill, “Robust transient stability-constrained optimal power flow with uncertain 

dynamic loads,” IEEE Trans. Smart Grid, 2017. – the 1st paper for TSCOPF with load dynamics and uncertainty. 

8. 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 1st paper for TSCOPF with wind 

power uncertainty.

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. 

10. H. Yuan, Y. Xu, “Preventive-Corrective Coordinated Transient Stability Dispatch of Power Systems with 

Uncertain Wind Power,” IEEE Trans. Power Syst., 2020.

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 1st

truly robust optimization method for TSCOPF with wind power uncertainty. 

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

• Key idea: rather than coding all the control variables in the EA, only the maximum PG 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. 

• Totally computing time: maximum generation number × population size × (OPF solving time 

+ TSA computing time)

→ compared with existing EA-based method, its population size has been reduced by at least 50%.16

Hybrid computation method for TSCOPF [2] 
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Hybrid computation method for TSCOPF [2] 

The best TSCOPF simulation results on New 

England 39-bus system as of year 2012 (to 

check if the results are beaten as of now) 
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Simulation results on a 39-gen 120-bus system

(the equivalent model of a realistic power grid)

Simulation results on New England 39-bus system 

(multi-swing stability case) 
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Hybrid computation method for TSCOPF [2] 
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Base case: first-swing stable but multi-swing unstable 

Solution result: multi-swing stable 

Base case: unstable 

Solution result: stable 
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• Critical generators identification → feature estimation and selection (based on features’ 
importance on system stability status)

• 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, 
as well as the distance between the instances; Good features can cluster similar instances and 
separate dissimilar ones in the distance space. 
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Pattern discovery-based data-driven method for TSCOPF [3] 

Non-significant features mix the instances Significant features well distinguish the instances 
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Pattern discovery-based data-driven method for TSCOPF [3] 

• 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.

Illustration of PD by residual analysis and recursive partitioning.

Key definitions of PD:
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• Define the stability status of the “events”:

• Compose the statistically stable and unstable regions:

• Dispatch the unstable point to the nearest stable region: 
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Pattern discovery-based data-driven method [3] 

[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.
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Simulation results on New England 39-bus system 

(multi-contingency case: fault 1 & fault 2) 

Simulation results on New England 39-bus system 

(single contingency case: fault 1) 
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Pattern discovery-based data-driven method [3] 
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Base case: unstable 

Solution result: stable 

Solution results: all stable 
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Decision tree-based data-driven method [4] 

• Decision tree (DT)-based stabilization rule:

• Computation steps: 
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A trained DT from stability database 

of New England 39-bus system

Stabilization rule
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Simulation results on New England 39-bus system 

(multi-contingency case: fault 1 & fault 2) 

Simulation results on New England 39-bus system 

(critical feature selection) 
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Decision tree-based data-driven method [4] 

Solution results: all stable 
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Transient Stability-Constrained Unit Commitment (TSCUC) [5] 

• Challenges: a large-scale mixed-integer 
nonlinear programming (MINLP) model 
with DAE constraints.

• Proposed method: 1) decompose the 
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. 
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Extended Equal-Area Criterion (EEAC) 
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→ 𝑃𝑒 crosses 𝑃𝑚 at 𝑇𝑢 (time to instability)

→ 𝑃𝑒 stops excursion and returns before
crossing 𝑃𝑚 at 𝑇𝑟 (time to first-swing stability)
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Stabilization Cut Derivation [5]

Working Principle Proposed Stabilization Cut 
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Transient Stability-Constrained Unit Commitment (TSCUC) [5] 

Master Problem

Unit Commitment (UC)

Subproblem

Network Steady-State Security Evaluation 

(NSE)

I, PAdditional 

constraints

Transient Stability Assessment (TSA)

Proposed Decomposition Framework
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Transient Stability-Constrained Unit Commitment (TSCUC) [5] 

Computation Flowchart
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Implementation structure   

TSCUC results on New England 10-gen system (left-single fault; right-multiple fault)
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Transient Stability-Constrained Unit Commitment (TSCUC) [5] 

Rotor angles of IEEE 50-gen system (left: base case; right: solution results)
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[5] 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 2nd paper for TSCUC, 140 times faster than the first paper in the literature.
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Load component (%) V.S. stability margin [R] 

Considering dynamic load models, all the stable 
TSCOPF solutions become unstable [R]

• Problem descriptions: 

1) Load dynamics has a substantial impact on transient stability 

but has not been properly treated in TSC-OPF problems               

→ all the conventional works only consider static loads.

2) Load compositions are very difficult, if not impossible, to 

estimate for online TSC-OPF calculation, and their variations 

have a significant impact on transient stability.  

Composite Load Components & Load Dynamic Behavior 
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Robust TSC-OPF with uncertain Dynamic Loads [7] 
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[R] R. Zhang, Y. Xu, W. Zhang, et al, "Impact of dynamic load models on transient

stability-constrained optimal power flow," Proc. IEEE APPEEC Conference, 2016.
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• Augmented TSC-OPF modelling: 

• Key challenges:
1) How to model the uncertain parameters in TSC-OPF?

2) How to efficiently solve the uncertain TSC-OPF model?

• Proposed approach:
1) Robust design based on Taguchi’s Orthogonal Array 

Testing (TOAT) for uncertainty modeling → to select a 

small number of testing scenarios with good statistical 

information in the uncertainty space.

2) Trajectory sensitivity-based critical uncertain 

parameters identification → no need to model all load 

parameters, hence smaller problem size. 

