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A Fireworks Metaheuristic for the Design of PSS
and TCSC-POD Controllers for Small-Signal

Stability Studies
Elenilson de Vargas Fortes, Leonardo H. Macedo, Luís Fabiano Barone Martins, and Ednei Luiz Miotto

Abstract—This paper presents a new methodology based on
the fireworks algorithm to perform the coordinated tuning of
the parameters of the supplementary damping controllers (power
systems stabilizers and the thyristor controlled series capacitor-
power oscillation damping controller). The objective is to intro-
duce damping to the electromechanical oscillations present in the
electric power systems. To validate the proposed methodology,
simulations were carried out using the two-area symmetrical
system. The results achieved demonstrate the efficiency of the
proposed methodology for designing supplementary damping
controllers.

Index Terms—Current sensitivity model, fireworks algorithm,
power systems optimization, supplementary damping controllers.

I. I NTRODUCTION

In face of a scenario with high demand for electricity,
mainly due to population growth and economic development,
the construction of new generation plants and the expansion
of the transmission network are becoming increasingly impor-
tant to meet the energy needs that, in general, are growing
continuously [1].

The interconnection of electrical power systems, together
with the fact that these systems operate close to their capaci-
ties, can favor the appearance, in steady state, of oscillations,
known as low-frequency electromechanical oscillations [2],
[3]. These oscillations may, in some cases, become a limiting
factor in the transmission of energy. Because of this, insert-
ing the desired damping to the electromechanical oscillation
modes of the system can be one of the essential factors for its
adequate operation [4], [5].

In general, these oscillations are classified as being of local
type (0.8 − 2.0 Hz) and inter-area (0.2− 0.7 Hz) and are
identified based on their frequency of occurrence [6].

The problem of the presence of oscillatory modes in the
system can be approached from different perspectives. In
the case of local modes, it is possible to use power system
stabilizers (PSSs) which must be coupled to the automatic
voltage regulators (AVRs) [7], [8], [9], [10]. In the case of
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the inter-area mode, the power oscillation damping (POD)
controller can be used. However, for the POD to be able
to damp these modes, it must be coupled to flexible AC
transmission systems (FACTS) [2], [3].

In this work, the thyristor controlled series capacitor (TCSC)
FACTS is considered (Section III) [8], [11]. It is a device that
can be connected in series with the transmission line, acting
on its the impedance, varying the reactance of the line. In this
way, it becomes possible to control and increase the amount
of power transmitted by the transmission line to values close
to its physical limits [12], [13].

The objective of this work is to present an optimization
technique that performs the design of the parameters of the
PSS and TCSC-POD controllers with the purpose of inserting
damping to the oscillatory modes of interest of the power sys-
tems. In the literature, this problem has been studied using dif-
ferent techniques, the most common are based on optimization
algorithms. Some examples of optimization algorithms used to
solve this problem, considering different FACTS devices, are:
the Chu-Beasley’s genetic algorithm (CBGA) [2], the multi-
start algorithm (MSA) [14], the bacterial foraging optimization
algorithm (BFO) [9], variable neighborhood search algorithm
(VNS) [3], artificial bee colony algorithm (ABC) [10], particle
swarm optimization algorithm (PSO) [9], genetic algorithm
(GA) [8], simulated annealing algorithm [7], and the Nelder-
Mead’s simplex algorithm [15].

Differently from the cited works, the tuning of the pa-
rameters of the PSS and POD controllers will be performed
by the fireworks algorithm. In this work, the power system
will be represented by the current sensitivity model (CSM)
[2] (Section II). It is a linearized model whose fundamental
concept is based on the Kirchhoff’s current law, being used,
therefore, to obtain the algebraic equations of the model. To
validate the proposed algorithm, the tests were performed
using the two-are symmetrical system [7].

Based on the discussion above, the main contributions of
this work are: (1) to present the dynamic equations for the
TCSC and include them in the CSM; (2) to implement the
fireworks algorithm to solve the presented problem; and (3)
to validate the proposed algorithm as a tool for small-signal
stability analysis in power systems.

