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Abstract 
This paper presents an analysis of the dynamic stability of weakly interconnected power 

systems considering the impacts of wind power technologies and FACTS devices. In 

addition, the paper presents the design and verification of FACTS-based supplementary 

controls for power oscillation damping (POD). Both the traditional frequency domain 

and adaptive genetic algorithm (GA) based designs of POD controllers are presented. 

Due to their variable and intermittent nature, large changes in the power production from 

wind farms are usually detected. Therefore, the effectiveness of the traditional POD 

controller design is investigated considering a wide range of operating conditions. The 

integration of wind power in power systems is considered from two perspectives; 

replacement and addition. In the replacement situation, a specific amount of 

conventional power is replaced with the same amount of wind power. On the other hand, 

the addition situation refers to adding wind power to an existing conventional power 

generation system. The study system is composed of two weakly interconnected areas. 

The objectives of wind power integration are to reduce the dependency between the two 

areas and to reduce the use of the conventional fuels. The integration process is subjected 

to the minimum damping constraint for keeping system dynamic stability. Two popular 

wind energy technologies are considered which are fixed speed SCIGs and the variable 

speed DFIGs. The results show that the wind power causes reduction in the damping of 

power system oscillations. Therefore, POD controllers are integrated with the available 

SVCs to improve the system dynamic stability. The POD designs are evaluated by the 

modal analysis and the time-domain simulation. 

1. Introduction 

Since the early till the present power systems, the power system stability problem has 

been given a high attention for secure operation, and planning of power systems.  
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Regardless of the size and structure of a power system, the 

stability is a major challenge; however, recent power systems 

are more susceptible to instabilities due to the present of new 

power generation and network control technologies [1 - 3]. 

The penetration level ofrenewable energy technologies - such 

as wind and solar sources – in power systems are recently 

increasing with an increasing trend. This is due to their 

ecological benefits and the shortage of conventional fuels [4]. 

Despite its benefits, wind and solar sources are 

operationally characterized by high variability and 

intermittency. This situation results in a significant reduction 

in the predictability of the power generation from these 

sources in comparison with conventional sources [5 – 8]. 

Consequently, sudden unexpected changes in the power 

production from variable renewable sources are probable. 

This significantly upsets the stability and security of power 

systems; however, the impact of variable energy sources on 

the stability of power systems is highly related to their 

penetration level; the impact increases with the increase in 

the penetration level [4, 10, 11]. 

From network point of view, recent group of technologies 

are created for rapidly controlling and enhancing the 

performance as well as the security of power systems. These 

technologies are called FACTS devices. According to [9], the 

FACTS devices are defined as “power electronic based 

controllers and other static equipment which can regulate the 

power flow and transmission voltage through rapid control 

action”. Unless they are equipped with proper supplementary 

controls, some of the FATCS devices show adverse impacts 

on the damping of power system oscillations. These 

supplementary controls are very similar to the traditional 

power systems stabilizers (PSSs) of conventional 

synchronous generators and they are called power oscillation 

damping (POD) controllers [2, 3, 10 – 13]. 

The tuning of POD parameters can be obtained through 

traditional control design or artificial intelligence (AI) 

techniques. The most common traditional techniques are 

based on the frequency response [14], pole placement [15], 

eigenvalues sensitivity [15] and residue method [10]; 

however the AI techniques are based on fuzzy control, neural 

networks, and genetic algorithms [16]. The handling of 

system nonlinearities is the main advantage of the AI design 

techniques over the traditional design techniques. In addition, 

the AI based techniques can be easily fit to the adaptive 

control design requirements. 

This paper extends the POD traditional design techniques 

presented in [11, 20, 21] by considering the GA optimization 

based technique for adaptive POD design. Popular wind 

energy technologies (fixed speed SCIG and variable speed 

DFIG) [6, 25] are considered while two integration scenarios 

are analysed. In the power replacement scenario, a specific 

amount of conventional power is replaced by wind power 

while the wind power is added to the system in the power 

addition scenario. The overall conventional fuel consumption 

is reduced as an outcome of both integration scenarios. On 

the other hand, the power addition is used, in this paper, to 

reduce the power transfer dependency between weakly 

interconnected areas. In both integration scenarios, the 

maximum penetration level of wind power integration is 

determined based on the dynamic stability of power systems 

through the modal analysis. The POD design is then 

performed for realizing an acceptable damping level of the 

system. A damping ratio between 5% and 10% is acceptable 

for most power utilities; however, a minimum damping ratio 

of 10% is recommended for secure system operation [11, 21]. 

