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ABSTRACT 
Power system stabilizers are implemented in interconnected power system to damp the low frequency oscillations effectively. 

This paper provides an effective approach to damp the low frequency oscillations experienced in multi-machine power system 

using a water cycle optimization algorithm based controller design, to improve the system stability. The proposed controller 

design is formulated as an optimization criterion to compute the optimal controller parameters. To show the capability of the 

proposed controller, time domain simulations under various operating conditions has been performed. The performance of the 

water cycle controller is compared with conventional lead lag controller and bat optimization based controller design. 
 

KEYWORDS:  low frequency oscillation, power system stability, Heffron Philips model, water cycle optimization, Bat 

optimization. 
 

INTRODUCTION 
 
 Stability of power systems is one of the vital concepts in electric system operation. This arises from the 
power system must maintain frequency and voltage levels at the nominal values, under any disturbance, like a 
sudden change in the load, loss of one generator or switching out of a transmission line during a fault. By the 
development of interconnection of large electric power systems, there have been spontaneous system 
oscillations at very low frequencies in order of 0.2-3.0 Hz .Once started, they would continue for a long period 
of time. In some cases, they continue to grow, causing system separation if no adequate damping is available. 
Moreover, low frequency oscillations present limitations on the power-transfer capability. To enhance system 
damping, the generators are equipped with Power System Stabilizer (PSS) that provides supplementary 
feedback stabilizing signals in the excitation system as in [1]-[4]. 
 Several techniques based on modern control theory have been applied to PSS design. These include variable 
structure control, adaptive control and intelligent control. Despite these techniques, power system researchers 
still prefer the conventional lead lag controller design. It can provide effective damping performance only for a 
particular operating condition and system parameters. Also, the fuzzy logic and neural networks had been 
implemented in damping controller design. But these controllers suffer from the following drawbacks: There is 
no systematic procedure for the fuzzy controller design and also the membership functions of the controller are 
tuned subjectively, making the design more complex and time consuming. With respect to neural based 
controller, it is more difficult to understand the behavior of the neural network in implementation.  
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 An alternative to the conventional and uncertainty methods, Bio inspired optimization techniques are 
considered as powerful techniques to obtain optimal solution. These techniques include Evolutionary 
programming, simulated annealing, Bacterial foraging, Harmony search algorithm, Ant colony optimization, 
Genetic algorithm, bat optimization and water cycle optimization algorithm as in [8]-[10]. In this paper, Bat 
optimization (BAT) and Water Cycle optimization (WCO) algorithm based PSS designs are implemented in 
multi-machine stability enhancement.  
 
Test System Model: 
A. Test Multi-Machine Power System Modelling:   
 The test system considered a three machine nine bus power system model taken for modelling as in [7]. It 
consists of 3 generating station interconnected as G1-G3, transformers with load A and B as shown in Fig.1. 
 

 
 
Fig. 1: Three machine nine bus power system models. 
 
 For the design and controller dynamic equations are linearized and the system equations are given by 
X=Ax+Bu                                                                                    (1) 
 Where x = Vector of State variables. 
A, B = State vector matrix and Input matrix respectively. 
 
B. Dual Input Power System Stabilizer:  
 A  dual input PSS is used in this paper, the two inputs to dual-input PSS are Δω and ΔPe, with two 
frequency bands, lower frequency and higher frequency bands, unlike the conventional single-input (Δω) PSS as 
in[6]. PSS3B is found to be the best one within the periphery of the studied system model. This dual input PSS 
configuration is considered for the present work and its block diagram representation is shown in Fig.2 
 

 
 
Fig. 2: PSS3B structure. 
 
 Hence Ks, T1, T2 are the PSS parameters which should be computed by using conventional lead lag power 
system stabilizer (CPSS) design, BATPSS design and proposed WCAPSS are compared. 
 
Heffron Philips Generator Model: 
 To increase the damping over a wide range of operating conditions and configuration of power system, a 
robust tuning of controllers must be implemented. The objective functions are represented as, 
J1=Max[σi], σiЄ    σEMODE                                                                                            (2) 
J2= Min[ζi], ζiϵ    ζEMODE                                                                                          (3) 
 EMODE in equations (2) and (3) represent the electromechanical mode of oscillations. 
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 The maximum value of real part [Max(σi)] of the Eigen value will be located in right half of s- plane, 
making the system unstable. The weakly damped electromechanical mode will have minimum value of damping 
ratio [Min(ζi)] among all the damping ratios of the system. The objective is to minimize the objective function 
[J1] and maximize the [J2]. It involves shifting the real part of the ith electromechanical Eigen value to stable 
locations in left half of complex s-plane and the damping ratio of the weakly damped electromechanical mode of 
oscillations will be enhanced to make the system more stable. The single machine Heffron Phillips generator 
model is extended to perform the modelling of multi machine system as shown in Fig.3. Because of the 
interaction among various generators in the multi machine system, the branches and loops of the single machine 
generator model become multiplied. For instance, the constant K1 in the single machine model becomes K1ij, i=1, 
2…n; j=1,2….n in the multi machine modelling. In this work, n will be equal to 3, representing the number of 
generators in the multi machine system considered. Similarly all the K constants (K1 to K6), damping factor D, 
inertia M and the state variables used in the single machine model are generalized for n-machine notation. 
 