3) Decomposition-based solution framework → high 

efficiency 

4) EEAC-based stabilization cut construction 
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Robust TSC-OPF with uncertain Dynamic Loads [7] 

[7] Y. Xu, J. Ma, Z.Y. Dong, and D.J. Hill, “Robust transient stability-constrained optimal power flow with uncertain dynamic

loads,” IEEE Trans. Smart Grid, 2017. – the 1st paper for TSCOPF with load dynamics and uncertainty.

u to make the system robust stable to 

the random variations of load model ς

Orthogonal Array 
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Robust TSC-OPF with uncertain Dynamic Loads [7] 
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Robustness degree:

F is the total number of validation scenarios and Fi is the

number of feasible (stable) scenarios for i-th contingency.
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solution results: all stable 
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• Augmented TSC-OPF modelling: 
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Robust TSC-OPF with uncertain Wind Power [8] 

[8] 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 1st paper for TSCOPF with wind power uncertainty.

• 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 

single algebraic constraint derived from OMIB equivalent.  

3) Considering “extremely unstable” condition 

4) Decomposition-based solution framework (similar to [7]).

( ) ( )( ) ( ) ( )ˆ 0, , , ud CT ux t y t u w t t  − H

uncertain wind power output

targeted equivalent 
OMIB 

reference critical OMIB 

(C-OMIB) under CCT 

only imposed at a single time step tu
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Robust TSC-OPF with uncertain Wind Power [8] 

Decomposition Framework Computation Flowchart

Slave problem 1

Stability check for 

wind scenario 1

Master problem 

Generation dispatch without 

transient stability constraints and 

wind power uncertainties   

Slave problem 2

Stability check for 

wind scenario 2

Slave problem H

Stability check for 

wind scenario H

Base 

dispatch
Stabilization 

constraints 1
Base 

dispatch
Stabilization 

constraints 2

Base 

dispatch
Stabilization 

constraints H
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tin
ge
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ie
s 
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ge
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...

static network 

parameters

1. Solve the master problem to obtain base 

dispatch

3. Perform EEAC/SIME for transient stability 

indicators 

2. For each scenario, run TDS to obtain the 

trajectories  

wind power 

forecast

dynamic model

contingency set

4. Construct/update  the U-OMIB 

6. Estimate the CCT and construct 

the C-OMIB

5. Calculate the trajectory 

sensitivities at tu

All stable? 

7. Formulate 

stabilization 

constraint (27)

no

End yes

TOAT library OPF solver TDS engine

Attach  to

 master problem

Data 

input

Evoke a 

software

Computation 

flow

Computation Efficiency Analysis
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• Single Stability Constraint: 
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Robust TSC-OPF with uncertain Wind Power [8] 

OMIB angle trajectories for C1 under l1

Trajectory sensitivities of synchronous machine’s output to 

OMIB angle

Simulation Results on New England 39-bus System 

[8] 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 1st paper for TSCOPF with wind power uncertainty.
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Robust TSC-OPF with uncertain Wind Power [8] 

Simulation Results on New England 39-bus System 

Quasi-linearity between stability margin and key parameters

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 



38

Robust TSC-OPF with uncertain Wind Power [8] 

Simulation Results on Nordic32 system 
Extremely 

unstable 

Alternative stability margin 

also withholds quasi-linearity 
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• Aim: preventively redispatch the power system for compensating wind power variation

39

Preventive Transient Stability Control against Wind Power Variation [9] 

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

• 𝛥𝑃𝑔𝑖 = −
ത𝑃𝑔𝑖

෍
𝑖=1

𝑛
ത𝑃𝑔𝑖

⋅ 𝛥𝑃

2. By all synchronous machines according to their 
inertia:

•𝛥𝑃𝑔𝑖 = −
𝑀𝑖

෌
𝑖=1

𝑛
𝑀𝑖

⋅ 𝛥𝑃

3. By all synchronous machines evenly:

•𝛥𝑃𝑔𝑖 = −
𝛥𝑃

𝑛

4. By critical machines and non-critical machines:

•

𝛥𝑃𝑐𝑔𝑟 = −
ത𝑃𝑐𝑔𝑟

෍
𝑟∈𝐶

ത𝑃𝑐𝑔𝑟

⋅ 𝛥𝑃 𝛥𝑃 ≥ 0

𝛥𝑃𝑛𝑔𝑞 = −
ത𝑃𝑛𝑔𝑞

෍
𝑞∈𝑁

ത𝑃𝑛𝑔𝑞

⋅ 𝛥𝑃 𝛥𝑃 ≤ 0

𝛥𝑃 = − ෍

𝑖=1

𝑛

𝛥𝑃𝑔𝑖 = ෍

𝑗=1

𝐾

𝛥𝑃𝑤𝑗

Balancing

The total change of the wind power will be

compensated by synchronous generators
possible 

strategies
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Trajectory Sensitivity of a Dynamic System  

[23] I. A. Hiskens and M. A. Pai, "Trajectory sensitivity analysis of

hybrid systems," IEEE Trans. Circuits and Systems I: Fundamental

Theory and Applications, 2000.
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Trajectory Sensitivity of New England System with Wind Power Variation 

Stability margin VS. wind power output 

• High sensitivity represents efficient and potent wind 

power balancing strategy

• Strategy 4 is the most efficient → compensated by 

critical machines and non-critical machines

Contingency Fault bus Clearance Tripped line

C1 Bus 21 0.16s Line 21-22

C2 Bus 29 0.10s Line 29-26

Strategy C1 C2

1 2534.7 326.1

2 2188.4 193.5

3 2042.7 202.4

4 5609.2 1894.4

Sensitivity of different strategies𝜙 =
𝛥𝜂

𝛥𝑃

H. Yuan, Y. Xu, et al, “Sensitivity analysis of transient stability for power systems

with high level wind power,” 11th IET Conf. APSCOM, 2018.
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Preventive Transient Stability Control against Wind Power Variation [9] 

• Based on trajectory sensitivity analysis, the wind power balancing by CM and NM

is the most efficient.

