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Abstract-- This work investigates the influence of Power System 

Stabilizers and an Integral Proportional Controller - Unified 

Power Flow Controller equipped or not with a Power Oscillation 

Damping controller on local and inter-area oscillatory modes in an 

Electric Power System. For this, the Unified Power Flow 

Controller is modeled by current injections and its linearized 

equations are incorporated into the Current Sensitivity Model. 

Coordination of the controllers is achieved using the Firefly 

Algorithm. All the results presented were obtained from 

simulations using the New England test system. 

 
Index Terms-- Current sensitivity model, Firefly algorithm, 

optimization of electrical systems, supplementary damping 

controllers 

I.  INTRODUCTION 

In recent years, increases in the demand for electricity 

associated with great concern about the environment and the 

high costs of investing in new generating units and transmission 

lines (TL) has encouraged the rationalization of existing 

structures. This has accelerated the development of new 

technologies, among which Flexible AC Transmission Systems 

(FACTS) are capable of processing high voltages to ensure 

better use of the systems. The FACTS devices include, among 

others, the Static Synchronous Compensator (STATCOM) [1], 

the Static Synchronous Series Compensator (SSSC) [2], the 

Interline Power Flow Controller (IPFC) [3], [4] and the Unified 

Power Flow Controller (UPFC) [5] all of which are based on 

Voltage Source Converters (VSC). 

The UPFC is a FACTS device capable of controlling the 

magnitude of the voltage and power flow in the TL in which it 

is installed, thereby improving safety and flexibility of 

electrical power systems (EPSs) [5]. In addition, it can be used 

to provide damping to possible low frequency oscillations [6]–

[9], which are a direct consequence of the dynamic interactions 

between synchronous generators when the EPS is subject to 

perturbations. 

Traditionally, Power System Stabilizers (PSSs) coupled to 

Automatic Voltage Regulators (AVRs) have been used to damp 

existing oscillations in the same area [10], also known as local 

oscillatory modes (0.8 to 2.0 Hz). However, under certain 

operating conditions of the EPS [11], this device may not 
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provide sufficient damping of inter-area oscillatory modes (0.2 

to 0.7 Hz). In this case, normally Power Oscillation Damping 

(POD) controllers and, in some situations, only FACTS and 

their respective controller are used. This paper proposes a 

comparative study of the effects of PSS controllers, Unified 

Power Flow Controller (UPFC) using proportional-integral (PI) 

supplementary controllers and a POD associated to a PI – UPFC 

combination on low-frequency local and inter-area oscillatory 

modes. 

The EPS is represented by a linear model developed using 

the Kirchhoff current Law, the Current Sensitivity Model 

(CSM). Moreover, a model, also linear, based on current 

injections is used for the UPFC. These currents are calculated 

by expanded power flow equations based on the residuals of the 

current injection equations in each bus of the system. 

The tuning of the supplementary damping controllers (PSSs, 

PI – UPFC and PI – UPFC – POD) is formulated as an 

optimization problem, based on the damping coefficients of the 

EPS eigenvalues of interest with the firefly algorithm (FA) 

being used for its solution. The controllers are automatically 

tuned with the optimization of this function, ensuring system 

stability at the desired operating point. 

From the above, the main contributions of this study are: 1) 

to investigate and compare the influence of PSSs, and PI-UPFC 

and PI-UPFC-POD arrangements on local and inter-area 

oscillatory modes; 2) to implement the FA; and 3) to validate 

the FA as a tool in the coordinated tuning of supplementary 

damping controllers using the New England test system [12]. 

II.  EPS MODELLING 

A.  Current Injection Model for the UPFC 

The UPFC controller consists of two VSC-type converters, 

one in series with the TL (VSC2) and the other in shunt with 

the installation bus (VSC1), connected in direct current by 

means of a capacitor with its connection to the EPS via coupling 

transformers, as shown in Fig. 1a. Thanks to the use of these 

converters, the UPFC is capable of simultaneously controlling 

the magnitude of the voltage of the installation bus via VSC1 

and the complex power flow in the TL adjacent to VSC2. 

From the equivalent circuit and the phasor diagram of the 

UPFC used in [13], and considering its installation between 
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buses 𝑘 and 𝑚, the current injection model is defined as shown 

in Fig. 2, in which the real and imaginary components of these 

injections are calculated according to equations (1) – (5). 
 

