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ABSTRACT 
This paper describes a probabilistic framework for transient stability assessment (TSA) of power systems with high penetration 
of renewable generation. The critical generators and areas of the system are identified using a method based on hierarchical 
clustering. The proposed framework facilitates robust assessment of transient stability of uncertain power systems with reduced 
inertia.  
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INTRODUCTION 

 

This paper describes a probabilistic framework for transient stability assessment (TSA) of power systems 

with high penetration of renewable generation. The critical generators and areas of the system are identified using 

a method based on hierarchical clustering. The proposed framework facilitates robust assessment of transient 

stability of uncertain power systems with reduced inertia. 

In [1] and [2] the conditional probability approach is used, while [3] and [4] follow the Monte Carlo approach. 

Uncertainties related to transient stability of conventional power systems, such as system loading, fault 

location/duration, etc., have been most commonly considered in the past and the probability of system stable or 

unstable transient behaviour following a disturbance has been assessed [1]-[4].  

It has been acknowledged that the increasing participation of RES in power generation mix of the system 

could significantly affect its transient behaviour following the disturbance, due to: i) RES exhibit different 

dynamic behaviour than conventional synchronous generators; ii) the increasing amount of connected RES results 

in synchronous generators displacement either by de-loading or disconnection; iii) changing power flows in the 

network depending on RES availability, both temporal and spatial. It has not yet been clarified, let alone 

quantified, though to what extent each of these influences affects system transient behaviour [11]. In [8] a 

probabilistic transient stability constrained optimal power flow model is developed using the SIngle Machine 

Equivalent (SIME) method for transient stability analysis. In [6], [7] Monte Carlo time domain simulations are 

used for probabilistic TSA including wind uncertainty. 
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The main contributions of the paper are the following: i) The effect of both wind generators and PhotoVoltaic 

(PV) units along with the displacement of synchronous generators and network topology changes, on transient 

stability of the overall system, is investigated. ii) The occurrence of system instability caused by specific 

generators or groups of generators losing synchronism with the system is identified using a hierarchical clustering 

approach. iii) The probabilistic dynamic behaviour of each individual generator is identified by calculating several 

generator specific probabilistic indices. This can highlight different aspects of the effect of RES and network 

topology changes on the probabilistic behaviour of individual generators. iv) Statistical analysis along with the 

use of graphical methods of system wide and generator specific transient stability indices presented in the paper 

can provide input to development of special protection schemes.  

 

Proposed Framework: 

A probabilistic framework for transient stability assessment considering the uncertainties occurring in modern 

power systems is presented in Fig. 1. The use of data mining methods for the online identification of the dynamic 

behaviour of power systems usually requires the simulation of a large number of contingencies that are used in 

machine learning training procedures. This paper focuses on the offline procedure that utilizes the simulation data 

obtained from simulated disturbances during the training of DTs. The data from probabilistic Monte Carlo (MC) 

simulations can be used to characterize the system and individual generators’ dynamic behaviour.  

 
Fig. 1: Probabilistic Transient Stability Assessment framework 

 

A. Generation of Database of System Transient Responses After the uncertainties in loading and RES 

contribution to power generation have been accounted for, an Optimal Power Flow (OPF) problem is solved to 

determine the output of conventional generators. The dispatch obtained from OPF also determines the amount of 

disconnection of conventional generation and consequently system inertia reduction due to increased RES 

penetration. The rotor angles of each generator are stored as the output of simulations and used to study the 

dynamic behaviour of the system in a probabilistic manner. The whole procedure is repeated for different network 

topologies and/or amount of connected RES to study the impact of network topology changes and RES penetration 

on transient stability. 

The proposed framework offers full flexibility when accounting for relevant uncertain parameters. The 

sampling of uncertain factors can be done according to any probability distribution based on historical data, prior 

knowledge or forecast  [11] and solving the OPF problem can include any number of additional security 

constraints associated with RES, as proposed in [12]. 

 

 
Fig. 2: Flowchart illustrating the proposed methodology. 
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B. Identifying and Clustering Critical Generators: 

A hierarchical clustering method is applied to determine the groups of generators exhibiting instability in 

each simulated contingency. The impact of RES on transient stability can be investigated by observing changes 

in the probability of instability of the generators. The effect of added uncertainties and of the different dynamic 

behaviour of RES units on system stability is identified in this way. The impact of different network topologies 

on transient stability can be also identified in a similar manner. 

 

C. Transient Stability Indices: 

The four indices used are common transient stability indices, which can also constitute the base of more 

complex indices [13]-[14], and are defined by (1)-(4). All the indices are calculated from the simulated rotor angle 

responses δig(t), where i=1…Ns is the number of simulated contingencies and g=1…Ng the number of generators. 