• According to trajectory sensitivity, CM and NM can be recognized by its negative

and positive value.

• Hence, preventive control (PC) can be applied by the recognized CM and NM.

Proposed Preventive Redispatch Framework 

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

min 𝐶𝑝 = ෍

𝑖

𝑁𝐺

𝑎𝑘𝑃𝐺𝑘

2 + 𝑏𝑘 𝑃𝐺𝑘 + 𝑐𝑘

s.t.  𝛥𝑃𝐺𝑖 ≥ 0, 𝑖 ∈ 𝑆+     

𝛥𝑃𝐺𝑗 ≤ 0, 𝑗 ∈ 𝑆−       

σ𝑘 𝛥𝑃𝐺𝑘 + 𝛥𝑃𝑤 = 0, ∀𝑘 ∈ 𝑆− ∪ 𝑆+      

𝛥𝜂 + 𝜂0 ≥ 0                 

𝑃𝐺𝑘
min ≤ 𝑃𝐺𝑘

0 + 𝛥𝑃𝐺𝑘 ≤ 𝑃𝐺𝑘
max

Positive sensitivity

Negative sensitivity

)𝛥𝜂 = 𝑢(𝛥𝑃𝐺𝑘                   

0 ≤ 𝛥𝑃𝐺𝑘 ≤ 50 ෌
𝑘

𝛷𝑘(𝜂, 𝑃𝐺𝑘)𝛥𝑃𝐺𝑘 + 𝜂0 ≥ 0      

𝛥𝜂 = ෌
𝑘

𝑁𝐺 )𝛷𝑖(𝜂, 𝑃𝐺𝑘 𝛥𝑃𝐺𝑘      

𝛷 𝑥0, 𝑡, 𝜆 =
𝜙 𝑥0,𝑡,𝜆+𝛥𝜆 −𝜙 𝑥0,𝑡,𝜆

𝛥𝜆
   

𝛷(𝜂, 𝜆) ⋅ 𝛥𝜆 = 𝛥𝜂Wind power 

balancing

Generation limit

Transient stability 

constraint

Linearization of transient stability 

constraints

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

Computational 

Flowchart

Wind power 

generator model

Contingency Set for New England 39-bus system 



Gens Base Before After

G30 239.5 250.4 241.4

G31# 560.9 583.5 567.5

G32* 650 600 600

G33 624 647.4 654.5

G34 504.1 524.4 524.2

G35 644.9 668.4 665.9

G36 553 576.4 576.7

G37* 540 490 490

G38 822.4 850.5 872.4

G39* 1000 950 950

Wind variation 0 -150 -150

Stability margin 1.18 -22.69 12.86

Preventive Transient Stability Control against Wind 
Power Variation [9] 

• Results: Single-contingency

Rotor angle trajectories for C1: (a) unstable (before optimization); 

(b) stable (after optimization)

(a) (b)

Pe-OMIB angle plane for C1: (a) unstable (before optimization); 

(b) stable (after optimization)

(a) (b)

Generation output (MW) at base operating point, before 

and after optimization with wind variation for C1 

• Contingency 1 is applied

• CM is G31

• Reduce G31 generation to improve transient 

stability 



Generator G30 G31 G33 G34 G35 G36 G38

C1:Sensitivity 6.359 0 1.385 1.36 1.398 1.39 1.355

C2:Sensitivity 0.2295 0 0.0145 -0.0158 -1.947 -1.3315 0.228

Gens Base Before After
G30 239.5 254.1 289.5

G31# 560.9 591.1 612.9
G32* 650 583.3 583.3
G33 624 655.2 674
G34 504.1 531.2 504.1
G35 644.9 676.2 644.9
G36 553 584.2 553
G37* 540 473.3 473.3
G38 822.4 859.9 872.4
G39* 1000 933.3 933.3
Wind 

variation
0 -200 -200

Stability 
margin

45.26 -37.8 48.85

Rotor angle trajectories for C2: (a) unstable (before optimization); (b) 

stable (after optimization)

(a) (b)

Sensitivities of seven synchronous generators for C1 and C2

Generation output (MW) at base operating point, before 

and after optimization with wind variation for C2 

• Contingency 2 is applied

• CM is G35 and G36

• Reduce G35 and G36 

generation for stabilization 

Preventive Transient Stability Control against Wind 
Power Variation [9] 

• Results: Single-contingency



Gens Before After
G30 250.4 298.2

G31# 583.5 480.5
G32* 600 600
G33 647.4 668.8
G34 524.44 566.85
G35 668.37 657.43
G36 576.4 569.3
G37* 490 490
G38 850.5 862.6
G39* 950 950
Wind 

variation
-150 -150

Stability 
margin

-22.7(C1)
-5.71(C2)
9.07(C3)

64.19(C1)
24.38(C2)
0.01(C3)

Generation output (MW) and wind variation (MW) for 

multi-contingency before and after optimization

Rotor angle trajectories for multi-contingency before optimization: (a) C1; (b) C2

(a) (b)

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.