The MATLAB control and GA toolboxes [25] are used in the 

POD design while the eigenvalue analysis and the time-

domain simulations are performed using the PSAT toolbox 

version 2.1.7 [23, 24]. 

2. Dynamic Modeling and POD Tuning 

This section presents the linearized modeling of power 

systems for modal analysis and POD design. In this paper, the 

POD is designed as a supplementary control for static VAr 

compensators (SVCs). The SVCs are a category of shunt-

connected FACTS devices used mainly for bus voltage control. 

Generalized modeling of FACTS devices is presented in [1] 

while a simplified model for the SVC is presented in this 

section. The model of the POD is also included. 

2.1. Linearized Modeling and Modal Analysis 

Power systems are dynamic systems that can be 

represented by differential algebraic equations in 

combination with non-linear algebraic equations. Hence, a 

power system can be dynamically described by a set of n first 

order nonlinear ordinary differential equations. These 

equations are to be solved simultaneously. In vector-matrix 

notation, these equations are expressed as, 

�� = ���, ��                                     (1) 

	 = 
��, ��                                     (2) 

where: � = [��, �
 	⋯ ��]� , � = [��, �
 	⋯ ��]� , � =[��, �
 	⋯ ��]� , 	 = [	� , 	
 	⋯ 	�]� , 
 = [
�, 

 	⋯ 
�]� , �  is 

the order of the system, � is the number of inputs, and � is 

the number of outputs. 

The column vector x is called the state vector and its 

entries are the state variables. The vector u is the vector of 

inputs to the system, which are external signals that have an 

impact on the performance of the system. The output 

variables �	� are those that can be observed in the system. 

The column vector y is the vector of system output variables, 

referred as output vector and 
  is the vector of nonlinear 

functions defining the output variables in terms of state and 

input variables. 

The design of POD controllers is based on a linearized 

model of the system. After solving the power flow problem, a 

modal analysis is carried out by computing the eigenvalues 

and the participation factors of the state matrix of the system. 

The dynamic system is put into state space form as a 

combination of coupled first order, linearized differential 
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equations that take the form, 

∆�� = �∆� � �∆�                          (3) 

y = �∆� � �∆�                           (4) 

where � represents a small deviation, � is the state matrix 

of size � � �, B is the control matrix of size � � �, � is the 

output matrix of size � � � , and �  is the feed forward 

matrix of size � � 	�. The values of the matrix D define 

the proportion of input which appears directly in the 

output. 

The eigenvalues	!	of the state matrix � can be determined 

by solving 	det[� % !&] 	 = 	0.  Let the i
th

 eigenvalue of the 

state matrix A takes the form !( = )( * +,( ; the real part 

gives the damping, and the imaginary part gives the 

frequency of oscillation. The relative damping ratio is then 

given by: 

-( = %)( .)(
 � ,(
⁄ 	                           (5) 

If the state space matrix A has n distinct eigenvalues, then 

the diagonal matrix of the eigenvalues (Λ), the right 

eigenvectors (0), and the left eigenvectors (Ψ) are related by 

the following equations. 

�0 = 01                                      (6) 

2� = 12	                                    (7) 

2 = 03�                                    (8) 

In order to modify a mode of oscillation by a feedback 

controller, the chosen input must excite the mode and it must 

also be visible in the chosen output. The measures of those 

two properties are the controllability and observability, 

respectively. The modal controllability ��4 �  and modal 

observability (�4 ) matrices are respectively defined by, 

�4 = 03��                                  (9) 

�4 = �0	                                  (10) 

The mode is uncontrollable if the corresponding row of the 

matrix �4  is zero. The mode is unobservable if the 

corresponding column of the matrix �4  is zero. If a mode is 

neither controllable nor observable, the feedback between the 

output and the input will have no effect on the mode. 

2.2. SVC and POD Modeling 

In this paper, a simplified time constant regulator is used to 

represent the SVC (Figure 1). This model is widely used in 

stability analysis of power systems. As shown, the regulator has 

an anti-windup limiter. Therefore, the reactance bSVC is locked if 

one of its limits is reached and the first derivative is set to zero. 

In this model, a the dynamics of the SVC takes the form, 

 

Figure 1. Simplified time-constant regulator model of SVCs. 

