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Abstract 
This article presents a fuzzy logic-based approach to coordinate the control 
devices of the power system, such as Power System Stabilizers (PSS) and Stat-
ic Synchronous Compensators (STATCOM), to damp power oscillations caused 
by dynamic disturbances. At first, we used the Lyapunov method to study the 
dynamic stability of the power grid in the Republic of Congo. This method 
allowed us to analyze the eigenvalues of the state variable matrix and high-
light the eigenvalues in the complex plane. Secondly, we proposed a fuzzy 
logic-based controller to account for uncertainties existing near the thre-
sholds. The inputs to this controller are the generator speed and generator rotor 
angle. We demonstrated the effectiveness and feasibility of this fuzzy control 
by applying it to the power grid of the Republic of Congo, with three power 
stabilizers and two STATCOMs. 
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1. Introduction 

In the current context marked by a high demand on electrical grids, approaching 
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their operational safety limits, electric power distribution companies are facing 
significant challenges. These challenges encompass the effective management of 
energy flows, the maintenance of appropriate voltage levels, and other complex 
operational issues. In this context, safety takes on crucial importance. The emer-
gence of Flexible AC Transmission System (FACTS) devices represents a signifi-
cant advancement, offering increased opportunities for intensive network utili-
zation voltage, and impedance [1] [2]. These devices enable more precise power 
flow management and improved voltage regulation, thereby increasing network 
stability margins or approaching the thermal limits of transmission lines. Fur-
thermore, due to their responsiveness to electrical grid fluctuations, FACTS de-
vices have proven to be effective in dampening electromechanical oscillations, 
working in conjunction with Power System Stabilizers (PSS). These PSS devices, 
by detecting variations in rotor speed or electrical power of generators, transmit 
an appropriate signal to the Automatic Voltage Regulator (AVR), allowing the 
generator to produce additional damping torque, thus counteracting the adverse 
effects of the excitation system on network oscillations [3] [4]. However, when 
multiple control devices, including FACTS and Power System Stabilizers (PSS), 
are integrated into electrical grids, interactions can occur between FACTS de-
vices, between FACTS and PSS, as well as between FACTS and the loads con-
nected to the network. These interactions result in low-frequency oscillations 
that significantly disrupt the stable operation of connected equipment, which 
should ideally operate steadily. To mitigate these low-frequency oscillations re-
sulting from these interactions, various approaches have been proposed, includ-
ing minimax methods, decentralized linear quadratic methods developed by J.C. 
Passelergue [5], and LMI-based methods developed by S. Ammari [6]. Fuzzy 
logic methods have also been employed to control FACTS devices, including 
SVC and STATCOM, with studies focusing on linearized models and nonlinear 
control approaches, especially for STATCOM [7]. Fuzzy logic methods have also 
been applied to control FACTS devices, including SVC and STATCOM [8]. The 
subject of this research is multidimensional. Therefore, the overall objective of 
this work is to stabilize the electrical grid of the Republic of Congo by mitigating 
low-frequency oscillations resulting from interactions between STATCOM de-
vices for voltage support and PSS for power oscillation damping, using Lyapunov 
and fuzzy logic-based methods [9]. This study presents a major innovation as it is 
the first to be applied to the specific case of the electrical grid of the Republic of 
Congo, taking into account the presence of two STATCOMs and three PSS de-
vices in the network. The structure of this article is as follows: Section 2 de-
scribes the power system stabilizer (PSS); Section 3 discusses the FACTS com-
pensator model (STATCOM); Section 4 deals with the linearization of power 
systems; Section 5 is devoted to the modeling of fuzzy control; Section 6 presents 
the modeling of the Republic of Congo’s electrical network; Section 7 shows the 
simulation results with and without control devices in the network. The effec-
tiveness of fuzzy control in response to a disturbance in the Republic of Congo’s 
network is demonstrated. Section 8 concludes this article. 
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2. Power System Stabilizer (PSS) 

The block dedicated to the stabilization of the global power supply system offers 
the capability to regulate the oscillation of a synchronous machine’s rotor by 
controlling its excitation. In an electrical context, disturbances within a given 
system can cause electromechanical oscillations in electric generators, common-
ly referred to as “power swings”. It is imperative to effectively dampen these os-
cillations to ensure system stability, as highlighted in references [10] [11]. The 
signal generated by the Power System Stabilizer (PSS) is used as an additional 
input (denoted as vstab) to influence the excitation system block. The PSS input 
can take the form of the machine’s rotational speed difference dw or the accele-
ration power Pa = Pm − Pe0 where Pm represents mechanical power and Pe0 
represents electrical power [1] [12] [13]. Figure 1 illustrates the schematic dia-
gram of the power system stabilizer (PSS), which can be modeled using the fol-
lowing transfer function: 

3. STATCOM Devices 

The advanced Static Synchronous Compensator (STATCOM) represents a reac-
tive power compensation device that integrates parallelly within the electrical 
system. Its main function is to produce or absorb reactive power, with the ability 
to regulate specific parameters of an electrical power network. It acts as a fully 
controllable reactive power source, allowing for the generation or absorption of 
reactive power as needed, using an electronic device for voltage processing and 
current waveform shaping within a Voltage Source Converter (VSC). Figure 2 
illustrates the schematic diagram of the STATCOM compensator, as presented 
in reference [14]. 