Transient Stability Index (TSI) is an index considering the stability of the whole system for a specific 

contingency [15]. 

 
where δmax,i is the maximum rotor angle deviation between any two generators in the system for the same 

time instance, δig 0 is the initial rotor angle of each generator, Δωig is the speed deviation and αig is the 

acceleration. 

 
where PSG,ig is the power produced by each generator (determined by OPF), SSG,ig is the apparent power 

of each generator after considering any disconnection and pfSG,ig is the nominal power factor. 

 

D. Statistical Analysis: 

Statistical analysis is important in order to draw conclusions and identify tendencies considering the dynamic 

behaviour of the system, from the abundance of available simulated data. Simple statistical measures considering 

central tendency, dispersion and correlation (e.g. mean value, standard deviation, etc.) can reveal certain 

tendencies but they do not adequately provide information for the whole range of values of the indices. 

Minimum/maximum value, first quartile, median and third quartile can be visualized using boxplots to provide an 

easy way to compare changes in indices (e.g. TSI) for different network topologies and connection of RES. On 

the other hand, plotting Cumulative Distribution Functions (CDFs) of the random variables (i.e. the transient 

stability indices) can reveal the associated probabilities for the whole range of values each index takes. Moreover, 

nonparametric/graphical methods, such as quantile-quantile plots are also used in this study to highlight changes 

in the probabilistic behaviour of the whole system and of specific generators. 

 

Test System And Case Studies: 

The test network used, is a modified version of the IEEE 68 bus, 16 machine reduced order equivalent model 

of the New Engl and Test System and the New York Power System (NETS – NYPS). The conventional part of 

the test network is adopted from [16], [17] and RES are added at the buses shown in Fig. 3. Two types of RES 

units are connected on each bus: Doubly Fed Induction Generators (DFIGs), representing wind generators and 

Full Converter Connected (FCC) units, representing both wind generators and PV units. The standard IEEE 68-

bus, 16-generator test network is chosen in this paper since its dynamic behaviour has been extensively studied in 

the literature and therefore provides a good point of reference. 

 

 
Fig. 3: Modified IEEE 68 bus test network 
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A. Components modelling: 

The test network consists of 16 generators (G1-G16) in five interconnected areas. NETS consists of G1 to 

G9, NYPS of G10 to G13 and the three areas are represented by equivalent generators G14, G15 and G16, 

respectively. Similarly, a type 4 wind generator model is used to represent all FCC units. Both wind generators 

and PV units can be represented by a type 4 model in stability studies, since the converter can be considered to 

decouple the dynamics of the source on the dc part. The FCC model used in this paper and shown in Fig. 5 has a 

similar structure to [18], [19] and is available in the DIgSILENT – PowerFactory software [2]. 

 

 
 

Fig. 4: DFIG control structure. 

 
Fig. 5: FCC unit control structure. 

 

B. Modelling of uncertainties: 

Daily loading and PV curves are initially used, obtained from national grid data [21] and from the literature 

,respectively. For wind generation, the mean value of the wind speed within one day is considered constant [22], 

and the uncertainty of the wind speed is modelled using a Weibull distribution [23]. After considering the 

uncertainties, OPF is solved to determine the conventional generators dispatch PSG,ig. The cost functions for 

OPF are taken from [24]. The nominal capacity of each generator SSG,ig is then adjusted by considering 15% 

spare capacity according to (5). Only three phase self-clearing faults are considered in this study. However, the 

simulation database could be extended to include other contingencies as well. 

 

C. Monte Carlo Simulations: 

After considering all the uncertainties, Ns MC simulations are performed for each case, for different network 

topologies andamount of connected RES units For this specific system (for all case studies considered) the number 

of required Monte Carlo simulations (Ns) to limit the error to 5% is 6000. 

 

 
 

Five Test Cases (TCs) are presented in this section, consisting of 6000 simulations each The TCs are 

summarized in Table I. 

 
Table I: Number Of Unstable Cases And Patterns Observed For Tcs 

 
All simulations are performed in DigSILENT/PowerFactory software using a computer with an Intel Core i7 

3.4 GHz processor and 16 GB of RAM. For the TC without RES, approximately 18 hours are required to perform 
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6000 Monte Carlo simulations. For the TCs that include RES, approximately 60 hours are required for 6000 

dynamic simulations. 

 

Results Of Probabilistic Transient Stability Assessment: 

The results presented in this section highlight the additional information that can be obtained from the 

proposed methodology compared to previous methods of probabilistic TSA (e.g. instabilities related to specific 

generators/groups of generators, change in probabilistic dynamic behavior of indices related to individual 

generators, etc.). 