 

Fig. 1. a) Schematic diagram and b) Balance of the flows in the bus where the 

UPFC is installed. 

 

 

Fig. 2. Current injection Model of the UPFC. 

 

 1 cos sinm

p km q km km

k

V
C V V b

V
    (1) 

 upfc

r 1cos sink k q km q kI C V b I     (2) 

 upfc

i 1sin cosk k q km q kI C V b I     (3) 

 upfc

r cos sinm p q kk k mI V V b     (4) 

 upfc

i sin cosm p q kk k mI V V b     (5) 

B.  Supplementary Controller of the UPFC 

The damping coefficients of the inter-area modes are 

generally very small, so, after each perturbation, oscillations are 

experienced for several seconds that can interrupt the power 

flow needed by load centers. In this work, the strategy adopted 

to increase the damping of these oscillatory modes is to control 

the power flow in a TL that interconnects two areas of the EPS 

dynamically. 

PI controllers are used with the UPFC to control the power 

flows in the TL in which it is installed [3], [14]. These 

controllers are responsible for modulating the control variables 

(Vp, Vq and Ip) of VSC1 and VSC2. In this structure, the 

controller parameters are represented by the gains K1u, K2u and 

K3u (in pu) and by the time constants T1u, T2u and T3u (in 

seconds). In addition, the inherent delay of the control device, 

represented by the time constant Tm is in the range between 1 

and 10 ms [15]. 

The complex power (Ŝm

ctrl
 = Pm

ctrl + jQ
m

ctrl) controlled by the 

UPFC can be obtained by inspecting Fig. 1b, as shown in (6). 

ctrl upfcˆ ˆ ˆ
m m mkS S S 

 
(6) 

In (6), Ŝm

upfc
  and Ŝmk represent, in this order, the complex 

power injected by the FACTS into bus 𝑚 and the complex 

power flow that flows from bus 𝑚 to bus 𝑘. Separation of the 

real and imaginary parts of (6) makes it possible to determine 

the active (Pm
ctrl) and reactive (Q

m

ctrl) power flows controlled by 

the UPFC. 

The set of equations (7) – (12) represents the dynamic 

behavior of the UPFC control structure. 
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In eqs. (7) - (12), the specified values of the active and 

reactive power flows that flow from bus m and the magnitude 

of the voltage in bus k are respectively, Pm
ref, Q

m

ref and Vk
ref. 

C.  Dynamical models of the PSSs and POD 

In this work, the basic structure of the supplementary 

damping controllers is shown in Fig. 3. 

 

 

Fig. 3. Basic Structure of PSSs and POD. 

 

This structure consists of a gain K that determines the 

amount of damping introduced by the controllers; a washout 

block that functions as a high-pass filter with a time constant 

Tw conveniently adjusted to allow the controller to operate only 

during transient periods and a phase compensation block 

(T1=T3 and T2=T4) which provides the appropriate phase 

advance characteristics to compensate for the phase delay 

between the control loop output of the automatic voltage 

regulator and the torque produced by the generator [16]. 

For the PSSs, the input signal Δe is the variation in the 

angular velocity (∆ωk) of generator k, whereas for the POD the 

chosen input signal is the deviation of the active power flow 
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(ΔPkm) in a TL adjacent to the installation of the UPFC-POD. 

The output signals (Δz) are constituted for the PSSs by the 

voltage ΔVS added to the AVR control loop and for the POD by 

the voltage deviation ΔVsup. 

D.  Linear Model of the EPS 

The EPS will be represented by a linear model, called the 

current sensitivity model (CSM), which is based on the 

Kirchhoff current Law and must be satisfied even when the 

system is perturbed [3], [17]. An interesting feature of this tool 

is the maintenance of all the buses of the EPS in the model, 

which facilitates the inclusion of FACTS devices and PSS 

controllers. 

In the CSM, the dynamics of the EPS is described as a 

function of the state (Δx), algebraic (Δy) and input variables 

(Δu) according to (13). 