II. CURRENT SENSITIVITY MODEL

The dynamic behavior of an electrical power system, usually
represented by nonlinear equations, can be linearized when
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sufficiently small perturbations occur [2], [3]. In its linearized
form, these differential equations are represented in the state
space. Thus, from a previous analysis of the eigenvalues of
interests, obtained from the state matrix, it is possible to
determine if the system is stable or unstable using Lyapunov’s
method [16].

In general terms, the CSM is a linearized model and its
fundamental concept is based on the Kirchhoff’s current law,
which must be fulfilled during all the dynamic processes
in the system, being, therefore, used to obtain the algebraic
equations. This model can be used as an alternative to models
already existent in the literature, such as the Heffron & Phillips
model and the power sensitivity model, proposed by [17]
and [18] in the study of low-frequency electromechanical
oscillations in electric power systems.

In a system withng generators andnb buses, the CSM
presents the structure shown in (1)−(4).

[
∆ẋ
0

]

=

[
J1 J2
J3 J4

] [
∆x
∆z

]

+

[
B1
B2

]
[
∆u

]
(1)

∆x=
[[
∆ω1 · · ·∆ωng

][
∆δ1 · · ·∆δng

][

∆E
′
q1 · · ·∆E

′
qng

]

[

∆Efd1
· · ·∆Efdng

]]t

(2)

∆z = [[∆θ1 · · ·∆θnb
] [∆V1 · · ·∆Vnb

]]t (3)

∆u =
[[

∆Pm1 · · ·∆Pmng

] [

∆Vref1
· · ·∆Vrefng

]

[

∆PL1 · · ·∆PLnb

] [

∆QL1 · · ·∆QLnb

]]t

(4)

In (1)−(4) the state, input, and algebraic variables are, re-
spectively,∆x, ∆u, and∆z. The state variables are composed
of the angular velocity (∆ω), internal rotor angle (∆δ), inter-
nal quadrature axis voltage (∆E′q), and the generator’s field
voltage (∆Efd). The input variables are represented by the
mechanical power (∆Pm), the reference voltage of the AVR of
each generator (∆Vref ), and the variations of the active (∆Pl)
and reactive (∆Ql) power of the loads. Finally, the algebraic
variables are the magnitude (∆V) and phase angle (∆θ) of the
voltages. In the CSM, the system’s eigenvalues are obtained
from the state matrixA = J1 − J2J4−1J3, while the input
matrix is obtained by the equationB = B1− J2J4−1B2.

III. T HYRISTOR CONTROLLED SERIESCAPACITOR

To model the TCSC FACTS, the single-line diagram of the
device is shown in Fig. 1. Typically, the TCSC is represented
by a linear first-order model and its model can be used
in small-signal stability studies [19]. Basically, this FACTS
device is represented by a reactor which is controlled by the
angle of the thyristors in parallel with a capacitive reactance
(xtcsc) [13].

Initially, assume that the impedance of the transmission line
between busesk andm, shown in Fig. 1, has an impedance
Z̄km = rkm + jxkm. The inclusion of the TCSC in this
line causes a decrease of its original reactance (xkm), which
results in an equivalent reactancexkme

. Thus, the equivalent
impedanceZ̄kme

, after the installation of the TCSC device,
can be defined according (5).

Vk

Ikm
−jxtcsc Z̄km

Vm

m

L
TCSC

k

Fig. 1. Equivalent circuit of the TCSC device.

Z̄kme = rkm + j (xkm − xtcsc)
︸ ︷︷ ︸

xkme

(5)

From (5) it is possible to define the currentIkm shown in
Fig. 1, as (6).

Ikm =
Vk − Vm

Z̄kme

(6)

From (6), (7) and ((8) can be obtained.

Ikmr =
rkm(Vk cos θk − Vm cos θm)

Z̄kme

+

xkm(Vk sin θk − Vm sin θm)

Z̄kme

(7)

Ikmm =
rkm(Vk sin θk − Vm sin θm)

Z̄kme

−

xkm(Vk cos θk − Vm cos θm)

Z̄kme

(8)

In (7) and (8) the subscriptsr and m are, respectively,
the real and imaginary axis components ofIkm. Assuming
small variations around an equilibrium point, (7) and (8) are
linearized and included in the CSM, providing a new input
variable (∆xtcsc) as shown in (9)−(12).