The current injected by the STATCOM is given by Equation (1) [14]: 

sh k
sh

K

V V
I

jX
⋅

=                              (1) 

 

 

Figure 1. Diagram of the generic power system stabilizer. 
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Figure 2. Block diagram of a statcom. 
 

The injected power at the busbar is given by the following Equation (2): 
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We obtain the active and reactive power injected by the STATCOM at the 
busbar level using Equation (3) [15] [16]. 

  sh shS P jQ= +                              (3) 

Si shθ θ=  (angle at the busbar connection), then active power is negligible, 
as shown by Equation (4) [15] [16]. 

( )cosk sh k sh
sh

K

V V
S jQ j

X
θ θ − ≈

⋅
=                    (4) 

4. Power System Linearization 

In this section, we use the first Lyapunov-based small-signal theory method to 
establish the linear model of the multi-machine power system. The differen-
tial-algebraic equations governing the operation of a multi-machine electrical 
system are presented below according to the equations from (5)-(9) [16] [17]: 

    
d
d

i
i st

δ
ω ω= −                            (5) 
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qi di di di qi qi i si Mi

i i i i
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Neglecting the electromotive force of the induced generator along the d axis, 
we obtain the linearized system of equations, represented by the equations from 
(10)-(13) [16]: 

    i iδ ω∆ = ∆                            (10) 
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Given the presence of PSS (Power System Stabilizer) and STATCOM (Static 
Synchronous Compensator) controllers in a multi-machine electrical network, 
we will add four additional state variable equations, represented by equations 
(14)-(17) below [16]:   
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∆ = − ∆ + ∆ + ∆                 (17) 

The linearized model of the multi-machine power system with PSS and 
STATCOM, described by Equations (10) of (17), is shown in Figure 3.  

5. Fuzzy Control 

Fuzzy logic offers the possibility of incorporating intelligence into the regulation 
of the speed and power of each generator. In this context, this mode of reasoning 
is particularly suitable for adjusting speed controls based on measured power 
and rotation levels. The regulator is capable of adjusting these setpoint values 
depending on the operating mode [18]. 
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Figure 3. Linearized system with PSS and STATCOM. 

5.1. Flou Controller Parameters 
5.1.1. Fuzzification of Inputs 
This initial step allows us to convert the numerical values of the input signals 
into fuzzy values, which means that these parameters will no longer be defined 
numerically, but in a linguistic manner. It involves defining a maximum allowed 
variation range for the input variables, which in our case correspond to the pro-
duction limits and the rotational speed limits of a generator. 

5.1.2. Membership Functions 
Let’s define the membership functions for the fuzzification of the measured val-
ues of active power and rotation speed [18] [19] [20]. We use five triangular 
membership functions for each variable, namely rotation speed and rotor angle. 
These functions are as follows: large negative (ng), small negative (np), zero (ze), 
small positive (pp), large positive (pg). Figure 4 illustrates these different mem-
bership functions for the input variables and the output signal. 

The inference stage corresponds to the decision-making of our adaptation block 
based on the two input variables. Fuzzy logic simplifies this decision-making by 
qualifying the inputs with quantitative terms [8] [20]. Table 1, below summa-
rizes the twenty-five possible output states based on the inputs.  

5.1.3. Defuzzification 
The center of gravity method is used in the development of the adaptation block.  
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Figure 4. Membership functions of (ω, ∆δ) and u. 
 
Table 1. Inference rules. 

∆ω 
∆δ 

ng np ze pp pg 

ng ng ng ng np ze 

np ng np np ze pp 

ze ng np ze pp Pg 

pp np ze pp pp Pg 

pg ze pp pg pg pg 

 
To evaluate the performance and robustness of the setting, it is necessary to 
analyze the new eigenvalues of the system and examine the damping obtained 
with the optimized PSS and STATCOM. Figure 5 below illustrates the proposed 
conceptual control scheme. 
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Figure 5. Conceptual diagram of LF control. 