5�678 = 9:;�<;=> � <?@A % <B % 5678� C;D 	      (11) 

The model is completed by the algebraic equation 

expressing the reactive power injected at the SVC node (QSVC), 

E678 = 5678F
                     (12) 

The structure of the POD controller (Figure 2) is similar to 

the structure of the classical power system stabilizer (PSS). 

The controller consists of a stabilizer gain, a washout filter, 

and phase compensator blocks. The washout signal ensures 

that the POD output is zero in steady-state. The output signal 

vPOD is subjected to an anti-windup limiter and its dynamics 

are dependent on a small time constant Tr (in this analysis Tr = 

0.01 s). The gain Kw determines the amount of damping 

introduced by the POD and the phase compensator blocks 

provide the appropriate phase lead-lag compensation of the 

input signal (vsi). The input signal is selected based on the 

effectiveness of various observable and controllable inputs 

signals for power oscillation damping. The input signal may 

include, but not limited to, line current flow, line active power 

flow, line reactive power flow, and bus voltage. In this layout, 

T3 and T4 are usually taken equal to T1 and T2 respectively. 

 

Figure 2. Scheme of the POD controller. 
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2.3. POD Tuning 

In this paper two approaches of the tuning of POD 

parameters are considered. The first approach is the 

traditional frequency response method while the second 

approach is based on the GA optimization. Details of the 

frequency response based POD design are available in [11, 

20, 21] while the proposed GA optimization based POD 

design in briefly described in this section. 

The GA is successfully applied to many engineering and 

optimization problems [17]. It is a powerful domain 

independent search technique inspired by Darwinian Theory 

of evolution and it was invented by John Holland and his 

colleagues in 1970s. The GA is an adaptive learning heuristic 

technique that imitates the natural process of evolution to 

progress toward the optimum by performing an efficient and 

systematic search of the solution space. A set of solutions, 

described as a population of individuals, are encoded as 

binary strings, termed as chromosomes. This population 

represents points in the solution space. A new set of 

solutions, called off-springs, are created in a new generation 

(iteration) by crossing some of the strings of the current 

generation. This process is called crossover. Furthermore, the 

crossover is repeated at every generation and new 

characteristics are introduced to add diversity. The process of 

altering some of the strings of the off-springs randomly is 

known as mutation. The GA processes are illustrated in the 

flowchart of Figure 3. 

 

Figure 3. Basic functions of GA. 

As described by equation (13), the POD design problem is 

formulated as a constrained optimization problem where the 

minimization of the integral square error (ISE) is the 

objective function and the minimum damping ratio of any 

eigenvalue are the constraints. 

	min &JK = L ∆M
�NO PQR. Q	-( S 10%; W = 1 … Y Z	                    (13) 

where Q[	 is the simulation time, ∆M	is the difference between 

the machine angle and its reference value, and N is the 

number of eigenvalues of the system. The reference value of 

the machine angle is determined from the pre-fault load flow 

analysis while the machine angle is its instantaneous values 

caused by the disturbance. The GA optimization is performed 

using the MATLAB GA toolbox. A script file is created to 

link the PSAT model with the GA toolbox for achieving the 

optimization problem described by equation (13). 

Consequently, the POD parameters (Kw, T1 and T2) are 

determined. These three variables are the output of the design 

steps and their values guarantee the satisfaction of the 

optimization problem. 

3. The Study System and Study 

Scenarios 

The study system is shown in Figure 4. The system data 

are available at [18]. Each area consists of two synchronous 

generator units. The rating of each synchronous generator is 

900 MVA and 20 kV. Each of the units is connected through 

transformers to the 230 kV transmission line. There is a 

power transfer of 400 MW from Area 1 to Area 2. The 

detailed base data, the line data, and the dynamic parameters 

for the machines, AVRs, PSS, and loads are given in [18]. 

This system will be studied and analyzed with the aid of the 

Power System Analysis Toolbox (PSAT) version 2.1.7 and 

the control system toolbox of MATLAB 2012a [23-25]. The 

original Kundur two-area system (Figure 4(a)) has been taken 

from [18] and has been modified by replacing the old fixed 

capacitors at buses 7 and 9 by SVCs as shown in Figure 4(b). 

The wind power integration at bus k of the study system is 

illustrated at Figure 4(c) where k is either bus 6 or bus 10. 

The PSAT model of the system shown in Figure 4(b) is 

shown in Figure 5. 