[
∆ẋ
0

]

=

[
J1 J2
J3 J4

][
∆x
∆z

]

+

[
B1tcsc
B2tcsc

]
[
∆u

]
(9)

∆x =
[
∆ω ∆δ ∆E

′
q ∆Efd

]t
(10)

∆z = [∆θ ∆V ]t (11)

∆u = [∆Pm ∆Vref ∆PL ∆QL ∆xtcsc]
t (12)

IV. M ODEL FORPSSAND POD

The inclusion of the PSSs and POD controllers in the power
system is intended to introduce damping to the local and inter-
area modes of oscillation. In this work, both the PSS, Fig. 2
(a), and the POD, Fig. 2 (b), have similar structures, differing
only in the input and output signals adopted. Both are repre-
sented by a lead-lag block, time constantsT1(Tp1

), T2(Tp2
),

T3(Tp3
), T4(Tp4

) andTω(Tωp
), and a gainKesp(Kpod).

In the case of the PSS shown in Fig. 2 (a), the input signal
chosen is the variation of the angular velocity of generator
k (∆ωk) while the output of the PSS (∆Vsup) is applied to
the voltage control loop of thekth generator. For the POD
controller shown in Fig. 2 (b), the input signal chosen is
the deviation of the active power of the transmission line
adjacent to the device installation (∆Pkm) and the output
signal (∆Xpod) acts on the control loop of the TCSC, used to
modulate∆xtcsc.
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(b)
Fig. 2. (a) Dynamic model of the PSS controller and (b) dynamic model of 
the POD controller.

In Fig. 2 (a), the AVR installed on thekth generator is
represented by a gainKrk and a time constantTrk . The
excitation voltage of the synchronous machine isEfdk

, the
terminal voltage variation is∆Vk, and the reference voltage
variation is Vrefk

. In Fig. 2 (b), ∆Xref is the deviation
of the reactance value of the TCSC in steady state and
Ttcsc is the inherent delay of the control device, which was
specified in 0.05 seconds. In this work, it is considered that
T1(Tp1

) = T3(Tp3
), T2(Tp2

) = T4(Tp4
) [6].

The inclusion of the PSS and POD controllers in the CSM
introduces seven new state variables, whereV1k , V2k , andVsup

are state variables for the PSS andX1, X2, X3, andXtcsc for
the POD controller. These equations determine the dynamic
behavior of the supplementary damping controllers and are
shown in (13)−(20).

∆V̇1k = ∆ω̇kKesp −
1

Tω

∆V1k (13)

∆V̇2k =
1

T2
∆V1k +

T1

T2
∆V̇1k −

1

T2
∆V2k (14)

∆V̇sup =
1

T4
∆V2k +

T3

T4
∆V̇2k −

1

T4
∆Vsup (15)

∆Ėfdk =
Kr

Tr

(∆Vsup +∆Vrefk
−∆Vk)−

1

Tr

∆Efdk (16)

∆Ẋ1 =
Kpod

Tω

∆Pkm −
1

Tω

∆X1 (17)

∆Ẋ2 =
Tω

Tp1

(

1−
Tp1

Tp2

)

∆Ẋ1 −
1

Tp2

∆X2 (18)

∆Ẋ3 =
1

Tp4

(

1−
Tp3

Tp4

)(
Tp2

Tp2 − Tp1

)(

∆X2 +

+Tp1∆Ẋ2

)

−
1

Tp4

∆X3

(19)

∆ẋtcsc =
1

Ttcsc

(∆Xref −∆Xtcsc −∆Xpod) (20)

Equations (13)−(20) are obtained by inspection of Fig. 2 (a)
and Fig. 2 (b). They are linearized around a static equilibrium
point, where (13)−(16) represent the dynamic equations of
PSS while (17)−(20) are the dynamic equations of the TCSC-
POD. In (20),∆Xpod is defined by (21).

∆Xpod =

(
Tp4

Tp4 − Tp3

)(

∆X3 + Tp3∆Ẋ3

)

(21)

V. FIREWORKSALGORITHM

The fireworks algorithm was proposed in [20] as a frame-
work to optimize a nonlinear function over a bounded interval.
Its structure is presented in Algorithm 1, where fireworks and
sparks represent solution proposals.