 
        

           
       

x J1 J2 x B1
u

0 J3 J4 y B2
 (13) 

In eq. (13), the submatrices 𝑱𝟏, 𝑱𝟐, 𝑱𝟑 and 𝑱𝟒 are associated 

with the state and algebraic variables, with the state variables 

being represented by the angular velocity (Δ𝜔), internal rotor 

angle (Δδ), internal voltage in quadrature (ΔEq
' ) and the 

generator field (ΔEfd). The algebraic variables are the magnitude 

(ΔV) and phase (Δθ) of the voltage in the buses of the EPS. The 

input variables are related to the submatrices 𝑩𝟏 and 𝑩𝟐 and are 

represented by the mechanical power (ΔPm), reference voltage 

of the automatic voltage regulator (Δ𝑉r) and by the variation of 

the loads, active (ΔPL) and reactive (ΔQ
L
). 

The representation in state space form is obtained by 

eliminating Δ𝒚 in (13), which results in the matrices of states 

𝑨 = 𝑱𝟏 − 𝑱𝟐𝑱𝟒−1𝑱𝟑 and inputs 𝑩 = 𝑩𝟏 − 𝑱𝟐𝑱𝟒−1𝑩𝟐. 

III.  PARAMETERIZING TECHNIQUES OF SUPPLEMENTARY 

CONTROLLERS 

A.  Firefly Algorithm 

The firefly algorithm (FA) was developed by Yang at the end 

of 2007 at the University of Cambridge [18], [19] based on the 

frequency and intensity of light emitted by these insects. 

The FA assumes that the initial population consists of NP 

potential solutions to an optimization problem. Each solution 

describes the position of a firefly, which is represented by a 

dimension vector d containing the problem variables. Every 

solution zi=[zi1 zi2 ⋯ zid] is evaluated by an objective 

function F(zi), i = 1, …, NP representing its quality. The 

brightness of the agents is proportional to their objective 

function (quality), which, together with their attractiveness 

factor (β), dictate how strong the attraction of other members of 

the swarm will be. 

The other constants defined by the user are the maximum 

attraction value (β
0
), the absorption coefficient (γ) (which 

determines the variation in attractiveness with increasing 

distance) and the randomization parameter (α). 

In order to design the FA adequately, two important issues 

need to be defined: the variation in light intensity and the 

formulation of the attractiveness factor. In the standard 

algorithm, the light intensity (I) of a firefly representing a 

solution zi is proportional to the value of the objective function, 

while the luminous intensity I(r) varies according to (14). 

 
2

0

rI r I e   (14) 

In eq. (14), I0 indicates the light intensity of the source, and 

the light absorption is approximated using the absorption 

coefficient γ. The attractiveness factor β of the firefly is 

proportional to the luminous intensity of its flash. Therefore, it 

can be defined by equation (15). 

2

0

re     (15) 

In eq. (15), β
0
 is the attractiveness for r = 0 and γ is the light 

absorption coefficient by the propagation medium. In the 

classical FA, the Euclidean distance rij between any two 

fireflies, zi and zj, is expressed as in (16). 
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In eq. (16) d indicates the size of the problem. The movement 

of the i-th firefly is directed to the brightest (most attractive) 

firefly j according to equation (17). 
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In eq. (17), εi is a vector of random numbers generated by a 

Gaussian distribution. The movements of fireflies are 

composed of three terms: the current position of the i-th firefly, 

the attraction for a more attractive individual, and a random 

flight consisting of a randomization parameter α (a random 

number in the interval [0, 1]). 

B.  Formulation of optimization problem 

The objective function Fo(z) chosen to guide the FA 

algorithm within the search space to obtain a solution z, which 

contains a set of adjustments appropriate for the parameters of 

the controllers, is displayed in (18). 

   des calc des calc

1
o

p

j j j

j

F     


   z  (18) 

In eq. (18), ωj
desand ξ

des
 are respectively the undamped 

natural frequency and the damping, both specified, of the jth 

eigenvalue of interest and η is a dimensionless constant situated 

in the interval [0, 1]. In addition, at each iteration, two vectors 

consisting of natural undamped frequencies (ωcalc) and damping 

coefficients (ξ
calc

) are calculated from the p eigenvalues of 

interest (λ
calc

). 

As for the location of the eigenvalues of interest in the 

complex plane, it is expected that Fo(z) is able to guide the 

algorithm in the search for adjustments that ensure that the 

frequencies of oscillatory modes of interest (ωcalc), obtained at 

the end of the parameterization process of the controllers, do 

not undergo major changes in relation to the ones obtained 

without its actuation. Thus, for each iteration of the FA, the 

eigenvalues of interest must be selected and directed to the left 

half-plane of the complex plane as shown in Fig. 4. 
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Fig. 4. Desired location for the eigenvalues of interest. 