 
 
Fig. 3: Heffron Philips generator model. 
 
 The power system stabilizer optimization parameters (Ks, T1, and T2) are taken as constants for the 
proposed optimization problem. 
Ksmin≤ Ks≤ Ksmax                                                                  (4) 
T1min≤ T1 ≤ T1max                                                                 (5) 
T2min ≤ T2 ≤ T2max                                                               (6) 
 The typical values for the optimized parameters are taken as [0.1-60] for k, [0.2-3] for T1 and [0.02-0.3] for 
T2 .The time constant Tw is considered as 10.0s [20].The damping ratio of the ith critical mode is given by 
ζi=  - σi/√ σi2+ɷi2                                                                      (7) 
 Where Eigen value is given by λi = σi+jɷi 
 The objective function J1 and J2 in equation (2) and (3) along with the constraints in (4), (5), (6) is the 
proposed optimization criterion formulated in this paper to enhance the system stability. 
 
Proposed Metaheuristic Optimization Method: 
 The damping performance of BATPSS and WCAPSS based controller are compared with the conventional 
lead lag controller design. 
 
A. Bat Optimization overview: 
 This part shows a naturally inspired algorithm namely Bat algorithm based on echolocation conduct of 
micro bats with varying pulse rates of emission and loudness is proposed. The capability of echolocation 
practice of micro bats is appealing as these bats can find their prey and segregate different types of insects even 
in exhaustive darkness as in [19]. The idealization of echolocation role of micro bats can be summarized as 
follows:  
1. Each virtual bat flies arbitrarily with a velocity vi at position (solution) xi with a varying frequency fmin or 
wavelength λ and loudness Ai. 
2. As it inspect and finds its prey, it changes frequency and loudness and pulse emission rate ri . 
3. Search is aggravated by a local indiscriminate walk. 
4. Selection of the finest continues until certain stop norm is met. 
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5. This indispensably uses a frequency-tuning technique to control the influential swarm of bats and the balance 
between exploration and exploitation can be restrained by tuning design specification in bat algorithm. 
 
B. Proposed Meta-heuristic Water Cycle optimization: 
 The idea of the proposed Water Cycle Algorithm (WCA) is inspired from nature and based on the 
observation of water cycle and how rivers and streams flow downhill towards the sea in the real world. The 
evaporated water is carried into the atmosphere to generate clouds which then condenses in the colder 
atmosphere, releasing the water back to the earth in the form of rain or precipitation. This process is called the 
hydrologic cycle. 
 The smallest river branches are the small streams where the river begins to form. These tiny streams are 
called first-order streams. Wherever two first-order streams join, they make a second-order stream. Where two 
second-order streams join, a third-order stream is formed and so on until the rivers finally flow out into the sea. 
Raindrop=[x1,x2,x3,…..xn]                                                         (8) 
If|X i

sea-X
i
river|˂ dmax       i=1,2,3,..,Nx-1                           (9) 

 Where dmax is a small number(close to zero). Therefore, if the distance between a river and sea is less than 
dmax, it indicates that the river has reached/joined the sea. In this situation, the evaporation process is applied 
and as seen in the nature after some adequate evaporation the raining (precipitation) will start. A large value for 
dmax reduces the search while a small value encourages the search intensity near the sea. Therefore, dmax 
controls the search intensity near the sea (the optimum solution).  
Xnew

stream=LB+rand*(UB-LB)                                 (10) 
 Where LB and UB are lower and upper bounds defined by the given problem, respectively. Again, the best 
newly formed raindrop is considered as a river flowing to the sea. The rest of new raindrops are assumed to 
form new streams which flow to the rivers or may directly flow to the sea. In order to enhance the convergence 
rate and computational performance of the algorithm for constrained problem is used only for the streams which 
directly flow to the sea. This question aims to encourage the generation of streams which directly flow to the sea 
in order to improve the exploration near sea in the feasible region for constrained problems as in [8], [9]. 
 