Algorithm 1: Fireworks algorithm [20]

1: Randomly select n locations for fireworks;
2: while stop criteria = false do
3: Set off n fireworks respectively at the n locations:
4: for each firework xi do
5: Calculate the number of sparks that the fireworks yields: ŝi , according to:

si = m
ymax−f(xi)+ξ

∑n
i=1[ymax−f(xi)]+ξ

, where m is a control parameter, ξ is a small

number, and ymax is the worst value of the objective function among all fireworks;
6: if si < am do
7: ŝi = round(am);
8: elseif (si > bm and a < b < 1)

9: ŝi = round(bm);
10: else
11: ŝi = round(si);
12: end if

where a and b are parameters.
13: Obtain locations of ŝi sparks of the firework xi using Algorithm 2;
14: end for
15: for k = 1 : m̂ do
16: Randomly select a firework xj ;
17: Generate a specific spark for the firework using Algorithm 3;
18: end for
19: Select the best location and keep it for next explosion generation;
20: Randomly select n − 1 locations from the two types of sparks and the current

firework according to the probability:

R(xi) =
∑

j∈K d(xi, xj) =
∑

j∈K

∥∥xi − xj
∥∥ and p(xi) =

R(xi)∑
j∈K R(xj)

;

21: end while

Algorithm 2 presents the steps for generating the locations
of the sparks.

Algorithm 2: Location of the sparks [20]

1: Initialize the location of the spark: x̄j = xi;
2: z = round(d · rand(0, 1)), where d is the dimension of the firework;
3: Randomly select z dimensions of x̄j ;

4: Calculate the displacement: h = Airand(−1, 1), Ai = Â
f(xi)−ymin+ξ

∑n
i=1[f(xi)−ymin]+ξ

,

and Â is the maximum amplitude;

5: for each dimension x̄
j
k

∈ {pre-selected z dimensions of x̄j} do
6: x̄

j
k

= x̄
j
k

+ h;

7: if x̄j
k

< xmin
k or x̄j

k
> xmax

k then

8: Map x̄
j
k

to the potential space: x̄j
k

= xmin
k +

∣∣∣x̄j
k

∣∣∣%(xmax
k − xmin

k ),

where the operator % provides the remainder of the integer division between
∣∣∣x̄j

k

∣∣∣
and (xmax

k − xmin
k );

9: end if
10: end for

Finally, Algorithm 3 provides the steps for generating the
location of a specific spark.

VI. D ETAILS OF THE IMPLEMENTATION

In Section V an optimization algorithm was proposed to per-
form the coordinated tuning of the parameters of the damping
controllers (time constants and gain), shown in Section IV. The
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Algorithm 3: Location of a specific spark [20]

1: Initialize the location of the spark: x̂j = xi;
2: z = round(d · rand(0, 1));
3: Randomly select z dimensions of x̂j ;
4: Calculate the coefficient of Gaussian z explosion: g = Gaussian(1, 1);

5: for each dimension x̂
j
k

∈ {pre-selected z dimensions of x̂j do
6: x̂

j
k

= x̂
j
k

· g;

7: if x̂j
k

< x̂min
k or x̂j

k
> x̂max

k

8: map x̂
j
k

to the potential space: x̂j
k

= xmin
k +

∣∣∣x̂j
k

∣∣∣%(xmax
k − xmin

k );

9: end if
10: end for

evaluation function used in the proposed algorithm to obtain
a solutionx, is defined in 22.

min f(x) =
n∑

i=1

∣
∣
∣λ

calc
i − λ

des
i

∣
∣
∣ (22)

In 22, f(x) is the evaluation function, wheren denotes the
number of eigenvalues of interest in the problem,λcalc

i are the
calculated eigenvalues, andλdes

i are the desired eigenvalues.
It is worth mentioning that the desired eigenvalues are defined
by the system operator, while the calculated eigenvalues are
determined at each iteration performed by the proposed algo-
rithm by adjusting the parameters of the PSS and TCSC-POD
controllers simultaneously in the CSM.