 

In Fig. 4, the constants ωmin and ωmax are the lower and upper 

frequency limits of the oscillatory modes.  

In the proposed approach, considering an EPS consisting of 

NG generators equipped with NE PSSs and a PI – UPFC, the FA 

algorithm should provide a solution with a set of gains and time 

constants for each installed PSS, and for the PI – UPFC and 

POD controllers. Thus, each solution of the algorithm will be 

represented by a vector consisting of the parameters of NS 

supplementary controllers according to (19). 
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IV.  RESULTS AND SIMULATION 

Simulations were performed in a test EPS known as New 

England [12] to validate the studies developed. Its one-line 

diagram is shown in Fig. 5. It is constituted by 10 generators, 

40 buses and 47 TLs, including an extra bus (F1) and extra 

fictitious TL (37-F1), used exclusively to perform simulations 

with the UPFC. 

 

Fig. 5. Single-line diagram of the New England system. 

 

The PI-UPFC-POD arrangement is conveniently positioned 

between buses 37 and 38, close to the site that interconnects 

EPS areas 1 and 2, as areas of interconnection in EPSs are 

conducive to the emergence of inter-area oscillation modes 

[20].  

The reactance of the transformer that couples VSC2 to the 

TL, whose adopted value was 0.01 pu, was considered between 

buses 37 and F1. The values of the PI controller parameters 

(K1u, K2u, K3u, T1u, T2u and T3u) will be determined by the 

optimization algorithm and Tm was set to 0.001 pu. 

When considering the PI – UPFC – POD arrangement 

incorporated into the EPS, but without exerting any control over 

the voltage or the active and reactive power flows, the control 

variables of the VSCs have values close to zero, confirming the 

non-existence of power injections by the device. This situation, 

which considers the UPFC turned off, will be called the base 

case. For this case, the eigenvalues of interest (𝜆𝑖) of the state 

matrix of the EPS are presented in Table I as are the oscillation 

frequencies (ωni) and associated damping coefficients (ξ𝑖). 

 
TABLE I 

DOMINANT EIGENVALUES, UNDAMPED NATURAL FREQUENCIES AND DAMPING 

COEFFICIENTS OF THE BASE CASE. 

 

Modes Eigenvalue ωni (Hz) ξ (p.u.) 

I1 -0.0015 ± j 3.4821 0.5542 0.0004 

L1 0.1717 ± j 5.9098 0.9410 -0.0290 

L2 0.1291 ± j 6.3571 1.0120 -0.0203 

L3 -0.1068 ± j 6.4583 1.0280 0.0165 

L4 0.0848 ± j 6.8490 1.1018 -0.0124 

L5 -0.2114 ± j 7.1701 1.1417 0.0295 

L6 -0.2703 ± j 8.0966 1.2893 0.0334 

L7 -0.1982 ± j 8.2615 1.3152 0.0240 

L8 -0.2516 ± j 8.3149 1.3240 0.0302 

 

On analyzing Table I, it is found that the New England 

system has a poorly damped inter-area mode (I1) at this point 

of operation. In addition, eight local oscillatory modes exist, 

three unstable (L1 to L3) and five weakly damped (L4 to L8). 

Given the above, the EPS is characterized by oscillatory 

instability in the base case operating conditions. 

Three scenarios are proposed to introduce additional 

damping to the inter-area mode and local modes of the test 

system and to validate the FA algorithm as a tool for stability 

analysis of small perturbations: 

• Scenario I: The installation of eight PSSs on generators G1 

to G5 and G7 to G9 with the PI-UPFC turned off; 

• Scenario II: The installation of the eight PSSs mentioned 

in scenario I with the PI-UPFC controller turned on; 

• Scenario III: Addition of a POD controller to the PI-UPFC 

control network maintaining the PSSs on generators G1 to G5 

and G7 to G9. 

In scenarios 2 and 3, the power flow in the TL F1- 38 was set 

to –75 – j150 MVA and the magnitude of the voltage in bus 37 

to 1.0 pu. In this way, the UPFC control variables assume the 

values (in pu) of Vp = –0.097, Vq = –0.094 and Iq = 3.775. 

