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Abstract— This paper provide a methodology to restore 

transient stability. Its novelty consists in using the single 

machine equivalent (SIME) method to perform (and improve) 

two main important functions of  TSC-OPF approaches: first, 

SIME efficiently performs the power system transient 

stability analysis; second, SIME find out a stable one machine 

infinite bus equivalent rotor angular trajectory that is used as 

the  stability constraint, at one specific integration step. At 

each iteration of the TSC-OPF method, dynamic behavior of 

power system accurately reflect. Transient stability 

constraints are formulated by reducing the multi-machine 

model equivalent to a one-machine infinite-bus. This 

equivalent allows imposing angle bounds that ensure 

transient stability. The optimal power flow model is tested 

and analyzed using an illustrative nine-bus system. 
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I. INTRODUCTION 

Complexity of planning and operating modern power systems 

is continually increasing because of larger power transfers 

over longer distances, more difficult coordination, greater 

interdependence among interconnected systems, and 

complex interaction among various system controllers and 

less power reserves. These demands have forced systems to 

be operated closer to their dynamic security limits, such that 

instability has become a major problem for system operation. 

Security refers to the ability of the power system to withstand 

sudden disturbances with minimum loss of the quality of 

service [1]. 

  If DSA (Dynamic Stability Assessment) determines 

that transient instability could take place when the power 

system is subjected to a contingency, then control actions 

need to be designed and applied preventively in order to avoid 

a partial or complete service interruption. Among different 

preventive   measures, generation rescheduling has been 

considered to be one effective control tool to bring a unstable 

system into a secure state under transient stability constraints 

[2]. The idea is simple and intuitive but may produce high 

operating costs and possible discrimination among market 

players [3]. Bearing this in mind, and trying to reconcile the 

conflict between economics and dynamic security 

requirements in power system operation,  transient stability 

constraints are included into the optimal power flow (OPF) 

model [4], thus making transient stability-constrained OPF 

(TSC OPF) techniques. number of constraints is significantly 

reduced by using the reduced admittance matrix in [5]. 

TSC-OPF consists of two main steps. First, transient 

stability analysis is carried out to determine if the system is 

stable under a set of contingencies. In case a unstable 

contingency, simulation results are used to compute a set of 

stability constraints. Second, transient stability constraints are 

included into the optimal power flow model, which 

determines a new improved operating condition. Stability 

analysis is performed to check that the new operating 

condition has  been stabilized or not. This two-step is repeated 

iteratively until reaching a stable equilibrium point that 

satisfies transient stability constraints. 

The transient stability assessment is solved and the 

results obtained are used to determine a bound on the active 

power generation of a group of “critical machines” within the 

OPF problem [6]. The transient stability assessment can be 

done through a Simulink model. The time-domain simulation 

consider the full system dynamic model and consists in 

checking that inter-machine rotor angle deviations lie within 

a specific range of values[7]. The original multi-machine 

model to a two-machine model using the concept of Single 

Machine Equivalent (SIME). This two machine model is 

further reduced to a one-machine infinite-bus (OMIB) 

equivalent[8]. A deviation calculated through appropriate 

time-domain simulations is imposed on the angle of the single 

equivalent machine to ensure transient stability.  

II. SYSTEM MODEL AND TRANSIENT STABILITY CRITERION 

A. Synchronous Machine Model: 

In this paper, we use the classical model of the synchronous 

machine since it allows reducing the computational burden of 

the proposed approach while maintaining reliable results. 

Thus, the swing equations for the machine are represented by 

a constant emf behind a transient reactance [9]. 
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In (2), the mechanical power is considered constant, i.e., fast 

valving or generator power shedding are not considered. If 

the loads are approximated as constant impedances, the 

equivalent load admittance at bus n is and the original 

network can be transformed into an equivalent reduced 

network whose nodes are only the internal generator nodes 

[9]. The admittance matrix of the reduced network is called 

reduced admittance matrix and can be used to define the 

electrical power of the generators. Hence, the electrical power 

P ei  in (2) can be written as 
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The proposed formulation allows reducing the 

number of variables and constraints of the OPF model, 

because bus voltage magnitudes and phases as well as the 

equations of current injections at network buses are not 

needed in (4).  
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B. Transient Stability Criterion: 