A solution proposal to the fireworks algorithm is illustrated
in Fig. 3. In this case, consider a system equipped withn

synchronous generators and a TCSC-POD.

T11 T12 · · · T1l

Tp1

T21 T22 · · · T2l

Tp2

Kesp1
Kesp2 · · · Kespl

Kpod

︸ ︷︷ ︸

︸ ︷︷ ︸
Parameters of the TCSC-POD

︸ ︷︷ ︸ ︸ ︷︷ ︸
Parameters of the PSSs Parameters of the PSSs Parameters of the PSSs

Fig. 3. Solution proposal for the fireworks algorithm.

In Fig. 3, 1 ≤ l ≤ n where:T1l , T2l , Kespl
andT11 , T12 ,

Kpod are, respectively, the time constants (seconds) and gains
in per unit (p.u.) of the PSSs and TCSC-POD controllers. The
bounds for each variable are presented in Table I.

In the simulations carried out, it was considered thatTω =
Tωp

= 10 seconds (see Fig. 2).

Table I
BOUNDS FOR THEPSSS AND POD CONTROL PARAMETERS

System
Limits T1l T2l Kespl Tp1 Tp2 Kpod

Min. 0.05 0.05 0.50 0.05 0.05 0.05

Max. 1.00 0.50 3.00 1.00 0.50 0.50

Finally, the parameters of the fireworks algorithm were:n =
5, m = 30, ξ = 0.00001, a = 0.05, b = 0.8, Â = 40, and
m̂ = 10. These parameters were obtained by repeating the
tests many times.

VII. T ESTS ANDRESULTS

If there is a problem in the operation of the system, actions
must be performed for its solution, either to improve the
voltage profile or to insert damping to the local and inter-area
modes of oscillation. In the case of this work the actions are
to install PSS and TCSC-POD controllers. The problem in this
case is to design the parameters of these controllers to achieve

the desired performance. Such design will be performed by the
fireworks algorithm presented.

The fireworks algorithm was implemented in MATLAB
R2015a. To validate the proposed algorithm, simulations were
performed in the two-area symmetrical system [2], [6], shown
in Fig. 4. This system has4 generators,10 buses, and15
transmission lines. The simulations were carried out on a
computer with a2.6 GHz Intel Core i5-3230M processor and
12 GB of RAM.

G1

1 5 6

7 8

9 10 4

G4

3

G3Area 2Area 1G2

2

FB

TCSC

Fig. 4. Two-area symmetrical system with TCSC.

As it can be seen in Fig. 4, the test system includes a
fictitious bus (FB). It represents the connection of the TCSC
FACTS device to the interconnection lines between the areas
1 and 2. The choice of this location for installation of the
FACTS device is justified by the fact that the interconnection
lines between areas1 and 2 are characterized by being
highly inductive (when compared to other transmission lines
in the system), providing a higher compensation margin to the
TCSC-POD device.

Table II shows the modes of interest in the system. It was
considered, in this case, that the TCSC was installed in the
system performing a fixed compensation of10% in the total
reactance of the line in which it was installed.

Table II
INITIAL STATE OF THE SYSTEM

Modes Eigenvalues ξi [p.u.] ωni [Hz]

λ1 −0.2377± 6.3015 0.0377 1.0036

λ2 −0.1611± 5.8812 0.0274 0.9364

λ3 0.0488± 4.3560 −0.0112 0.6933

By analyzing the modes of interest of the system (see Table
II) it is possible to conclude that this is an unstable system
for the considered point of operation, since one mode (λ3)
has negative damping coefficient (ξi = −

σi

|λi|
). In addition, the

modes that are stable (λ1 andλ2) are weakly damped, between
2% and 4%. Finally, when checking the natural undamped
frequencies (ωni =

|λi|
2π

), it can be concluded that the system
has two local modes (λ1 andλ2) and one inter-area mode (λ3).

After identifying the oscillatory modes of interest in the
system (see Table II) and the location of installation of the
TCSC-POD device (see Fig. 4), it is necessary to identify the
locations of the PSSs in the synchronous generators. These
locations are defined using the participation factors [6] and
are important to reveal which generators are associated with
each electromechanical mode of the power system, indicating
the locations of the PSSs [21]. Simulations performed allow
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us to determine that the best locations for PSSs in the system
are generators G2and G3.