• Results: Multi-contingency

Preventive Transient Stability Control against Wind 
Power Variation [9] 



Pe-OMIB angle plane for C2 with the step size of 5MW and 40MW The stability margin VS step size for contingency 1

• 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 5MW and re-perform

the proposed approach. the final stability margin is

reduced to 36.78.

• 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.

❖ Results: control accuracy

Preventive Transient Stability Control against Wind 
Power Variation [9] 



Preventive 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  

Corrective control (CC)

short-term cost is very high,

but long-term cost is low since

the probability of fault is low.

Preventive control (PC)

Short-term cost is low but
long-term cost is high since it
is continuously implemented.

Cost

Proposed framework for coordination of PC and CC

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.



𝑅 = ෍

𝑘=1

𝑁𝑐

)𝑝𝑘 × (−𝜂𝑘 )𝜂𝑘 = 𝑧(𝜂𝑘0

• Mathematical model: Bi-level two-step optimization

Upper level

min
𝜏

𝐶 = 𝐶𝑝 + 𝐶𝑐

𝑠. 𝑡. − 1 ≤ 𝜏 ≤ 0

Preventive control (First step)

min
𝛥𝑃𝐺𝑖

𝐶𝑝 = ෍

𝑖

𝑁𝐺

𝑎𝑖𝑃𝐺𝑖

2 + 𝑏𝑖 𝑃𝐺𝑖 + 𝑐𝑖

𝑠. 𝑡. 𝑃𝐺𝑖 = 𝑃𝐺𝑖
0 + 𝛥𝑃𝐺𝑖

𝑃𝐺𝑖 + ෨𝑃𝑊𝑖 − 𝑃𝐷𝑖 = 𝑉𝑖 ෍
𝑗=1

𝑁𝐵

൯𝑉𝑗(𝐺𝑖𝑗𝑐𝑜𝑠𝜃𝑖𝑗 + 𝐵𝑖𝑗𝑠𝑖𝑛𝜃𝑖𝑗

𝑄𝐺𝑖 + ෨𝑄𝑊𝑖 − 𝑄𝐷𝑖 = 𝑉𝑖 ෍
𝑗=1

𝑁𝐵

൯𝑉𝑗(𝐺𝑖𝑗𝑐𝑜𝑠𝜃𝑖𝑗 − 𝐵𝑖𝑗𝑠𝑖𝑛𝜃𝑖𝑗

෍

𝑖

𝑁𝐺

𝛥𝑃𝐺𝑖 = 0

𝑃𝐺𝑖
min ≤ 𝑃𝐺𝑖 ≤ 𝑃𝐺𝑖

max, 𝑖 = 1,2, . . . , 𝑁𝐺

𝛥𝑅 + 𝜏𝑅0 ≤ 0

𝛥𝑅 = ෍

𝑘=1

𝑁𝑐

−𝛥𝜂𝑘 ∗ 𝑝𝑘

)𝛥𝜂𝑘 = 𝑢(𝛥𝑃𝐺𝑖

Corrective control (Second step)

𝑓𝑜𝑟 𝑘, min
𝛥𝑃𝐷𝑖

𝐶𝑐 = ෍

𝑗=1

𝐻

. ෍

𝑖=1

𝑁𝐷

൯𝑝 × 𝑐𝐷𝛥𝑃𝐷𝑖(𝑙𝑗

𝑃𝑒𝑖
𝑡 + ෨𝑃𝑊𝑖 − 𝑃𝐷𝑖

𝑡 = 𝑉𝑖
𝑡 ෍

𝑗=1

𝑁𝐵

൯𝑉𝑗
𝑡(𝐺𝑖𝑗𝑐𝑜𝑠𝜃𝑖𝑗

𝑡 + 𝐵𝑖𝑗𝑠𝑖𝑛𝜃𝑖𝑗
𝑡

𝑄𝑒𝑖
𝑡 + ෨𝑄𝑊𝑖 − 𝑄𝐷𝑖

𝑡 = 𝑉𝑖
𝑡 ෍

𝑗=1

𝑁𝐵

൯𝑉𝑗
𝑡(𝐺𝑖𝑗𝑐𝑜𝑠𝜃𝑖𝑗

𝑡 − 𝐵𝑖𝑗𝑠𝑖𝑛𝜃𝑖𝑗
𝑡

𝑃𝐷𝑖 ≥ 𝛥𝑃𝐷𝑖 ≥ 0

𝛥𝜂 + 𝜂0 ≥ 0

)𝛥𝜂 = 𝑣(𝛥𝑃𝐷𝑖

Lower level 

Risk index Uncertainty modelling

Compact model

min
𝑥𝑢∈𝑋𝑈,𝑥𝑙∈𝑋𝐿

𝐹(𝑥𝑢, 𝑥𝑙 , ෥𝑤)

𝑠. 𝑡. 𝐺𝑚 = (𝑥𝑢, 𝑥𝑙 , ෥𝑤) ≤ 0,

𝑚 = 1, . . . , 𝑀 𝑢𝑝𝑝𝑒𝑟 𝑙𝑒𝑣𝑒𝑙
𝑥𝑙 ∈ argmin

𝑥𝑙∈𝑋𝐿

{𝑓1(𝑥𝑢, 𝑥𝑙 , ෥𝑤)，𝑓2(𝑥𝑢, 𝑥𝑙 , ෥𝑤):

ሽ𝑔𝑛(𝑥𝑢, 𝑥𝑙 , ෥𝑤) ≤ 0, 𝑛 = 1, . . . , 𝑁

𝑙𝑜𝑤𝑒𝑟 𝑙𝑒𝑣𝑒𝑙

Risk constraint 

Stability 

constraint 

Preventive and corrective coordinated transient 
stability dispatch against uncertain wind power [10]