The wind power is included in the system considering two 

scenarios where two situations are considered in each 

scenario. A scenario is associated with the WTG technology 

while a situation is associated with the way at which the wind 

power is included. The first scenario considers the fixed-

speed SCIG while the second one considers the variable-

speed DFIGURE For both scenarios the following situations 

are considered. 
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(a) 

 

(b) 

 

(c) 

Figure 4. The study system. (a) Original Kundur’s two-area system; (b) Modified system with fixed capacitors replaced by SVCs; (c) Integration of a wind 

farm at bus k in the Kundur’s system. 

 

Figure 5. PSAT model of the system shown in Figure 4(b). 

a) Situation 1: the wind power will be used to replace a 

specific amount of the conventional generation in area 

1. The objectives here are to reduce the ecological 

impact of the conventional generation and to reduce the 

dependency on fossil fuels. 

b) Situation 2: The wind power will be added to the 
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conventional generation capacity available in area 2. 

The main objective in this case is to reduce the 

dependency of area 2 on area 1 i.e. the minimization of 

the power transfer over the weak tie-link. 

The maximum or allowable amounts of wind power for 

both scenarios and both situations will be determined based 

on the modal analysis of the system. In addition, the PODs 

will be designed by conventional and optimization methods 

while the wind power is very close to its allowable limits. 

4. Results and Discussions 

The results will be presented through studying the system 

described in Figure 4(b) with the model shown in Figure (5) 

Considering the two stated scenarios in the previous section. 

The maximum wind penetrations that can be replaced or 

added to the system are estimated based on the eigenvalue 

criteria considering SCIG and DFIG technologies. The 

maximum wind penetration is the maximum value of the 

wind power after which the system will lose its stability. Two 

methods can be applied to obtain the maximum wind 

penetration levels which are the time-domain simulation 

(TDS) of a specific fault location/duration and eigenvalues 

analysis. As the TDS is highly dependent on the considered 

disturbance, the maximum wind penetration level will be 

determined by the eigenvalues analysis which is independent 

on the considered disturbances. Near the maximum 

penetration point, POD will be designed using the frequency 

response method and the GA method. The target is improving 

the system dynamic performance when the system is 

subjected to a small disturbance. 

4.1. Scenario 1 with SCIG 

Detailed data for the SCIG-based wind turbine and wind 

model can be found in [36]. 

(A) Power Replacement 

The SCIG will be added to area 1 on bus 12 as shown in 

Figure 6 for replacing the generated power of the 

conventional generators by wind power till reaching the 

maximum wind penetration. The eigenvalues with low 

damping ratios are listed in Table 1. 

 

Figure 6. Two area test system with SCIG added to Area 1. 

Table 1. Dominant eigenvalues of scenario 1.A. 

 
Eigenvalues f (Hz) ξ (%) 

P1+P2=1260MW 

P12=140MW 

-0.59442±j6.5443 1.0458 9.04% 

-0.15025±j3.821 0.6086 3.90% 

P1+P2=1250MW 

P12=150MW 

-0.57982±j6.5303 1.0434 8.88% 

-0.14699±j3.8239 0.60903 3.86% 

-0.42722±j7.0026 1.1166 6.08% 

0.12483+j0 0 ------- 

According to the results in Table 1, the maximum 

generated power in area 1 that can be replaced by wind 

power equals 140 MW (10% of the total generated power 

by synchronous generators in Area 1) and after this value 

the system will be unstable as there is an existence of an 

eigenvalue located in the unstable region. The POD is then 

designed using the frequency method near the maximum 

wind penetration point (P12=140 MW) with the objective of 

increasing the damping ratios of the eigenvalues to an 

acceptable level. According to Table 1, at P12 = 140 MW, 

there is a critical eigenvalue with damping ratio 3.9% and 

an unacceptable eigenvalue with damping ratio 9.04%. 

These damping ratios can be increased to acceptable 

levels (≥10%) by designing a POD. In the first design step 

of POD, the washout filter time constant is chosen as Tw = 1 

[20]. In the next step, the root-locus of all possible 

stabilizing signals to the POD are determined to select the 

best signal which can improve the damping ratios of the 

two eigenvalues shown in Table 1 to an accepted levels. 