1)  Constraints handling: 
 In the search space, streams and rivers may violate either the problem specific constraints or the limits of 
the design variables. In the current work, a modified feasible-based mechanism is used to handle the problem 
specific constraints based on the following four rules: 
Rule1: Any feasible solution is preferred to any infeasible solution. 
Rule2: Infeasible solutions containing slight violation of the constraints are considered as feasible solutions. 
Rule 3: Between two feasible solutions, the one having the better objective function value is preferred. 
Rule 4: Between two infeasible solutions, the one having the smaller sum of constraint violation is preferred. 

 
2)  Steps for Water Cycle Algorithm:    
Step 1: Choose the initial parameters of the WCA: Nsr, dmax. 
Step 2: Generate random initial population and form the initial streams (raindrops), rivers, and sea. 
Step 3: Calculate the value (cost) of each raindrops. 
Step 4: Determine the intensity of flow for rivers and sea. 
Step 5: The streams flow to the rivers. 
Step 6: The rivers flow to the sea which is the most downhill place. 
Step 7: Exchange positions of river with a stream which gives the best solution. 
 Step 8: Similar to Step 7, if a river finds better solution than the sea, the position of river is exchanged with the 
sea. 
Step 9: Check the evaporation condition using the Psuocode. 
Step 10: If the evaporation condition is satisfied, the raining process will occur. 
Step 11: Reduce the value of dmax which is user defined parameter. 
Step 12: Check the convergence criteria. If the stopping criterion is satisfied, the algorithm will be stopped, 
otherwise return to Step 5. 
 The Water cycle algorithm is easier to implement and it provides the global solution required for parameter 
optimization in complex engineering problems. It provides an optimal solution for the damping controller 
parameters, so that the system stability is enhanced to a greater extent possible. 
 
Simulation And Stability Analysis: 
 For the modelling and simulation MATLAB tool is used in this work, the power system stabilizers are 
installed in the generator. The stimulated graph of system without PSS in speed deviation and power angle, then 
WCAPSS is compared with CPSS and BAT algorithm simulated model. 
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 The designed Water cycle based PSS is exerted to damp low frequency oscillation in the system study. In 
order to study and analysis the system performance, a disturbance is created in the system. The simulation 
results under disturbance for various operating conditions are presented as shown in Fig. 4 to 7. The simulation 
results shows that applying Water cycle based PSS signal, it greatly enhances the damping of low frequency 
oscillations and therefore the system becomes stable. The CPSS and BATPSS system does not have enough 
damping and the responses fluctuate after disturbance. The result clearly shows that the system with Water cycle 
based PSS is more robust and stable after disturbance then CPSS and BATPSS optimizers.  
 

 
 
Fig. 4: Speed deviation response of a system without PSS. 
 

 
 
Fig. 5: Power angle response of a system without PSS. 
 
 The performance of the system is evaluated by considering different operating conditions. The 
electromechanical modes and the damping ratios obtained for different conditions both with and without 
proposed controllers in the system are given in Table I to III. When Water cycle algorithm is not incorporated in 
PSS, it can be seen that some of the modes are poorly damped and in some cases, are unstable. It is also clear 
that the system damping with the proposed Water cycle based tuned PSS controller are significantly improved. 
Moreover, it can be seen that electromechanical mode controllability via Water cycle algorithm based PSS 
controller is higher than BAT algorithm PSS and conventional lead lag based Controller power system stabilizer. 
 The parameters of the damping controller are obtained using Water cycle algorithm. The Water cycle 
algorithm is made to run several times and then optimal set of stabilizer parameters is selected. The final values 
of the optimized parameters with and without Water cycle based PSS. 
 The dominant features of WCO based controller observed in this paper with regard to stability improvement. 
 Better placement of closed loop Eigen values in stable locations for all operating conditions involved. 
 Provide more damping to the system for all conditions. That is the damping ratios more than the threshold 
level and also more than the damping ratios of other controllers. 
 Rotor speed and power angle deviation overshoots are minimized and deviations are settled at a quicker 
time compared to other controllers for all conditions considered. 
 Optimal solution got at lesser iterations (generations) compared to others. 
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Fig. 6: Speed deviation response of a system with WCOPSS and BATPSS. 
 

 
 
Fig. 7: Power angle response of a system with WCOPSS and BATPSS. 
 
Table I: Closed Loop Eigen Values Without PSS, CPSS and WCA Based PSS. 