Coordination variable



𝛥𝜆 =
𝛥𝜂

)𝛷(𝜂, 𝜆

𝛥𝜂𝑘 = ෍

𝑖

𝑁𝐺

)𝛷𝑖(𝜂, 𝑃𝐺𝑖 𝛥𝑃𝐺𝑖

෍

𝑘=1

𝑁𝑐

. − ෍

𝑖

𝑁𝐺

)𝛷𝑖(𝜂, 𝑃𝐺𝑖 𝛥𝑃𝐺𝑖

𝑘

∗ 𝑝𝑘 ≤ 𝜏𝑅0

𝛥𝜂 = ෍

𝑖

𝑁𝐷

)𝛷𝑖(𝜂, 𝑃𝐷𝑖 𝛥𝑃𝐷𝑖

෍

𝑖

𝑁𝐷

𝛷𝑖(𝜂, 𝑃𝐷𝑖)𝛥𝑃𝐷𝑖 + 𝜂0 ≥ 0

Testing
scenarios

Variable levels

෥𝐰𝟏 ෥𝐰𝟐 ෥𝐰𝟑

𝑙1 1 1 1

𝑙2 1 2 2

𝑙3 2 1 2

𝑙4 2 2 1
𝜂𝑘 =

1

𝐻
෍

𝑖=1

𝐻

)𝜂𝑘(𝑙𝑖

• Solution algorithm

Testing scenarios determined of OA L_4(2^3)

Illustration of the golden section search

Risk constraint

Linearization of risk and stability 

constraints

Stability constraint

𝛥𝑅 ≤ 𝜏𝑅0

𝛥𝑅 = ෍

𝑘=1

𝑁𝑐

−𝛥𝜂𝑘 ∗ 𝑝𝑘

𝛥𝜂 + 𝜂0 ≥ 0

Golden section search is 

to search risk coordination 

variable 

→ simple and efficient for 

unimodal optimization 

𝜏

• TOAT is to model the

uncertainty of wind power

• Representative scenarios

are modelled

• Transient stability margin

under all scenarios can be

calculated:

Uncertainty modelling-TOAT algorithm:

Mathematical model solving-golden section search:

Preventive and corrective coordinated transient 
stability dispatch against uncertain wind power [10]



Base operating point (OPF)

Termination 
condition meets

No

Yes

Calculate the total 
coordination cost C1, C2 by 

use of 𝜏1,𝜏2

Optimal solution obtain with 
respect to 𝜏𝑏𝑒𝑠𝑡

First step: PC
Solve min (8) 
s.t. (9)-15)

Decision Vector: generation 
rescheduling  ∆𝑃𝐺𝑖

Second step: CC
Solve min (16)
s.t. (17)-(20)

Decision Vector : load 
shedding amount ∆𝑃𝐷𝑖

Transient 
stable?

TSA

Solve min (6):
s.t. (7)

Decision Vector: 𝜏

END

C1, C2 

𝜏1,𝜏2

No

Yes

EEAC

Trajectory 
sensitivity

Uncertainties

G
o

ld
en

 s
ec

ti
o

n
 m

et
h

o
d

Upper level Lower  level

Updated the parameter a, b

Data 

input

Solution 
algorithm

Computation

flow

Legend

• Computation process

Flowchart of the proposed method

Remarks:

• CC may be not needed as the 

PC alone is adequate to 

stabilize the system. In this 

case the cost of CC is zero

• C1 and C2 are the total 

coordination cost for PC and 

CC with respect to 𝜏1 and 𝜏2

Contingency 
ID

Fault bus Fault 
clearance

Tripped 
line

#1 29 0.1 29-26
#2 28 0.1 28-26
#3 28 0.1 28-29

Contingency set

Preventive and corrective coordinated transient 
stability dispatch against uncertain wind power [10]



Contingency 𝜏 Amount of load 
shedding (MW)

PC cost ($) CC cost ($) Total 
coordination 

cost ($)
#1 -1 ∆𝑃𝐷12=7.5,

∆𝑃𝐷39=69
39256.3 77.5 39332.8^

#2 -0.38 N/A 39190.7 0 39190.7
-0.187 ∆𝑃𝐷12=6.0 39177.9 6 39183.9^

#3 -0.907 ∆𝑃𝐷12=7.5,
∆𝑃𝐷39=0.61

39243.9 8.1 39252^

Generator G30 G31# G32* G33 G34
𝑷𝑮 239.5 560.9 650.0 624.0 504.1

Generator G35 G36 G37* G38 G39*
𝑷𝑮 644.9 553.0 540 822.4 1000.0

Total cost 39173.9$/Hr

Generator G30 G31# G32* G33 G34
𝑷𝑮 235.4 552.3 650.0 639.1 513.8

Generator G35 G36 G37* G38 G39*
𝑷𝑮 651.2 563.6 540 793.2 1000.0

Total cost 39190.7$/Hr

Robust Generation Dispatch for #2

• Results: gen redispatch and load shedding Base case dispatch

Generation rescheduling and load shedding for three contingencies

✓ Conclusion:

Corrective control may not be needed to

improve the stability since preventive

control is enough, but the min cost comes

from optimal coordination of PC and CC.