6. Description of the Electrical Network of the Republic of  
Congo 

The single-line representation of the power transmission network of the Repub-
lic of Congo is a schematic representation that allows visualizing all the compo-
nents of this network (Figure 6). This representation highlights the different 
power generation plants, loads, transmission lines, and nodes that make up this 
network. Specifically, the electric transmission network of the Republic of Congo 
is composed of five power generation plants. These plants are infrastructure that 
generates electricity to supply the country. They are strategically distributed 
across the territory to ensure a balanced and suitable production for the energy 
needs. The network also consists of 22 loads, which correspond to the places 
where electricity is consumed. These loads are mainly localities. The 24 trans-
mission lines are the infrastructure that carries the electricity produced by the 
plants to the loads. These lines are often of long distances, which requires careful 
planning to ensure the reliability of the power distribution. Finally, the 35 nodes 
are the places where the transmission lines converge. These are strategic points 
of the network where electricity can be redistributed in different directions. 
These nodes allow for the creation of a meshed power network, which ensures 
better supply security in case of failure or malfunction. The geographical and  
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Figure 6. Power transmission network of the Republic of Congo. 
 
schematic representation of the power transmission network of the Republic of 
Congo allows for a clear and precise visualization of all these elements. It provides 
an overview of the network and facilitates its management and maintenance. 

7. Results 

In this section, we begin by presenting the results of the analysis of the linear 
model of the electrical network in the Republic of Congo with power stabilizing 
devices (PSS) and static reactive power compensations (STATCOM), without 
the use of the fuzzy controller. We use the first method of Lyapunov to analyze 
the eigenvalues of the state matrix of the Congolese electrical network. Secondly, 
we perform coordination using a fuzzy logic controller that takes into account 
the rotational speed and angle of the electrical network as input variables. 

7.1. Electric Grid with PSS-STATCOM 

In this section, we will start by presenting the thermal profile of the voltage 
across all the nodes of the electric network of the Republic of Congo (RC). Then, 
we will present the results of the eigenvalue analysis of the state matrix of the 
RC’s electrical network, where we will determine the different oscillation modes. 

7.1.1. Power Flow 
Figure 7 shows the voltage profile of all the nodes of the RC’s electrical network 
with PSSSTATCOM without coordination. 

According to Figure 7, it can be observed that the voltages in Brazzaville re-
main within acceptable limits. The STATCOMs have an impact not only on the 
connection node, but their effect is also felt on the neighboring nodes. However,  
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Figure 7. Electrical grid voltage of the RC with PSS-STATCOM without CF. 
 
in the Pointe Noire area, from Loudima to Mongokamba 1, there is a decrease in 
voltage compared to the case where the RC’s electrical network operates without 
STATCOM. In the Bouenza department, there is a voltage spike to note, partic-
ularly in the locality of Nkayi, with an exceeding value of 2pu. 

7.1.2. Evolution over Time of Different Quantities 
Voltages at the nodes of the generators 
Figure 8 shows the voltages at the nodes of the generators. 
In Figure 8, we observe that the voltages at the nodes of the generators stabil-

ize after a few oscillations at t = 14 s. The evolution of the generator powers is 
shown in Figure 9. 

Active powers at generator nodes 
The electrical power produced by a power plant depends on the output vol-

tage of thegenerator and the angle of the rotor. Figure 9 below illustrates the 
evolution over time of the transport power at the nodes of each generator. 

It can be observed that in Figure 9, the evolution of power at the generator 
nodes remains almost constant. Figure 10 illustrates the rotation speeds of each 
generator in the Republic of Congo’s electrical network. 

Figure 10 represents the rotation speeds of the generators, which gradually 
decrease until reaching a constant value of 0.95. 

7.1.3. Eigenvalues without CF 
Figure 11 displays the eigenvalues of the electrical network with PSS-STATCOM. 

Figure 11 reveals that all the eigenvalues are located in the negative real part 
of the complex plane. However, it is important to note the presence of an unsta-
ble mode, indicated in red on this figure. 

7.2. Results of the Power Grid in the RC with Fuzzy Control 

In this section, we have implemented a coordination of PSS-STATCOM control 
devices using fuzzy logic. Table 2 presents the various scenarios that we have  
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Figure 8. Tension at the nodes of generators without flow control. Vb1: Congo Power 
Plant.; Vb34: Imboulou; Vb8: Djeno; Vb19: Moukoukoulou. 
 

 

Figure 9. Active powers at generator nodes without CF. 
 

 

Figure 10. Speed rotation of generators with PSS-STATCOM without CF. 
 
Table 2. List of scenarios.  

Scenario Scenario configuration 

1 10% decrease in the active power of generator 1 (CEC) 

2 Increase of 20% in the active power of the load at node 13 

https://doi.org/10.4236/jpee.2024.121004


M. G. Mimiesse et al. 
 

 

DOI: 10.4236/jpee.2024.121004 55 Journal of Power and Energy Engineering 
 

 

Figure 11. Eigenvalues of the power system with PSS-STATCOM in the complex plane. 
 
developed to assess the behavior of the electrical network during dynamic dis-
turbances. 