Ten simulations were performed with ξ
des

 adjusted to 100% 

in all scenarios. The test used to parameterize the controllers 

was the one that obtained the highest minimum damping. With 

this, it is expected to obtain the highest possible damping levels 

for the modes of interest. The values assigned for the 

parameterization of the FA method were: β
0
 = 2.0; α = 0.5; 

γ = 1.0; NP = 20 and 7500 evaluations of the objective function. 

In addition, the restrictions adopted to adjust the time constants 

(seconds) and the gains (p.u.) of the controllers inserted in the 

EPS are represented in Table II. 

min
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TABLE II 

GAIN (P.U.) AND TIME (S) LIMITS OF THE PI, POD AND PSS CONTROLLERS 

 

 

A.  Scenario I 

Under these conditions, after 7500 evaluations of the 

objective function, the best FA algorithm test produced the 

tuning parameters shown in Table III. 

 
TABLE III 

GAINS (P.U.) AND TIME CONSTANTS (S) OF THE PSS AND POD CONTROLLERS 

ADJUSTED BY THE FA IN SCENARIO I. 
 

Controller 𝑻𝟏 𝑻𝟐 𝑲 

PSS 1 1.2336 0.0643 8.4556 

PSS 2 1.0530 0.2357 8.5114 

PSS 3 1.2097 0.2543 13.406 

PSS 4 1.0907 0.4445 2.4727 

PSS 5 0.8412 0.1865 2.3558 

PSS 7 0.6979 0.4025 11.549 

PSS 8 0.9970 0.2391 1.4406 

PSS 9 0.8827 0.2598 1.0000 

 

On tuning the PI-UPFC controller with the parameters of 

Table III it was possible to determine the eigenvalues of 

interest, frequencies and associated damping coefficients, as 

shown in Table IV. 

 
TABLE IV 

DOMINANT EIGENVALUES, UNDAMPED NATURAL FREQUENCIES AND DAMPING 

COEFFICIENTS FOR SCENARIO I. 
 

Mode Eigenvalue ωni (Hz) ξ (p.u.) 

I1 -0.1799 ± j 3.1641 0.50440 0.0568 

L1 -3.0350 ± j 5.1596 0.95270 0.5070 

L2 -1.9717 ± j 6.0864 1.01820 0.3082 

L3 -0.3903 ± j 6.4898 1.03470 0.0600 

L4 -0.5440 ± j 6.9320 1.10660 0.0782 

L5 -0.7573 ± j 7.2121 1.15420 0.1044 

L6 -0.4896 ± j 8.2429 1.31420 0.0593 

L7 -0.4957 ± j 8.4318 1.34430 0.0587 

L8 -0.7543 ± j 8.6613 1.38370 0.0868 

 

By examining the data contained in Table IV it can be seen 

that the system operates in the stability region at the analyzed 

operating point, however, only three modes have damping 

levels higher than 10%, which can lead to instability of the EPS 

in cases of topological or loading changes. Furthermore, the 

damping of the inter-area mode is the lowest among those of 

interest, which shows that in some situations, PSS controllers 

are not able to insert enough damping to this mode. 

B.  Scenario II 

In this scenario, the PI-UPFC controller is turned on and it 

operates in conjunction with the PSSs installed on generators 

G1 to G5 and G7 to G9, that is, one for each unstable local 

oscillatory mode of interest as in the previous scenario. At the 

end of the parameterization process, the optimization algorithm 

provided the parameters shown in Tables V and VI using the 

test with the highest minimum damping. 

 
TABLE V 

GAINS (P.U.) AND TIME CONSTANTS (S) OF THE PI CONTROLLERS ADJUSTED BY 

THE FA IN SCENARIO II. 

 

T1 = T2 T3 K1 = K2 K3 Tm 

0.0592 0.5689 0.0639 6.7494 0.0010 

 
TABLE VI 

GAINS (P.U.) AND TIME CONSTANTS (S) OF THE PSS AND POD CONTROLLERS 

ADJUSTED BY THE FA IN SCENARIO II. 