• The base case cost is 39173.9 $/Hr;

• For #2, The system is stabilized with both -0.38 and -

0.187 risk coordination parameters;

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

The total is 39190.7 $/Hr, which is only 0.043%

higher;

• However, the optimal cost happens when 𝜏 is -0.187,

which is 39183.9 $/Hr, i.e., only 0.025% increment on

the cost can improve the transient stability

Preventive and corrective coordinated transient 
stability dispatch against uncertain wind power [10]



Robustness dgree: 𝛾 =
𝑀𝑠

𝑀
× 100%

Contingency C1 C2 C3

Stability margin -71.6 -16.5 -68.3

Robustness 0% 0% 0%

Stability margin for base case

Fault 
Scenarios

C1 C2 C3

𝒍𝟏 14.05 13.2 15.53
𝒍𝟐 1.59 0.36 0.41
𝒍𝟑 2.15 1.00 1.27
𝒍𝟒 5.01 3.22 3.96

Robustness 98.1% 93.3% 93%

Fault 
Scenarios

C1 C2 C3

𝒍𝟏 13.95 41.14 26.6
𝒍𝟐 1.5 35.51 16.08
𝒍𝟑 2.07 35.73 16.7
𝒍𝟒 4.89 37.12 18.92

Robustness 98% 100% 100%

• Results: robustness checking

Quantify the robustness of the solutions under 

uncertainties of wind power variation

The system is unstable and the robustness is very low for 

the base case

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

Multi-contingencySingle contingency

The solution can achieve a high robustness (higher than 90%) against wind 

uncertainty for both single contingency case and multi-contingency case

Preventive and corrective coordinated transient 
stability dispatch against uncertain wind power [10]



• Results: observations from OMIB plane

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;

Preventive and corrective coordinated transient 
stability dispatch against uncertain wind power [10]



• Results: solution optimality and speed

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

• 𝜏 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.

• PC cost monotonously decreases and CC cost

monotonously increases with the increment of

𝜏. The 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.

Preventive and corrective coordinated transient 
stability dispatch against uncertain wind power [10]



Fault 
Scenarios

C1 C2 C3

𝒍𝟏 14.05 13.2 15.53
𝒍𝟐 1.59 0.36 0.41
𝒍𝟑 2.15 1.00 1.27
𝒍𝟒 5.01 3.22 3.96

Robustness 98.1% 93.3% 93%

Robustness of the solution

Preventive 
control

Cost

Emergency 
control

In our previous works:

• Coordination is realized

• Cost efficiency is verified

However, the robustness of solutions is not 100% stable 

against wind power variation, i.e., only partial robustness is 

achieved. 

Robust optimization is to find the worst-case scenario of

uncertainties and aims to ensure full robustness against

uncertainties.

Therefore, to achieve fully robust stability of

power system against wind power variation, a two

stage robust optimization model is proposed:

Fully robustness

[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 1st truly robust optimization method for TSCOPF with wind power uncertainty.

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

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



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

Detailed model

Uncertainty Set

Compact model

min
𝑥

max
𝑢∈𝑈

min
𝑦∈∅𝑘(𝑥,𝑢)

𝐶𝐺(𝑥) + 𝐶𝐿𝑆(𝑦)

𝑠. 𝑡. 𝑔0(𝑥, 𝑦0, 𝑢) = 0

ℎ0(𝑥, 𝑦0, 𝑢) ≤ 0

∅𝑘(𝑥, 𝑢)

=
𝑦: 𝑔𝑘(𝑥, 𝑦𝑘 , 𝑢) = 0,
ℎ𝑘(𝑥, 𝑦𝑘 , 𝑢) ≤ 0, 𝜂𝑘(𝑥, 𝑦𝑘 , 𝑢) ≥ 𝜎

min
𝑃𝐺

max
෨𝑃𝑤

min
𝑃𝐿

𝐶𝐺 + 𝐶𝐿𝑆

𝑠. 𝑡. 𝐶𝐺 = ෍

𝑖

𝑁𝐺

𝑎𝑖𝑃𝐺𝑖
2 + 𝑏𝑖𝑃𝐺𝑖 + 𝑐𝑖

𝐶𝐿𝑆 = ෍

𝑖

𝑁𝐷

𝑝𝑘𝐶𝐿𝑆,𝑂𝑃𝐿𝑖

𝑃𝐺𝑖
𝑡 + ෨𝑃𝑤𝑖

𝑡 − 𝑃𝐷𝑖
𝑡 = 𝑉𝑖

𝑡 ෍
𝑗=1

𝑁𝐵

𝑉𝑗
𝑡 𝐺𝑖𝑗 𝑐𝑜𝑠 𝜃𝑖𝑗

𝑡 + 𝐵𝑖𝑗 𝑠𝑖𝑛 𝜃𝑖𝑗
𝑡  

𝑄𝐺𝑖
𝑡 + 𝑄𝑤𝑖

𝑡 − 𝑄𝐷𝑖
𝑡 = 𝑉𝑖

𝑡 ෍
𝑗=1

𝑁𝐵

𝑉𝑗
𝑡 𝐺𝑖𝑗 𝑐𝑜𝑠 𝜃𝑖𝑗

𝑡 − 𝐵𝑖𝑗 𝑠𝑖𝑛 𝜃𝑖𝑗
𝑡  

where 𝑡𝜖[0, 𝑇]

𝑄𝑤𝑖
𝑡 = ෨𝑃𝑤𝑖

𝑡 tan( cos
−1

𝛿), 𝑡 ∈ [0, 𝑇]

𝑄
𝑤𝑖

min𝑤𝑖
𝑡

𝑤𝑖

max

min max

min max

min max

min max

, 1, 2,...,

, 1, 2,...,
[0, ]