 

A. Critical generators: 

The critical generators of the system are identified according to the number of times each generator becomes 

unstable. In Fig. 6, the results for the probability of instability for each generator are shown, i.e. the number of 

instabilities divided by the total number of simulated cases for each TC. 

 

 
Fig. 6: Unstable generators for all TCs. 

 

The probability of instability for most generators becomes smaller as the amount of connected RES is 

increasing with descending order from TC2 to TC1 and TC5, for this specific system and studied operating 

conditions. Moreover, when comparing the same simulated contingencies (i.e. same fault location/duration and 

system loading) between TCs, some of the cases become unstable while some others become stable. For example, 

when comparing TC2 to TC5 there are 106 cases (out of the 6000) that change from unstable to stable and 92 that 

change from stable to unstable, i.e., net increase (14 cases) in stable cases. The overall tendency though is for the 

observed instabilities to be reduced. 

 

B. Probabilistic analysis of indices: 

In Fig. 8, G11 exhibits the highest maximum values for all three indices. It however, is less probable to exhibit 

relatively high values of rotor angle and speed deviation, compared to G9. In Fig. 8a and 8b the maximum speed 

deviation and acceleration observed within the stable cases is also marked for G9 and G11. This kind of generator 

specific thresholds could be used by a special protection scheme to avoid possible unnecessary tripping of specific 

generators and vice versa. 
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Fig. 8: CDFs of maximum a) speed deviation and b) acceleration for TC1. 

 

C. Effect of RES and conventional generation disconnection on transient stability: 

The effect of RES on transient stability is investigated in this section using the proposed methodology. In this 

study, all RES units are considered to have FRT capability. In Fig. 9a CDFs for the TSI for TC1 (low amount of 

connected RES), TC2 (no RES) and TC5 (high amount of connected RES) are presented. As explained in Section 

III B, the spare capacity of conventional synchronous generation is kept always constant at 15% (including TC2), 

which means that there is some generation disconnection considered even for this case due to load variations 

within the day. Relatively high spare capacity combined with FRT capability of RES leads to a reduction of the 

total number of instabilities in system with RES. 

 

 
 

Fig. 9: CDFs of TSI for a) TC1, TC2, TC5 and b) different spare capacity. 

 

D. Effect of network topology changes: 

A representative case for maximum rotor angle deviations between TC1 and TC4 is provided in Fig. 10 for 

G11 and G6, respectively. For larger values of angle deviation (above 1500 degrees) which are associated with 

more severe faults, the quantiles start following the straight line y=x, which means G11 exhibits the same 

behaviour for those values. The impact of tripping line 2 for these cases is not as significant, since the 

contingencies are severe enough to cause instability in both TC1 and TC4. The impact might be small as observed 

in TC4 or major as in TC3 when a group of generators (G6, G7) becomes significantly more unstable. 
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Fig. 10: Quantile-quantile plot for maximum angle deviation between TC1 and TC4 of a) G11 and b) G6. 

 

The quantile-quantile plots of maximum rotor angle deviation for G2 and G3 are presented in Fig. 11. Both 

generators are negatively affected, with G3 being a slightly more affected than G2. 

It should be mentioned that the purpose of this study is to show that the proposed framework can be used to 

highlight in a detailed manner the effect of network topology changes on transient stability of the system and of 

individual generators, rather than provide a conclusive result considering network topology changes. 

 

Conclusions: 

A framework for probabilistic transient stability assessment of power systems with high RES penetration is 

proposed in this paper. The critical generators of the system, i.e. the ones going unstable more frequently, are 

identified using an approach based on hierarchical clustering. RES with FRT capability can provide support during 

faults and can therefore have a beneficial impact on transient stability. The spare capacity, which is a measure of 

the loading of synchronous generators, is significant in determining how critical an operating point is. Keeping a 

high amount of spare capacity of synchronous generators, e.g. more than 15% for the specific studied system, can 

ensure transient stability does not deteriorate. 

In general, the proposed probabilistic framework can help in identifying the underlying tendencies that affect 

transient stability of power systems, including the probabilistic dynamic behaviour of individual generators. The 

results of the analysis can point to critical areas of the network where it is more probable to encounter transient 

stability problems and help in designing and applying measures to improve the system transient behaviour. 

 

REFERENCES 

 

1. Panagiotis N. Papadopoulos, Jovica V. Milanović, 2016. “Probabilistic Framework for Transient Stability 

Assessment of Power Systems with High Penetration of Renewable Generation”, in IEEE Trans. On Power 

System, pp: 99: 10.1109/TPWRS.2016.2630799. 