The transient stability criterion used in this paper is based 

onthe SIME method [8]. SIME is a transient stability 

analysistechnique based on a simple but effective and well-

provedtechnique. For each step of the time-domain 

simulation, SIMEdivides the multi-machine system into two 

groups, 1) the groupof machines that are likely to lose 

synchronism (critical machines)and 2) all other machines 

(noncritical machines). Themaximum difference between 

two adjacent rotor angles, say, indicates the frontier between 

the two machine groups,as follows. All generators whose 

rotor angles are greater thanare part of the critical machine 

group, while all generators whoserotor angles are lower than 

are part of the noncritical machinegroup. These two groups 

are replaced by an OMIB equivalentsystem, whose transient 

stability is determined by means of theequal-area criterion 

(EAC). Finally, SIME establishes a set ofstability conditions 

based on the equivalent OMIB parametersand on the EAC. A 

detailed description of the SIME method isgiven in [8].If the 

simulation is unstable, SIME provides informationabout 

which are the critical machines, the time and therotor 

unstable angle for which the instability conditions 

arereached. Similarly, if a simulation is first-swing stable, 

SIMEprovides the time and the rotor return angle for which 

theOMIB equivalent meets the first-swing stability 

conditions. Weuse SIME criteria to define transient stability 

limits in the OPFproblem. 

III. TSC-OPF PROBLEM FORMULATION 

A. Objective Function: 

If the TSC-OPF is used as a dispatching tool, the objective 

function is 

     2 5F P P Pi i iG G Gi i ii G

   

  
Where, PGi is the active power generation of 

generator i  and , ,i i i   are its cost coefficient. 

The active generation powers PGi is defined as 
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Where A
PGi

  represents the base case active power of 

generator i . 

The power adjustment needs the following 

additional constraints: 
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B. Pre-contingency power flow equation as: 
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C. Technical Limit: 

The power production is limited by capacity of generator as 
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The bus voltage magnitude must be within operating limit 
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The current must be bellow thermal limit 
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D. Initial value of machine rotor angle, rotor speed and 

electromotive forces are: 
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Since, Pre-fault is a steady state condition 
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E. Discrete Swing Equation: 

The swing equation  1 and  2  are discretized using 

trapezoidal rule as 
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F. Transient stability limit 
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Where T is as small as possible to reduce computing 

time but larger than the instability time as defined by the 

SIME method. 

The equivalent rotor angle is computed as 
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F. Other constraints are: 

 25n N
n

      
 

 0. 26ref 
 



Transient Stability Constrained Optimal Power Flow 

 (IJSRD/Vol. 5/Issue 03/2017/071) 

 

 All rights reserved by www.ijsrd.com 281 

IV. PROCEDURE TO ENSURE TRANSIENT STABILITY 

Converting the whole time-domain simulation of the system 

transient stability model into a set of algebraic equations 

results in a very large number of equations to be included in 

an OPF. Solving such nonlinear OPF problem may require 

prohibitive computing times and prohibitive memory size, 

and may lead to convergence issues. To reduce the number of 

constraints, we use the reduced admittance matrix and 

constrain the OMIB equivalent trajectory only during the first 

swing of the system. The latter allows including the 

discretized transient stability equations (19)–(20) and (22) 

only for a few seconds after the fault occurrence. 

The proposed procedure is as follows. 

1) Base case solution. The base case solution can be 

obtained from an OPF problem without considering 

transient stability limit. 

2) Contingency analysis. The contingency analysis consists 

in identifying, from a set of credible contingencies, the 

ones that lead the system to instability. This 

identification is carried out by means of a time-domain 

simulation complemented by SIME using a technique 

similar to the one in [8]. For first-swing unstable 

contingencies, SIME provides the sets of critical and 

noncritical machines and the instability limit  u  for the 

OMIB equivalent. Equations (22) and (24) incorporate 

this information. 

 
Fig. 1: Flow Chart of Proposed Procedure 

1) Solve the TSC-OPF problem. The OPF problem 

described in Section III is solved and the new generating 

powers and bus voltages are computed. 

3) Check the new solution. A time-domain simulation that 

includes SIME is solved for the new operating point 

obtained at step 3. This simulation is necessary to check 

the transient stability of the new operating point. Three 

different cases can be encountered. 

 The system is stable and the procedure stops. 

 The system is first-swing unstable. This is due to the fact 

that the reduced admittance Y bus   used in the 

optimization problem has been calculated for the initial 

solution that exhibits different voltage values than the 

solution obtained at step 3 [see (3)]. Thus, the reduced 

admittance matrix is updated and the transient stability 

limit is fixed to the new value of u
. 

  The procedure 

continues at step 3.  