, 1, 2,...,

, 1, 2,...,

t

Gi Gi Gi G

t

Gi Gi Gi G

t

i i i B

t

i i i L

P P P i N

Q Q Q i N
t T

V V V i N

L L L i N

   =


  =


  =
   =

൝
𝑃𝐷𝑖

𝑡 = (𝑃𝐷𝑖
0 − 𝑃𝐿𝑖)

𝑄𝐷𝑖
𝑡 = (𝑄𝐷𝑖

0 − 𝑄𝐿𝑖)
𝑡 ∈ [0, 𝑇]

𝑃𝐷𝑖
0 ≥ 𝑃𝐿𝑖 ≥ 0

𝑄𝐿𝑖 = 𝑃𝐿𝑖 tan( cos
−1

𝜗)

𝜊𝑘(𝑃𝐺 , 𝑃𝐿) ≥ 𝜎

Second stage

Stability constraints

First stage

• Generation dispatch is first stage, 

modelled in an OPF;

• Emergency load shedding is 

second stage;

• Stability constraint is a function of 

generation and load shedding;

• Uncertainty is modelling by the 

uncertainty set;

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

𝜇𝑤,𝑙and 𝜇𝑤,𝑢 limit the overall

uncertainty degree of the

total wind power outputs, i,e.,

overall possible realization of

wind power output at

different locations is limited



• Stability constraint construction

Recall of trajectory sensitivity
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Transient stability constraint construction

𝜂𝑘(𝑃𝐶, 𝐸𝐶, Δ𝑃𝑤) = 𝜂𝑘
𝑃𝐶 + Δ𝜂𝑘

Δ𝑃𝑤 + Δ𝜂𝑘
𝐸𝐶 ≥ 𝜎

Δ𝜂𝑘
Δ𝑃𝑤 = 𝑓1(Δ ෨𝑃𝑤)

Δ𝜂𝑘
𝐸𝐶 = 𝑓2(𝑃𝐿𝑖)

෍

𝑖

𝑁𝐺

Δ𝑃𝐺𝑖 = − ෍

𝑖

𝑁𝑊

Δ ෨𝑃𝑤𝑖 = −Δ ෨𝑃𝑤

Δ𝑃𝐺𝑖 = −𝜅𝑖Δ ෨𝑃𝑤𝑖 = 1,2,3. . . . 𝑁𝐺
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• Function 1 and function 2 

is related to the wind 

power and load shedding, 

respectively;

• Wind power is balanced 

by synchronous 

generation with an AGC 

factor

• By trajectory sensitivity, 

stability constraints is 

constructed by linear 

form;

Final linear form of stability constraint

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



• Solution approach

min
𝑥

max
𝑢∈𝑈𝑤

min
𝑦

𝑎𝑥2 + 𝑏𝑥 + 𝑐 + 𝑑𝑇𝑦

𝑠. 𝑡.   𝐴𝑥 + 𝐵𝑢 = 𝑏

𝐹𝑥 ≤ 𝑓

𝐺𝑦 ≤ 𝑔

𝑈(𝑥)𝑦 + 𝑉(𝑥)𝑢 ≤ 𝑒
𝑦 ≥ 0

𝑢 ∈ 𝑈𝑤

min
𝑥

𝑎𝑥2 + 𝑏𝑥 + 𝑐 + 𝜃

𝑠. 𝑡. 𝐴𝑥 + 𝐵𝑢𝑙
∗ = 𝑏

𝐹𝑥 ≤ 𝑓

𝜃 ≥ 𝑑𝑇𝑦𝑙

𝐺𝑦𝑙 ≤ 𝑔

𝑈(𝑥)𝑦𝑙 + 𝑉(𝑥)𝑢𝑙
∗ ≤ 𝑒∀𝑢𝑙

∗ ∈ 𝑆𝑙

𝑦𝑙 ≥ 0

𝑆(𝑢, 𝑥∗) = max
𝑢

min
𝑦

𝑑𝑇𝑦

𝑠. 𝑡. 𝐺𝑦 ≤ 𝑔

𝑈(𝑥∗)𝑦 + 𝑉(𝑥∗)𝑢 ≤ 𝑒

𝑦 ≥ 0

𝑢 ∈ 𝑈𝑤

𝑅(𝑥) = max
𝑢∈𝑈,𝜆,𝜌

− 𝜆𝑔 + 𝜌𝑇(𝑉𝑢 − 𝑒)

𝑑𝑇 + 𝐺𝑇𝜆 + 𝑈𝑇𝜌 ≥ 0, 𝜆 ≥ 0, 𝜌 ≥ 0

TSRO matrix model

Master problem Sub-problem

➢ The min-max-min problem is 

decomposed to a master problem 

and a sub-problem.

➢ R(x) is a NP-hard problem due to the 

bilinear term “𝜌𝑇𝑉𝑢”.

➢ OA (outer approximation) algorithm 

is used to solve the bilinear problem.

Strong Duality:        min max

Column and Constraint Generation (CC&G)

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



• Computation process

• The modified C&CG algorithm has two

iteration loops:

1) Outer loop: conventional C&CG iteration

between the master problem and the sub-

problem

2) Inner loop: stability checking iteration in

the subproblem

Contingency ID Fault bus Fault 
clearance

Tripped line

C1 22 0.25 s 22-23
C2 29 0.10 s 26-29
C3 26 0.15 s 26-28

Contingency set for New England 39-bus System 

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



• Results: operation solution

Rotor-angle curve under initial case Rotor angle curve under worst-case without ELS

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

Four figures are the rotor angle curves for C3:

• The system is unstable under base case (-3.19);

• The system becomes more unstable under 

worst-case without emergency control (-38.89);

• The system becomes stable with emergency 

control (27.0) under the worst case;

• The system is more stable under a non-worst 

case with emergency control (58.0);

• The emergency control is effective and the worst-

case is found.