7.2.1. Temporal Simulation Analysis 
The variation in generator speed in response to a 15% reduction in generator 
power at the Congo power plant (node 1) and a 20% increase in load at Bouenza 
(node 13) is presented in Figure 12. 

In Figure 12, we observe the evolution of the rotation speed of the generators 
of the different power plants. It is clear that the 10% reduction in active power of 
the generator at the Congo Electric Power plant (CEC) and the 20% increase in 
active power at node 13 lead to a gradual decrease in the rotation speed of all the 
generators in the network. Figure 13 below presents the temporal evolution of 
the power of the generators of the different power plants. 

Figure 13 shows the electrical powers of the generators. This evolution of 
powers in the case of the different scenarios mentioned above allows us to ob-
serve the efficiency of coordination through fuzzy logic. We can see that the power 
evolution of the CEC and Imboulou power plants is disrupted in the first ten 
seconds (tp = 10 s), but then returns to normal operation. On the other hand, 
the Moukoukoulou power plant (in red) and the Djéno power plant (in green) 
show more pronounced power fluctuations in terms of amplitudes, for a duration 
of about twenty seconds (tp = 10 s). This can be explained by the 20% increase in 
load at node 13, located near the Moukoukoulou power plant. Figure 14 shows 
the evolution of node voltages for the different generators. 

Figure 14 shows the evolution of the voltages at the generator nodes of the 
various power plants. We can see that the disturbed voltages evolve over time. 
However, the response time does not exceed ten seconds (10 s) to bring the vol-
tages progressively back to the reference voltage 1 pu. As can be seen from the  
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Figure 12. Variation of speed of the five generators with CF. 
 

 

Figure 13. Electrical power of generators with CF. 
 

 

Figure 14. Node voltages of generators with CF. 
 
previous figures, the terminal voltage of the Moukoukoulou power plant shows 
the greatest fluctuation, with a voltage drop recorded at (0.7 pu). Figure 15 be-
low illustrates the evolution of currents in the two statcom shunt compensators, 
inserted at nodes 25 and 28 respectively. 
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We observe in Figure 15 that the current of STATCOM 1 undergoes a sudden 
disturbance in the first ten (10) seconds. However, this disturbance in the cur-
rent of STATCOM 1 disappears and settles at the value of 0.2 pu. We also ob-
serve in this figure that the current of STATCOM 2 only shows a slight variation, 
which disappears within five (05) seconds and subsequently settles at the value 
of 0.1 pu. Figure 16 below illustrates the variations in the real value of the con-
troller’s output signal as a function of the inputs when these latter traverse the 
universe of discourse. 

7.2.2. Eigenvalues with CF 
In this section, Figure 17 presents the distribution of the different eigenvalues in 
the complex plane with coordinated control using fuzzy logic. 

Figure 17 illustrates the different eigenvalues in the complex plane. It can be 
easily observed that there are no unstable modes. This is explained by the fact 
that all modes have a negative real part. 

 

 

Figure 15. Variations of STATCOM currents. 
 

 

Figure 16. Characteristic surface of the controller. 
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Figure 17. Eigenvalues with PSS-STATCOM in the complex plane with CF. 

8. Conclusion 

In conclusion, our study allowed us to analyze and improve the stability of the 
electrical network in the Republic of Congo by using PSS-STATCOM devices 
with and without fuzzy logic control. We found that the absence of coordinated 
control led to undesirable interactions and unstable oscillation phenomena. 
However, by applying fuzzy logic to coordinate the regulation devices, we were 
able to optimize the interactions and improve the efficiency of network stabiliza-
tion. These results highlight the importance of coordinated and intelligent con-
trol in the field of management and operation of transmission electrical net-
works, and demonstrate the advantages of using fuzzy logic in the presence of 
multiple PSS and STATCOM devices. Our work paves the way for future studies 
aimed at further improving the stability of the electrical network in the Republic 
of Congo and assessing the large-scale impact of these coordinated regulation 
devices on the distribution network. 
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Appendices 

Table A1. Parameters of the generators in the RC network. 

Générateurs dX  dX ′  0dT ′  qX  H 

CEC 2.42 0.23 10.8 2.25 5.09 

Imboulou 1.00 0.29 4.54 0.64 6 

Djéno 2.02 0.19 6.9 1.9 5 

Moukoukoulou 1.14 0.28 5 0.8 6 

 
Table A2. Parameters of the regulation systems [16]. 

Power System Stabilizer 4PSSK = ; 1 2 3 4 0.5 sT T T T= = = =  

Excitation system 200AK = ; 0.02AT =  

STATCOM 0.8PK = ; 1 50K = ; 1 0.2 sT = ; 2 0.1sT =  
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