Testing all possible POD stabilizing signals according to its 

own root-locus leads to finding that the sending current 

between Bus 5 and Bus 6 as a stabilizing signal to the POD 

can achieve this target. This reference signal will be 

considered in all design cases in the paper. The POD gain 

(Kw) is selected based on the root-locus of the system as 

shown in Figure 7. It is shown that with a gain of 0.114 the 

3.9% damping ratio becomes 23.88% while the 9.04% 

damping ratio becomes 10.7%. Therefore, this gain value 

results in acceptable damping ratios. 
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Figure 7. Root locus of the compensated system and selection of the gain Kw for Scenario 1.A. 

Using the frequency domain POD design method [20, 27], 

the rest of the POD parameters are determined. The transfer 

function of the POD is, then takes the form: 

\]��R� = 0.114 _ [[`�a _O.b�cd[`�O.
�e[`� a

          (14) 

The POD can be also designed by the GA method using 

the objective function described in (13). The resulting 

transfer function takes the form, 

\]��R� = 0.1545 _ [[`�a _O.
bgg[`�O.
ehb[`�a

       (15) 

With the POD connected to the system as shown in Figure 

6, the design is evaluated by both the eigenvalue analysis and 

the TDS of the compensated system. The results of the 

eigenvalue analysis of the compensated system are shown in 

Table 2 and Table 3 which indicate that the minimum 

damping ratios of the critical and unacceptable eigenvalues 

are improved to acceptable levels by the two design methods 

and this ensures the success of the POD design for improving 

the damping of the system. The TDS is performed 

considering a disconnection of line 8 for 100 msec. This 

disturbance started at t = 1 sec. The responses of the system 

with and without POD are compared as shown in Figure 8. 

Table 2. Frequency response method based eigenvalues analysis of the 

compensated system of scenario 1.A. 

Eigenvalues f (Hz) ξ (%) 
-0.91089±j3.7273 0.61067 23.88% 

-0.6877±j6.365 1.0189 10.70% 

Table 3. Genetic algorithm based eigenvalues analysis of the compensated 

system of scenario 1.A. 

Eigenvalues f (Hz) ξ (%) 
-0.73982±j6.4751 1.0372 11.34% 

-0.83283±j4.0651 0.66041 20.07% 

It is depicted from Figure 8 that the POD improves the 

dynamic performance of the system through increasing the 

system damping, and decreasing the settling time. 

(B) Power Addition 

The SCIG in this section is added to area 2 on bus 12 as 

shown in Figure 9 for reducing the power transfer from area 

1 to area 2 by adding generated power by SCIG in area 2 till 

reaching the maximum wind penetration. 

 
(a) 
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(b) 

Figure 8. TDS for 100msec disconnection of line8: (a) Rotor angle of G1; (b) Active power of G1. 

 

Figure 9. Two area test system with SCIG added to Area 2. 

The eigenvalues with low damping ratios are shown in 

Table 4. According to Table 4, the maximum wind power that 

can be added to area 2 also equals 140 MW and the system 

will be unstable when the generated power by SCIG equals 

150 MW. The POD is designed by the frequency response 

method near the maximum wind penetration point (P12=140 

MW). According to Table 4, at P12 = 140 MW, there is a 

critical eigenvalue with damping ratio 4.31% and an 

unacceptable eigenvalue with damping ratio 9.02%. The 

POD gain (Kw) is selected based on the root-locus method. 

For a gain of 0.062, the 4.31% damping ratio becomes 17.2% 

while the 9.02% damping ratio becomes 10.16%. 

Table 4. Dominant eigenvalues of Scenario 1.B. 

 
Eigenvalues f (Hz) ξ (%) 

P12=140 

MW 

-0.59524±j6.5765 1.051 9.02% 

-0.17052±j3.9459 0.6286 4.31% 

P12=150 

MW 

-0.60136±j6.5699 1.05 9% 

-0.16879±j3.9522 0.62958 4.30% 

-0.57935±j6.9841 1.1154 8.28% 

0.17508+j0 0 ------- 

In this case, the transfer function of the POD will take the 

form, 

\]��R� = 0.062 _ [[`�a _O.bOkg[`�O.
Ogh[`�a

             (16) 

With the GA method, the POD transfer function is 

determined as, 

\]��R� = 0.0642 _ [[`�a _O.b
ed[`�O.�kbc`� a

            (17) 

With the POD connected to the system as shown in Figure 

9. The results of the eigenvalue analysis of the compensated 

system are shown in Table 5 and Table 6 which indicate that 

the minimum damping ratios of the critical and unacceptable 

eigenvalues are improved to acceptable levels by the two 

design methods. 