S.NO OPERATING CONDITIONS WITHOUT PSS CPSS BATPSS WCOPSS 

1 P=1, Q=0.2 and Δ =0.03p.u 
0.2966 ± 4.8628i 

-10.3949 ± 3.4290i 

-14.1448 
-7.1461 ± 4.4872i 
-0.0465 ± 4.8489i 

-0.1001 

-15.1232 
-5.3211 ± 5.4321i 
-0.2321 ±4.6545i 

-0.1002 

-18.5538 
-4.6662 ± 7.3193i 
-1.1551 ± 4.3497i 

-0.1004 

2 
P=1, Q=0.2 and Δ =0.03p.u, 10% increase 

in M and Tdo1 
0.2803 ± 4.6255i 

-10.3698 ± 1.3819i 

-14.5637 
-6.7712 ± 3.7803i 
-0.0296 ± 4.6273i 

-0.1001 

-15.3422 
-5.3421 ±4.4343i 
-0.05454 ±4.2123i 

-0.1003 

-18.7470 
-4.6187 ± 6.8452i 
-1.0970 ± 4.1349i 

-0.1005 

3 
P=0.9, Q=0.25, and ΔPd=0.015p.u, 20% 

increase in exciter gain Ka and time 
constant Ta 

0.2302 ± 4.8184i 
-9.4195 ± 5.3876i 

-11.5951 
-7.4993 ± 5.4010i 
-0.0590 ± 4.7997i 

-0.1001 

-14.3432 
-5.4545 ±6.3232i 
-0.0956 ±4.3434i 

-0.1003 

-17.0254 
-4.4797 ± 7.8585i 
-1.1966 ± 4.2590i 

-0.1005 

 
Table II: Percent Overshoot And Settling Time In Dynamic Response For Speed Deviation. 

S.NO OPERATING CONDITIONS WITHOUT PSS CPSS BATPSS WCOPSS 
 PO(p.u) Ts(Sec) PO(p.u) Ts(Sec) PO(p.u) Ts(sec) PO(p.u) Ts(Sec) 

1 P=0.9, Q=0.2 and ΔPd=0.03p.u 0.06549 10.45 1.834 9.655 0.434 4.532 0.037 2.156 

2 
P=0.9, Q=0.3 and ΔPd =0.02p.u, 10% 

increase in M and Tdo1 
0.05434 10.44 1.812 9.662 0.453 4.234 0.061 2.249 

3 
P=0.9, Q=0.35, and ΔPd =0.045p.u, 10% 

increase in exciter Ka and Ta 
0.01329 10.23 0.623 9.989 0.365 3.433 0.034 2.345 

 
Table III: Percent Overshoot And Settling Time In Dynamic Response For Power Angle Deviation. 

S.NO OPERATING CONDITIONS WITHOUT PSS CPSS BATPSS WCOPSS 
 PO(p.u) Ts(Sec) PO (p.u) Ts(sec) PO(p.u) Ts(sec) PO(p.u) Ts(Sec) 

1 P=1, Q=0.1 and ΔPd =0.01p.u 0.06516 40.99 9.549 15.77 2.342 12.43 1.745 3.655 

2 
P=0.9, Q=0.3 and ΔPd =0.05p.u, 10% 

increase in M and Tdo1 
0.06945 42.55 9.251 15.61 2.343 12.32 1.451 3.545 

3 
P=0.9, Q=0.15, and ΔPd =0.045p.u, 20% 

increase in exciter Ka and Ta 
0.06565 43.46 9.620 15.56 2.232 12.32 0.125 3.509 

 
Conclusion: 
 This paper provides an efficient solution to damp the low frequency electromechanical oscillations 
experienced in the multi machine power system model. The salient features of the work carried out in this paper 
for multi machine system stability enhancement are as follows: 
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 The stability analysis has been carried out based on the computed Eigen values, damping ratios and also 
based on the error deviations minimization and oscillations damping analysis involving wide variations in 
operating conditions have been performed based on the damping performance of the proposed controllers. A 
detailed state space modelling of the test power system has been performed. In order to compute the optimal 
controller parameters, a tri objective optimization criterion has been formulated and the proposed algorithms 
have been implemented effectively. 
 The proposed WCOPSS based damping controller provide the best damping performance than the 
conventional lead lag PSS and BATPSS, so that the interconnected power system stability is achieved to a 
greater level. 