 The system is multi-swing unstable. In this case, the 

OMIB equivalent has a return angle r    in the first 

swing. However, after some cycles, the system loses 

synchronism. The return angle value r   is used to define 

the new transient stability limit max  .In order to avoid 

multi-swing phenomena, max  is set to r   .i.e.,

max  is fixed to a value smaller than r  . The value of 

the decrement     is defined based on a heuristic 

criterion. Finally, the reduced admittance matrix Y bus  is 

updated. The procedure continues at step 3. The 

flowchart depicted in Fig. 1 illustrates the proposed 

procedure. 

V. CASE STUDY 

This section present the result of case study based on the 

WECC nine-bus, three machine system. All simulation were 

carried out using MATLAB 10 [10]. For solving time-domain 

simulations we used PSAT  that has been modified to include 

SIME algorithm. Finally, TSC-OPF problem is solved using 

MATPOWER software. 

The whole simulation time is 5 s for time domain 

simulations, whereas discretized dynamic equations are 

included for the first 2s in the TSC-OPF problem. However 

performing time domain simulation over 5 s guarantees that 

the system does not undergoes multi-swing instability. 

Fig. 2: One line diagram of the WECC three machine 

system. 

A. WECC Nine Bus, Three Machine System: 

Fig. 2 shows the WECC three machine, nine bus system. The 

full dynamic data of this system can be found in [], while 

generator data and cost data [6] and  [matpower]. 

We use the proposed technique as a dispatching 

TSC-OPF : thus (5) is used as objective function. 

         Consider a three phase to ground fault occurs at bus 

7 and is cleared after 0.35 s by tripping line 7-5. The time step 
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used tn these case studiies is ∆𝑡 = 0.01 s. Following are the 

steps for preliminary calculations : 

1) The system base is choosen to be 100 MVA. All 

impedance data are given to this base. 

2) A load flow solution of a pre-transient netwoork can be 

obtained by Newton-Raphson method using PSAT 

software as 

Bus 
V 

[p.u] 

Phase 

[rad] 

P 

gen 

[p.u.] 

Q 

gen 

[p.u] 

P load 

[p.u] 

Q 

Load 

[p.u] 

Bus1 1.04 0 0.716 0.27 0 0 

Bus2 1.03 0.162 1.63 0.06 0 0 

Bus3 1.03 0.081 0.85 -0.1 0 0 

Bus4 1.03 -0.04 0 0 0 0 

Bus5 0.99 -0.07 0 0 1.25 0.5 

Bus6 1.01 -0.06 0 0 0.9 0.3 

Bus7 1.02 0.064 0 0 0 0 

Bus8 1.02 0.012 0 0 1 0.35 

Bus9 1.03 0.034 0 0 0 0 

Table 1: Power Flow Solution of WECC 3-Machine 9-Bus 

System 

From the above load flow result the mechanical 

power 𝑃𝑚 in pu of the generator is as follows : 

𝑃𝑚1= 0.716 p.u. 

𝑃𝑚2= 1.63 p.u 

𝑃𝑚3= 0.85 p.u 

The equivalent shunt admittances for the loads are 

given in pu of the generators is : 

�̅�𝐿5 = 1.2610 – j0.5044 

�̅�𝐿6 = 0.8777 – j0.2926 

�̅�𝐿8 = 0.9690 – j0.3391 

3) The internal voltages and their initial angle are given in 

pu is 

𝐸1∠𝛿10 = 1.0566∠2.2710 

𝐸2∠𝛿20 = 1.0502∠19.7315 

𝐸3∠𝛿30 = 1.0170∠13.1752 

Reduced admittance matrix before, during and after 

fault is: 

𝑌𝑏𝑓 = 

[0.88-3.037i  0.306+1.4798i  0.22+1.1947i 

0.305+1.4798i 0.432-2.752i   0.221+1.064i 

0.223+1.197i  0.221+1.064i  0.282-2.391i]; 

Enter faulted bus No. : 7 

Faulted reduced bus admittance matrix 

𝑌𝑑𝑓 = 

[0.675-3.86i     0              0.075+0.6226i 

0      0-5.485i    0 

0.075+0.622i  0               0.175-2.804i]; 

Enter the bus to bus Nos. of line to be removed : [5  7] 

Postfault reduced admittamce matrix 

𝑌𝑎𝑓 = 

[1.186-2.366i  0.139+0.684i 0.195+1.038i 

0.139+0.684i   0.384-2.04i    0.198+1.183i 

0.195+1.038i   0.198+1.183i 0.273-2.374i]; 