 

Controller 𝑻𝟏 𝑻𝟐 𝑲 

PSS 1 1.2547 0.0629 9.1813 

PSS 2 1.0515 0.2372 6.7706 

PSS 3 0.7824 0.0590 8.4909 

PSS 4 0.9300 0.4325 5.2082 

PSS 5 0.5000 0.1840 8.6449 

PSS 7 0.7892 0.3498 3.1800 

PSS 8 1.1557 0.2791 9.5698 

PSS 9 0.7698 0.2174 1.6752 

 

The parameterization of the supplementary controllers with 

the constants shown in Tables V and VI resulted in the EPS 

operating with the eigenvalues of interest (𝜆𝑖), oscillation 

frequencies (ωni) and damping coefficients (ξ𝑖) shown in Table 

VII. 

 
TABLE VII 

DOMINANT EIGENVALUES, UNDAMPED NATURAL FREQUENCIES AND DAMPING 

COEFFICIENTS FOR SCENARIO II. 

 

Mode Eigenvalue ωni (Hz) ξ (p.u.) 

I1 -0.2904 ± j 2.6783 0.42880 0.1078 

L1 -1.3382 ± j 5.7478 0.93930 0.2268 

L2 -0.6429 ± j 6.4746 1.03550 0.0988 

L3 -0.9504 ± j 6.7719 1.08830 0.1390 

L4 -4.7916 ± j 5.2527 1.13160 0.6739 

L5 -0.9123 ± j 7.4296 1.19130 0.1219 

L6 -2.0154 ± j 7.9840 1.31060 0.2448 

L7 -0.7561 ± j 8.3329 1.33170 0.0904 

L8 -0.8080 ± j 8.9325 1.42750 0.0901 

 

On comparing the oscillatory modes of Table VII to those 

obtained in Table I, it is concluded that the parameterization of 

the supplementary controllers using the values presented in 

Tables V and VI again resulted in a stable operating point for 

the EPS, since all modes of interest have positive real parts. 

As expected, this proposal significantly increased inter-area 

mode damping due to the influence of the PI-UPFC controller. 

This specific scenario provided the FA with more freedom to 

adjust the PSSs, which also contributed to the increase in the 

damping of local modes. 

C.  Scenario III 

Finally, assuming the simultaneous operation of the PSSs 

installed on generators G1 to G5 and G7 to G9 and the PI-

UPFC-POD arrangement positioned in TL F1- 38, the gains and 

time constants determined by the FA in the test that obtained 

the highest minimum damping are shown in Tables VIII and IX. 

 
TABLE VIII 

GAINS (P.U.) AND TIME CONSTANTS (S) OF THE PI CONTROLLERS ADJUSTED BY 

THE FA IN SCENARIO III. 

Limit 
PI-UPFC POD PSSs 

 T1
u
  T3

u
  K1

u
  K3

u
  T1k

pod
  T2k

pod
 Kk

pod
  T1k

pss
  T2k

pss
 Kk

pss
 

Min 0,001 0,01 0,001 1,0 0,01 0,01 1,0 0,01 0,01 1,0 

Max 0,100 1,00 0,500 10,0 1,50 0,50 15,0 1,50 0,50 15,0 
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T1 = T2 T3 K1 = K2 K3 Tm 

0.0478 0.4407 0.042 4.4294 0.001 

 
Table IX 

GAINS (P.U.) AND TIME CONSTANTS (S) OF THE PSS AND POD CONTROLLERS 

ADJUSTED BY THE FA IN SCENARIO III. 

 

Controller 𝑻𝟏 𝑻𝟐 𝑲 

PSS 1 1.2975 0.0500 11.1108 

PSS 2 1.1952 0.1943 6.7447 

PSS 3 1.0100 0.2218 8.5800 

PSS 4 1.0192 0.0829 6.6705 

PSS 5 0.9848 0.4470 5.1891 

PSS 7 0.8337 0.1074 0.5000 

PSS 8 0.6691 0.0786 8.8041 

PSS 9 0.5965 0.3515 7.0474 

POD 0.1344 0.4611 0.3308 

 

The tuning of the supplementary controllers with the 

parameters presented in Tables VIII and IX generated the 

results presented in Table X. 

 
TABLE X 

DOMINANT EIGENVALUES, UNDAMPED NATURAL FREQUENCIES AND DAMPING 

COEFFICIENTS FOR SCENARIO III. 

 

Mode Eigenvalues ωni (Hz) ξ (p.u.) 