REFERENCES 
 
1. Li Zhang; Fei Wag Yil Liu “FACTS, ESS Allocation Research For Damping Bulk Power System Low 

Frequency Oscillation” Pesc’05. IEEE36th. 
2. Saima Ali, Rabiah Badar; Laiq Khan, “Damping Low Frequency Oscillation Using Online Adaptive Neuro 

Fuzzy Type-2 Based Statcom” IEEE Conference Publication. 
3. Anumod, D.M., M. Devesh Raj, “PSO Based OPF Technique Ensuring Small Signal Stability” IEEE. 
4. Carlos, E., Ugalde-Loo, Enrique Acha, Eduardo Licéaga-Castro, 2013. “Multi-Machine Power System 

State-Space Modelling For Small-Signal Stability Assessments”  ELSEVIER. 
5. Bhaskar, M.K., N.S. Avdhesh Sharma, 2013. “Lingayat Analysis Of Power Oscillations In Single Machine 

Infinite Bus (SMIB) System And Design Of Damping Controller”. IJETAE (ISSN 2250-2459, Iso 9001:2008 
Certified Journal, 3-6. 

6. Pavan Kumar, P., 2012. “Dynamic Analysis Of Single Machine Infinite Bus System Using Single Input And 
Dual Input PSS”  International Electrical Engineering Journal (IEEE), 3(2): 632-641 Issn 2078-2365. 

7. Swaroop Kumar, Nallagalva, Mukesh Kumar Kirar, Dr.Ganga Agnihotri, “Transient Stability Analysis Of 
The IEEE 9-Bus Electric Power System”  Ijset, 1(3): 161-166. 

8. Ardeshir Bahreininea, Ali Sadollah, “Water Cycle Algorithm – A Novel  Metaheuristic Optimization 
Method For Solving Constrained Engineering Optimization Problems” Research Gate. 

9. Navid Ghaffarzadeh, 2015. “Water Cycle Algorithm For Power System Stabilizer Based Robust Design For 
Power System”. Journal Of Electrical Engineering, 66(2): 91–96. 

10. Tridib, K., Das and Ganesh K. Venayagamoorthy, 2014. “Bio-Inspired Algorithms For The Design Of 
Multiple Optimal Power System Stabilizers: Sppso And Bfa”   Ieee. 

11. Mostafa Abdollahi, Saeid Ghasrdashti, Hassan Saeidinezhad And Farzad Hosseinzadeh, 2013. “Multi 
Machine PSS Design By Using Meta Heuristic Optimization Techniques” JNAS Journal--2-9/410-416 ISSN 
2322-5149 ©2013 Jnas. 

12. Ashik Ahmed, 2012. “Optimization Of Power System Stabilizer For Multi-Machine Power System Using 
Invasive Weed Optimization Algorithm” International Journal Of Computer Applications (0975 – 8887): 
39–7. 

13. Grebe, E., E. Kabouris, S. Lopez Barba, W. Sattinger, 2010. “Low Frequency Oscillations In The 
Interconnected System Of Continental Europe” ISSN 1944-9925 IEEE. 

14. Xiancho Sui, Yufei Tang, Haibo He, Inyu Wen,  “Energy Stored Based Low Frequency Oscillation 
Damping Controller Using  Particle Sarm Optimization And Heuristic Dynamic Programming”, 29-5 
IEEE. 

15. Vivek Prakash, Bhan Pratap Soni, Akash Saxena, Vikas Gupta, 2015. “Comperatively Study Of 
Optimization Algorithms For Enhancement Of Small Signal Stability By Designing PSS For Multi machine 
Power System” . 

16. Eng. Andrei Stativa Phd1 Student, Prof. Eng. Mihai Gavrilas Phd1, 2012. “A Meta heuristi Approach For 
Power System Stability Enhancement”. Buletinul Agir Nr. 3. 

17. Javad Morsali, Rasool Kamzaden, Mr.Azzian, 2015. “Introducing Fopid-Pss To Increases Small Signal 
Stability Of Multimachine Power System” ICEE. 

18. Shivakumar, R., S. Lakshna, 2015. “Small Signal Stability Enhancement  Using Bat Algorithm Tuned 
Controller In Typical Power System Network”, 10-9. IJAER. 

19. Alabdulabbar, A.A., V. Milanovic, Em Al Eid, 2008. “Low Discrepancy Sequences Based Optimization 
Algoritm For Tuining Psss” IEEE. 

20. Saibal, K., Pal, Dr., 2012. “Comparative Study Of Firefly Algorithm And Particle Swarm Optimization For 
Noisy Non-Linear Optimization Problems  I.J. Intelligent Systems And Applications”, 10: 50-57 Published 
Online In MECS (Http://Www.Mecs-Press.Org/) Doi: 10.5815/Ijisa.2012.10.06. 