Thus, the electrical power can be calculated for 

1) Machine 1  

 Before fault 

𝑃𝑒1 = 0.9171∠-55.09 

 During fault 

 𝑃𝑒1 = 0.148∠-60.06 

 After fault 

𝑃𝑒1 = 0.576∠-53.01 

2) Machine 2 

 Before fault 

𝑃𝑒2 = 0.827∠50.20 

 During fault 

𝑃𝑒2 = 0 

 After fault 

𝑃𝑒2 = 0.6456∠37.24 

3) Machine 3 

 Before fault 

𝑃𝑒3 = 0.443∠12.99 

 During fault 

𝑃𝑒3 = 0.148∠60.06 

 After fault 

𝑃𝑒3 = 0.4211∠11.26 

VI. ITERATION PROCEDURE 

A. Base Case: 

The base case solution can be obtained from the OPF 

problem. The OPF solution can be calculated by Newton-

Raphson method using MATPOWER software. 

Bus 
V 

[p.u] 

Phase 

[rad] 

P 

gen 

[p.u.] 

Q 

gen 

[p.u] 

P load 

[p.u] 

Q 

Load 

[p.u] 

Bus1 1.1 0 0.898 0.13 0 0 

Bus2 1.09 0.085 1.343 0 0 0 

Bus3 1.08 0.056 0.942 -0.2 0 0 

Bus4 1.09 -0.04 0 0 0.9 0.3 

Bus5 1.08 -0.06 0 0 1.25 0.5 

Bus6 1.01 -0.02 0 0 0.9 0.3 

Bus7 1.02 0.015 0 0 0 0 

Bus8 1.02 0.02 0 0 1 0.35 

Bus9 1.03 0.01 0 0 0 0 

Table 2: Base Case Optimal Power Flow Solution of WECC 

3-Machine 9-Bus System 

Objective function value = 5296.69 $/hr 

B. Contingency Analysis: 

The base case condition is first swing unstable for the 

contingency considered. The base case is unstable since rotor 

angle δ increases beyond the rotor angle 𝛿𝑢 = 100 degrees 

after 𝑡𝑢 = 0.45 s. Generator 2 and 3  compose the set of critical 

machines, whereas generator 1 as noncritical machine. Rotor 

angle trajectory can be depicted using centre of inertia (COI) 

of the system as a reference.  

 
Fig. 3: Unstable Rotor Angle 



Transient Stability Constrained Optimal Power Flow 

 (IJSRD/Vol. 5/Issue 03/2017/071) 

 

 All rights reserved by www.ijsrd.com 283 

4) Finaly, transient stability constrained are added into 

conventional OPF problem, we get TSC-OPF solution as 

Bus 
V 

[p.u] 

Phase 

[rad] 

P 

gen 

[p.u.] 

Q 

gen 

[p.u] 

P load 

[p.u] 

Q 

Load 

[p.u] 

Bus1 1.0 0 0.918 0.13 0 0 

Bus2 1.04 0.082 1.35 0 0 0 

Bus3 1.03 0.052 0.956 -0.2 0 0 

Bus4 1.08 -0.03 0 0 0.9 0.3 

Bus5 1.07 -0.05 0 0 1.25 0.5 

Bus6 1.02 -0.03 0 0 0.9 0.3 

Bus7 1.01 0.014 0 0 0 0 

Bus8 1.01 0.025 0 0 1 0.35 

Bus9 1.02 0.012 0 0 0 0 

Table 3:  Optimal Power Flow Solution of WECC 3-

Machine 9-Bus System 

Objective function value = 5396.89 $/hr 

 
Fig. 4: Stable Rotor Angle 

VII. CONCLUSION 

Transient stability-constrained optimal power flow(TSC-

OPF) can consider the static and dynamic constraints of the 

power system when optimizing the system variables. It has 

become a widely adopted scheme for power system control 

against blackouts triggered by transient instability. But due to 

the high non-linear of system dynamics, the solving of TSC-

OPF is very tricky.  

In this transient stability of a system will be restored. 

It is based on OPF model with transient stability constraints. 

This constraints are obtained from SIME method and ensure 

transient stability of system against disturbance such as faults 

on transmission line. An advantage of the proposed technique 

is the fact that additional details can be incorporated by taking 

into account alternative device models and/or adding 

different transient stability constraints. These modifications 

and their effects on the accuracy of the results will be 

investigated in future work on this topic. 
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