Once the PSSs and TCSC-POD locations have been de-
fined in the system, tests with the fireworks algorithm were
performed to validate the proposed methodology (see Section
V). Fifty tests limited to two thousand calculations of the eval-
uation function (22) were performed considering the bounds
shown in Table I. In the simulations, it is considered a that
the algorithm achieved convergence when the it provides a
solution that provides at least10% of damping to all modes
of interest in the system. From the results, the following can
be observed:

1) From the50 tests performed, the algorithm was suc-
cessful in finding a solution for the problem in100% of
them;

2) The average, minimum, and maximum number of calcu-
lations of the evaluation function until convergence was
achieved were, respectively:108, 3, and416;

3) The average, minimum, and maximum processing times
in the simulations were, respectively:4.11, 0.33, and
16.08 seconds.

By analyzing the results obtained, it is evident the good
performance of the proposed algorithm for the coordinated
design of the parameters of PSS and TCSC-POD controllers.
Table III shows the parameters of the PSS and TCSC-POD
controllers provided by the fireworks algorithm. From these
settings, a new state is obtained for the test system (Table
IV).

Also, by analyzing Table III, it can be concluded that the
adjustments provided to the PSS and TCSC-POD controllers
performed by the fireworks algorithm are within the limits
shown in Table I.

Table III
PARAMETERS OF THEPSSS AND POD CONTROLLERSADJUSTED BY THE

FIREWORKSALGORITHM

Device T1(Tp1) [s] T2(Tp2) [s] kpss(kpod) [p.u.]

PSS G1 0.5230 0.2924 2.5254

PSS G2 0.5627 0.2845 2.5448

IPFC-POD 0.1457 0.3005 0.0988

Finally, by analyzing Table IV and comparing the results
with those shown in Table II it can be concluded that the two-
area symmetrical system changes from an unstable state to a
stable state with at least the minimum specified damping to all
modes of interest. This means that the system can operate with
a large margin of stability for the operating point considered.

Table IV
FINAL STATE OF THE SYSTEM

Modes Eigenvalues ξi [p.u.] ωni [Hz]

λ1 −0.7159± 6.3460 0.1121 1.0164

λ2 −0.6091± 5.8998 0.1027 0.9440

λ3 −0.5627± 3.2410 0.1711 0.5235

Fig. 5 shows the variations of the angular velocity of
generator3 (G3) in relation to the variation of the angular

0 1 2 3 4 5 6 7 8 9 10
−8

−6

−4

−2

0

2

4

6
×10−5

ω
(r

ad
/s)

Without PSSs and TCSC-POD
With PSSs and TCSC-POD

Time

Fig. 5. Variations of the angular velocity of generator G3.

velocity of generator4 (G4), the reference in the system, in
which a step of0.05 p.u. was applied to its mechanical power.

The perturbation in the mechanical power of generator3
is similar to a small adjustment in the generation, that can
be occasioned by a small increase in the system load. In the
case where the system operates without the supplementary
damping controllers (red curve), the curve presents growing
amplitude after the disturbance, typical of an unstable system.
After adjusting the parameters of the supplementary damping
controllers with the fireworks algorithm, the system operates
with a minimum damping of10% (black curve) for all modes
of interest. In this case, it is verified, after analysis of the
obtained curve, that the system is well-damped and stable
graphically evidencing its high margin of stability to small
perturbations for this simulated case.

VIII. C ONCLUSION

In this paper, a new methodology based on the fireworks
algorithm was presented to carry out the coordinated project
of the parameters of the PSS and TCSC-POD controllers. The
objective was to insert damping to the local and inter-area
oscillations modes in the two-area symmetrical system.

In the simulations performed, the fireworks algorithm was
successful in all the tests. From the obtained adjustments, it
was possible to insert the desired damping to the system, to
all modes.

Based on the obtained results, the excellent performance of
the fireworks algorithm to solve the considered problem can
be observed, accrediting it as a powerful tool for the analysis
of the small-signal stability in power systems.
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