Table 5. Frequency response method based eigenvalues analysis of the 

compensated system of scenario 1.B. 

Eigenvalues f (Hz) ξ (%) 
-0.68085±j3.8909 0.62866 17.23% 

-0.66545±j6.4604 1.0336 10.16% 

Table 6. Genetic algorithm based eigenvalues analysis of the compensated 

system of scenario 1.B. 

Eigenvalues f (Hz) ξ (%) 
-0.87603±j3.6001 0.58969 23.49% 

-0.6479±j6.43 1.0181 10% 

The responses of the system with and without POD are 

shown in Figure 10 considering the same disturbance as the 

previous situation. The results ensure the significant 
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improvement of the dynamic response of the system with the POD included. 

 
(a) 

 
(b) 

Figure 10. TDS for 100msec disconnection of line8: (a) Rotor angle of G2; (b) Active power of G1. 

4.2. Scenario 2 with DFIG 

Detailed data for the SCIG-based wind turbine, wind 

model and collector system can be found in [36]. Detailed 

analysis of the power replacement and power addition 

scenarios is provided in the following subsections. 

 (A) Power Replacement 

The DFIG will be added to area 1 for replacing the 

generated power of synchronous generators by wind power 

till reaching the maximum wind penetration. The system 

structure is similar to Figure 6 but the SCIG is replaced with 

DFIGURE 

The eigenvalues with low damping ratios are shown in 

Table 7. According to Table 7, the maximum generated 

power in area 1 that can be replaced by wind power equals 

500 MW (35.7% of the total generated power by 

synchronous generators in Area 1). 

Table 7. Dominant eigenvalues of Scenario 2.A. 

 
Eigenvalues f (Hz) ξ (%) 

P1+P2=900MW 

P12=500MW 

-0.81087±j6.2776 1.0074 12.80% 

-0.20784±j4.0177 0.64028 5.16% 

P1+P2=850MW 

P12=550MW 

-0.85172±j6.2167 0.99866 13.50% 

-0.22005±j4.0365 0.64339 5.40% 

-0.12055±j1.7216 0.27467 7.04% 

0.008 ±j0 0 ------ 

 

 

Figure 11. Root locus of the compensated system and selection of the gain Kw for Scenario 2.A. 
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Recalling that the SCIG can offer a maximum power 

replacement in area 1 by only 10% of the conventional 

generation, the DFIG offers more than 3.5 times this value. 

This is attributed to the inherent stability of the DFIG in 

comparison with the SCIG as well as the grid support that 

can be provided by the DFIGURE The increased stability 

associated with the DFIG is provided by its control system 

(the back-to-back connected converter) which provide 

reactive power support to the grid and control of active and 

reactive power outputs. These capabilities are not provided 

by the SCIG. In addition, SCIG continuously consumes 

uncontrollable amounts of reactive power which is supplied 

from the grid considering the partial contribution of the 

terminal capacitors. Therefore, the SCIG degrades the 

voltage stability/control of power systems which the DFIG 

can provide voltage stability/control enhancements. The POD 

is designed by the frequency response method near the 

maximum wind penetration point (P12=500 MW). According 

to Table 7, at P12 = 500 MW, there is a critical eigenvalue 

with damping ratio 5.16%. The POD gain (Kw) is selected 

based on the root-locus as shown in Figure11. For a gain of 

0.0283, the 5.16% damping ratio becomes 10%. The transfer 

function of the POD takes the form, 

\]��R� = 0.0283 _ [[`�a _O.
cg�[`�O.
�ec[`�a

             (18) 

With the GA based design, the POD transfer function 

becomes, 

\]��R� = 0.0288 _ [[`�a _O.
cgh[`�O.
�d`� a
 	9        (19) 

The results of the eigenvalue analysis of the compensated 

system are shown in Table 8 and Table 9 which indicate that 

the minimum damping ratios of the critical eigenvalues are 

improved to acceptable level by the two design methods. 

Table 8. Frequency response method based eigenvalues analysis of the 

compensated system of scenario 2.A. 

Eigenvalues f (Hz) ξ (%) 
-0.4038±j4.0198 0.643 10% 

-0.16551±j1.6452 0.26316 10% 

Table 9. Genetic algorithm based eigenvalues analysis of the compensated 

system of scenario 2.A. 