2. Billinton, R., P.R.S. Kuruganty, 1981. "Probabilistic Assessment of Transient Stability  in a Practical 

Multimachine System," in IEEE Trans. Power Apparatus and Systems, .PAS- 100, 7: 3634-3641 

3. Yuan-Yih Hsu, Chang Chung-Liang, 1988. "Probabilistic transient stability studies using the conditional 

probability approach," in IEEE Trans. Power Syst., 3(4): 1565-1572. 

4. Vaahedi, E., W. Li, T. Chia, and H. Dommel, 2000. “Large scale probabilistic transient stability assessment 

using B.C. Hydro’s on-line tool,” IEEE Trans. Power Syst., 15(2): 661-667. 

5. Miller, N.W., 2015. "Keeping It Together: Transient Stability in a World of Wind and Solar Generation," in 

IEEE Power and Energy Magazine, 13(6): 31-39. 

6. Faried, S.O., R. Billinton and S. Aboreshaid, 2010. "Probabilistic evaluation of transient stability of a power 

system incorporating wind farms," in IET Renewable Power Generation, 4(4): 299-307. 

7. Ahmadi, H. and H. Ghasemi, 2012. "Maximum penetration level of wind generation considering power 

system security limits," in IET Generation, Transmission & Distribution, 6(11): 1164-1170. 



57  Sandhya. S, P G Student and Jaseer Ali., 2017/Advances in Natural and Applied Sciences. 11(5) Special 2017, Pages: 50-57 

 

8. Xia, S., X. Luo, K.W. Chan, M. Zhou and G. Li, 2016. "Probabilistic Transient Stability Constrained Optimal 

Power Flow for Power Systems With Multiple Correlated Uncertain Wind Generations," in IEEE 

Transactions on Sustainable Energy, 7(3): 1133-1144. 

9. Phadke, A.G., J.S. Thorp, 2008. Synchronized Phasor Measurements and Their Applications, Springer. 

10. Guo, T. and J.V. Milanović, 2015. “Online Identification of Power System Dynamic Signature Using PMU 

Measurements and Data Mining,” IEEE Trans. Power Syst. 

11. Milanović, J.V. and S. Mat Zali, 2013. "Validation of Equivalent Dynamic Model of Active Distribution 

Network Cell," in IEEE Transactions on Power Systems, 28(3): 2101-2110. 

12. Boemer, J.C., B.G. Rawn, M. Gibescu, M.A.M.M. van der Meijden and W.L. Kling, 2015. "Response of 

wind power park modules in distribution systems to transmission network faults during reverse power flows," 

in IET Renewable Power Generation, 9(8): 1033-1042. 

13. Guo, T. and J.V. Milanovic, 2014. “Probabilistic Framework for Assessing the Accuracy of Data Mining 

Tool for Online Prediction of Transient Stability,” IEEE Trans. Power Syst., 29(1): 377-385. 

14. Brandwajn, V., A.B.R. Kumar, A. Ipakchi, A. Böse, S.D. Kuo, 1997. “Severity indices for contingency 

screening in dynamic security assessment,” IEEE Trans. Power Syst., 12(3): 1136-1142. 

15. Montgomery, D.C. and G.C. Runger, 2003. Applied Statistics and Probability for Engineers, Wiley.  

16. Montgomery, D.C. and G.C. Runger, 2003. Applied Statistics and Probability for Engineers,Wiley.  

17. Amraee, T., S. Ranjbar, 2013. “Transient instability prediction using decision tree technique,” IEEE Trans. 

Power Syst., 28(3): 3028-3037. 

18. Pal, B. and B. Chaudhuri, 2005. Robust Control in Power Systems. New York, Springer Inc. 

19. Bell, K.R.W. and A.N.D. Tleis, 2010. "Test system requirements for modelling future power systems," IEEE 

PES General Meeting,  Minneapolis, MN. 

20. WECC Wind Power Plant Dynamic Modeling Guide, 2014. WECC Renewable Energy Modeling Task Force. 

21. Fortmann, J., S. Engelhardt, J. Kretschmann, C. Feltes, I. Erlich, 2014. "New Generic Model of DFG-Based 

Wind Turbines for RMS-Type Simulation," IEEE Trans. Energy Conv., 29(1): 110-118. 

22. Fan, M., V. Vittal, G. Heydt, R. Ayyanar, 2012. “Probabilistic power flow studies for transmission systems 

with photovoltaic generation using cumulants,” IEEE Trans. Power Syst., 27(4): 2251-2261. 

23. Shi Tao, Yu Ruoying, Zhu Lingzhi, Gao Shan, 2013. "Power system probabilistic production simulation 

containing large-scale wind power and photovoltaic power," in Power and Energy Engineering Conference 

(APPEEC), 2013 IEEE PES Asia-Pacific, 8-11. 