I1 -0.3945 ± j 2.6913 0.43290 0.1450 

L1 -3.0732 ± j 5.5618 1.01130 0.4836 

L2 -1.0431 ± j 6.2922 1.01510 0.1635 

L3 -0.8687 ± j 6.7314 1.08020 0.1280 

L4 -0.8490 ± j 7.0697 1.13330 0.1192 

L5 -0.9724 ± j 7.4805 1.20060 0.1289 

L6 -2.1264 ± j 7.4267 1.22950 0.2753 

L7 -0.9649 ± j 7.7369 1.24090 0.1238 

L8 -1.0633 ± j 8.4876 1.36140 0.1243 

 

On analyzing Table X, one can see that the addition of the 

POD to the PI – UPFC control loop contributed even further to 

the inter-area damping compared to scenario II. This 

corroborates, similar to Scenario II, to the controllability of this 

oscillatory mode by the PI – UPFC – POD arrangement. 

Finally, the average damping coefficients of each oscillatory 

mode are listed in Table XI and the mean damping coefficients 

of the local modes are shown in Table XII, both calculated from 

the ten tests performed for each scenario. 

 
TABLE XI 

AVERAGE DAMPING COEFFICIENTS FOR THE UNIVERSE OF TESTS. 

 

Mode 

ξ (p.u.) 

Scenario 

I II III 

I1 0.0583 0.1023 0.1289 

L1 0.5169 0.3310 0.5455 

L2 0.1495 0.0973 0.1951 

L3 0.2504 0.1114 0.0890 

L4 0.0688 0.3841 0.1258 

L5 0.0896 0.1145 0.1501 

L6 0.1518 0.1606 0.1395 

L7 0.1621 0.1330 0.1018 

L8 0.0650 0.1364 0.1264 

 
TABLE XII 

AVERAGE DAMPING COEFFICIENTS OF LOCAL OSCILLATORY MODES IN THE 

THREE SCENARIOS. 

 

ξ (p.u.) 

Scenario 

I II III 

0.1818 0.1836 0.1841 

 

An analysis of Table XI shows the ability of the PI-UPFC 

and PI-UPFC-POD combinations to insert supplementary 

damping to the inter-area oscillatory mode, since, as the PI-

UPFC was turned on and the POD controller was added, the 

average damping of Mode I1, considering the ten simulations 

carried out, underwent successive increases. On the other hand, 

the average damping coefficients of the eight local modes in the 

ten simulations (Table XII) did not change significantly. 

The position in the complex plane of the eigenvalues of 

interest for the three scenarios as well as the base case are 

presented in Fig. 6. 

 

 

Fig. 6. Position of the eigenvalues. 

 

Fig. 6 highlights the high margin of stability against small 

disturbances provided by the FA in the selected tests for the 

configurations of scenarios II and III. 

V.  CONCLUSION 

In this study, the Firefly Algorithm was used in the 

coordinated design of PSS, PI-UPFC and PI-UPFC-POD 

supplementary damping controllers with the aim of inserting 

supplementary damping to local and inter-area low-frequency 

electromechanical oscillations. 

This algorithm was evaluated in the New England system 

using supplementary controllers in three scenarios: I) 8 PSSs; 

II) 8 PSSs and the PI-UPFC arrangement and; III) 8 PSSs and 
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the PI-UPFC-POD arrangement. It was possible to observe that 

for the first scenario, the adjustments found by the algorithm 

contributed to the local modes but did not provide sufficient 

damping to the inter-area mode. In Scenario II, the adjustments 

provided to the parameters of the PSSs and PI-UPFC controllers 

resulted in stability with the inter-area mode having greater 

damping than in Scenario I. Finally, in Scenario III, the joint 

action of the PSSs and the PI-UPFC-POD arrangement proved 

to be the best option to insert significant damping into the inter-

area mode and the unstable local modes of the New England 

system. 

In view of the above, it is possible to conclude that the 

inclusion of the POD controller to the PI-UPFC combination 

increases the levels of inter-area damping. However, the same 

cannot be said in relation to PSSs operating without the FACTS 

device and its controllers. It is clear from the above that these 

controllers (PSSs) have outstanding performance in respect to 

local modes however, in this system they do not provide 

sufficient damping to the inter-area mode. In addition, the 

Firefly Algorithm proved to be suitable for the parameterization 

of supplementary damping controllers, thus making it a 

powerful tool in the study of stability of EPS against small 

perturbations. 
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