Eigenvalues f (Hz) ξ (%) 
-0.46204±j3.8986 0.62482 11.70% 

-0.1687±j1.6572 0.26477 10% 

The responses of the system with and without POD are 

compared as shown in Figure 12 which ensures the 

effectiveness of the POD in improving the system dynamic 

stability. 

 
(a) 

 
(b) 

Figure 12. TDS for 100msec disconnection of line8: (a) Rotor angle of G1; (b) Active power of G1. 

(B) Power Addition 

The DFIG in this section will be added to area 2 (as shown 

in Figure 9 but the SCIG is replaced with DFIG) for reducing 

the power transfer from area 1 to area 2 by adding generated 

power by DFIG in area 2 till reaching the maximum wind 

penetration. The eigenvalues with low damping ratios are 

shown in Table 10. According to Table 10, the maximum 

wind power that can be added to area 2 equals 350 MW. This 
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value is 2.5 times the maximum amount of SCIG wind 

power. Again, the DFIG surpasses the SCIG in the power 

addition. The reasons are also attributed to the control 

capabilities of the DFIGs in comparison with the SCIGs. It is 

also shown in Table 10, at P12 = 350 MW, there is a critical 

eigenvalue with damping ratio 6.65%. The POD gain (Kw) is 

selected based on the root-locus method. For a gain of 0.03, 

the 6.65% damping ratio becomes 18%. In this case, the 

transfer function of the POD based on the frequency response 

method is represented by equation (20) while its form as 

determined by the GA based method is represented by 

equation (21). 

Table 10. Dominant eigenvalues of Scenario 2.B. 

 
Eigenvalues f (Hz) ξ (%) 

P12=350 

MW 

-0.78117±j6.3636 1.0204 12.30% 

-0.27893±j4.182 0.66706 6.65% 

P12=400 

MW 

-0.83732±j6.2965 1.0109 13.06% 

-0.30421±j4.2103 0.67183 7.10% 

-0.22003±j1.3624 0.21964 16.60% 

-0.00074±j0 --------- -------- 

\]��R� = 0.03 _ [[`�a _O.bbde[`�O.�dkk[`�a

                  (20) 

\]��R� = 0.034 _ [[`�a _O.bbe
[`�O.�Oh
[`�a

                (21) 

The results of the eigenvalue analysis of the compensated 

system are shown in Table 11 and Table 12 which indicate 

that the minimum damping ratio of the critical eigenvalue is 

improved to acceptable level by the two design methods. The 

responses of the system with and without POD are compared 

as shown in Figure 13. 

Table 11. Frequency response method based eigenvalues analysis of the 

compensated system of scenario 2.B. 

Eigenvalues f (Hz) ξ (%) 
-0.73327±j6.23 0.99838 11.63% 

-0.75215±j4.1104 0.66505 18% 

Table 12. Genetic algorithm based eigenvalues analysis of the compensated 

system of scenario 2.B. 

Eigenvalues f (Hz) ξ (%) 
-0.84121±j3.7922 0.61822 21.63% 

-0.6293±j6.26 1.001 10% 

 

 
(a) 

 
(b) 

Figure 13. TDS for 100msec disconnection of line8: (a) Rotor angle of G2; (b) Active power of G1. 

4.3. Adaptive Controller Parameters Based 

Genetic Algorithm 

In this section, adaptive controller parameters will be 

obtained based on the genetic algorithm method to enhance 

the system dynamic stability at different operating points 

corresponding to different wind penetration levels. The POD 

will be designed in the two area test system (Figure 4(b)). 

The two types of WTGs considering the power replacement 

situations are simulated for some selected operating 

conditions. The impact on the system dynamic performance 

is evaluated in a range of operating points. The effectiveness 

of a POD design under specific operating point for a wide 

range of operating points is also investigated in this section. 

The effectiveness indictor is the capability of the POD to 
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keep the minimum damping ratio of the system at an 

acceptable level. The results are confirmed by both 

eigenvalue analysis and time domain simulation in the range 

of the minimum to maximum wind penetration levels. 

(A) Scenario 1 with SCIG 

The POD parameters are obtained by GA considering only 

the maximum wind penetration level (i.e. 140 MW) and it is 

found that these parameters are effective in the range of the 

minimum (i.e. 0.0 MW) to maximum penetration levels as 

shown in Figure 14. The results ensure that the POD has the 

ability to keep the system eigenvalues in acceptable levels 

(>=10%) for the entire range of wind power penetration. 