Contingency 
ID

Amount of load shedding (MW)

C1 PL15=154.8
C2 PL25=141.4 PL26=139 PL27=281
C3 PL25=72.6 PL26=139 PL27=281

Load shedding amount with 0.9-1.1 uncertainty budget

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



Method Proposed method Deterministic

Uncertainty budget pair 1 2 3 N. A

𝜇𝑤,𝑙 0.95 0.9 0.85
𝜇𝑤,𝑢 1.05 1.1 1.15

Total cost under worst 
case ($/Hr)

40969.9 44323 51247 39173.9

Stability robustness 
degree check (%)

MCS Group 1: ±5% ෨𝑃𝑤
𝑝𝑟

100% 100% 100% 100%

MCS Group 2: ±10% ෨𝑃𝑤
𝑝𝑟

99.4% 100% 100% 99.4%

MCS Group 3: ±15% ෨𝑃𝑤
𝑝𝑟

91.4% 97.3% 100% 91.4%

Method Proposed method Deterministic

Uncertainty budget pair 1 2 3 N. A

Total cost under worst case 
($/Hr)

44317 48388 53598 40708.91

Stability robustness degree 
check (%)

MCS Group 1: ±5% ෨𝑃𝑤
𝑝𝑟

100% 100% 100% 54.5%

MCS Group 2: ±10% ෨𝑃𝑤
𝑝𝑟

97.9% 100% 100% 49.9%

MCS Group 3: ±15% ෨𝑃𝑤
𝑝𝑟

86.7% 100% 100% 50.1%

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

• Results: robustness check

Contingency C1 C2 C3
Stability margin 27.27 -21.49 -3.19

Robustness 91.4% 17.4% 43.3%

Stability margin for base case

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

Solutions with largest uncertainty budget pair can achieve 100% stability robustness against wind power uncertainty

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

Robustness dgree: 𝛾 =
𝑀𝑠

𝑀
× 100%

Quantify the robustness of the solutions under 

uncertainties of wind power variation



Rotor-angle curve under initial case for Nordic system
Rotor-angle curve under worst-case without 

ELS for Nordic System

Rotor angle curve under worst-case with ELS for 

Nordic System

• Results: Nordic 32 test system 

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)

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



Calculations Cases TDS Stability 
margin

Trajectory sensitivity Solver time 
of master 
and sub-
problem

Iteration 
No.

Total 
programmi

ng timeGen Load

New-
England

C1 0.3s negligible 25s 39s 2s 6 278s
C2 4 176s
C3 2 101s

Nordic \ 0.7s negligible 53s 47s 1.3s 2 170s

Time consumption for different calculation tasks

Method Proposed method Deterministic

Uncertainty budget pair 1 2
N. A

𝜇𝑤,𝑙 0.85 0.95
𝜇𝑤,𝑢 1.15 1.05

Total cost under worst 
case ($/Hr)

246845.54 240553.59 235780.33

Stability robustness 
degree check (%)

MCS Group 1: ±5% ෨𝑃𝑤
𝑝𝑟

100% 100% 62.2%
MCS Group 2: ±15% ෨𝑃𝑤

𝑝𝑟

100% 99.9% 55.8%

Robustness check with different uncertainty budget pair of Nordic system

• Results

The robustness of the system is still 100% against wind

uncertainty with the largest uncertainty budget pair.

• Computational burden comes 

from the trajectory sensitivity 

calculation; 

• Meanwhile, the number of 

iterations also affect the 

computation time. 

Fully Robust Coordination of Generation Dispatch and 
Load Shedding against Instability with Wind Power [11]
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Our book on Stability-Constrained Optimization for 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, 

including: 

1) transient stability-constrained dispatch 

and operational control, and 

2) dynamic VAR resources placement for 

power system voltage stability 

enhancement.  

https://www.amazon.com/Stability-

Constrained-Optimization-Operation-Planning-

Systems/dp/1119848865 

https://www.wiley.com/en-

us/Stability+Constrained+Optimization+for+M

odern+Power+System+Operation+and+Plann

ing-p-9781119848868 

https://www.amazon.com/Stability-Constrained-Optimization-Operation-Planning-Systems/dp/1119848865
https://www.amazon.com/Stability-Constrained-Optimization-Operation-Planning-Systems/dp/1119848865
https://www.amazon.com/Stability-Constrained-Optimization-Operation-Planning-Systems/dp/1119848865
https://www.wiley.com/en-us/Stability+Constrained+Optimization+for+Modern+Power+System+Operation+and+Planning-p-9781119848868
https://www.wiley.com/en-us/Stability+Constrained+Optimization+for+Modern+Power+System+Operation+and+Planning-p-9781119848868
https://www.wiley.com/en-us/Stability+Constrained+Optimization+for+Modern+Power+System+Operation+and+Planning-p-9781119848868
https://www.wiley.com/en-us/Stability+Constrained+Optimization+for+Modern+Power+System+Operation+and+Planning-p-9781119848868
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Stability-Constrained Load Restoration 
Considering Multi-phase Cold Load Pickup Effects

[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.

Latest Research 

(To be introduced in future presentations)



Thank You!

© 2023 Yan Xu All Rights Reserved


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68