 
Figure 14. The minimum damping ratios in case of different wind penetration levels. 

Confirmation of results by eigenvalues analysis and time 

domain simulation have been demonstrated by taking a 

random value of the wind penetration level in the wind 

penetration range (the selected value is 100 MW). The results 

of the eigenvalue analysis as shown in Table 13. The results 

of Figure 14 and Table 13 ensure the effectiveness of the 

POD designed at a specific operating point to a wide range of 

other operating points. 

The results are also confirmed by comparing the system 

dynamic responses with and without POD as shown in Figure 

15 for the same wind power level of 100 MW. 

Table 13. Eigenvalue analysis considering SCIG. 

Eigenvalues f (Hz) ξ (%) 
Without POD (Pwind = 100MW) 

-0.57133±j6.5747 1.0503 8.64% 

-0.15157±j3.8125 0.60725 3.94% 

With POD (Pwind = 100MW) 

- 0.71778±j6.5545 1.0494 10.96% 

- 0.83812±j4.0435 0.65723 20.30% 

 

 
(a) 

 
(b) 

Figure 15. TDS for 100msec disconnection of line8: (a) Rotor angle of G1; (b) Rotor angle of G2. 
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(B) Scenario 2 with DFIG: 

The GA method is applied and it is found that the adaptive 

POD parameters for various ranges of wind penetration 

levels as shown in Table 14 and Figure 16 ensures that the 

POD has the ability to keep the system damping ratios in 

accepted levels for a wide range of DFIG-based wind power 

penetration levels. 

 

Table 14. The effective Range of the POD Parameters of Scenario 2.A. 

Range of Pwind (MW) POD Parameters 

From To Kw T1 T2 

0 40 0.079 0.661 0.348 

50 290 0.07 0.3005 0.2162 

300 460 0.034 0.292 0.216 

470 500 0.0288 0.2874 0.216 

 

 
Figure 16. The minimum damping ratios in case of different wind penetration levels. 

Confirmation of results by eigenvalues analysis and time 

domain simulation are achieved by taking a random value of 

the wind penetration in the above ranges (400 MW); the 

results are in Table 15 and Figure 17. The results of this 

section ensure the effectiveness of the POD for a wide range 

of DFIG-based wind penetration levels. 

 

 

 

 

Table 15. Eigenvalue analysis considering DFIG 

Eigenvalues f (Hz) ξ (%) 
Without POD (Pwind = 400MW) 

-0.73508±j6.3815 1.0224 11.44% 

-0.18656±j3.9988 0.63712 4.65% 

-0.22921±j1.6007 0.25736 14.22% 

With POD (Pwind = 400MW) 

- 0.74982±j6.3492 1.0175 11.70% 

- 0.42647±j3.9984 0.63998 10.59% 

- 0.16858±j1.5439 0.24718 10.61% 

 

 
(a) 

 
(b) 

Figure 17. TDS for 100msec disconnection of line8: (a) Rotor angle of G1; (b) Rotor angle of G2. 
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5. Conclusion 

The traditional frequency domain and the GA-based 

parameter optimization methods for control design are 

presented in this paper for the design of FACTS-POD 

controllers. The main objective is the enhancement of the 

dynamic stability of power systems by keeping a minimum 

damping ratio of 10%; a value which is acceptable by utility 

systems. The paper also considers the impact of various wind 

power technologies on the dynamic stability of power systems. 

In addition, successful POD designs are presented considering 

the addition of wind power to conventional generating systems 

as well as replacement of conventional generating systems by 

wind power. The maximum wind penetration levels for 

numerous situations and operating scenarios are estimated 

based on the eigenvalue stability criterion. With the increase of 

wind power penetration, it is found that the DFIGs cause less 

degradation of the system stability in comparison with the 

SCIGs. In addition, the maximum penetration levels of DFIGs 

are significantly high in comparison with SCIGs. The control 

and grid support capability of DFIGs are the main reason of 

the superiority of DFIGs over SCIGs. The effectiveness of 

PODs with fixed parameters (determined at a specific 

operating point) to enhance the system stability over a wide 

range of operating conditions is carefully investigated. The 

results show that PODs can provide an effective enhancement 

of the dynamic stability over a wide range of operating 

conditions. GA-based adaptive tuning of PODs is also 

presented in this paper. The capability of PODs for enhancing 

the dynamic stability is evaluated by the eigenvalue analysis 

and the time domain simulation. 
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