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Abstract: Effective management of space and connectivity is essential in large-scale power
production systems to generate adequate energy to satisfy market demand. The electric power
system is segmented into smaller control zones to more effectively meet the needs of diverse
populations, with each zone possessing its independent system. The study aims to design an
automated control system for energy production across two interconnected domains: a reheat
thermal power plant and a hydropower facility. The system employs fuzzy logic technologies
alongside a 2DOF-PID controller to improve control efficacy. The bee swarm optimization approach
was employed to facilitate the design and advancements of the fuzzy logic 2DOF-PID controller
(FL2DPID). This technique primarily focused on modifying gain and control rules. The fuzzy logic
2DOEF-PID controller (FL2DPID) exhibited enhanced performance compared to previous
controllers, including fuzzy logic PID, 2DOF-PID and PID controllers. The model achieved a
minimal error value of 0.1308, indicating a significant improvement. The data indicate that the new
controller is operational, showing a significant improvement in overall control performance and the
stability of the electrical system.

Keywords: Automatic Generation Control; 2DOF-PID Controller; Fuzzy Logic 2DOF-PID
Controller; PID Controller; Bee Algorithm

1. Introduction

Due to the extensive and intricate nature of the power plant system [1], an area management
system and effective linkages are essential for regulating energy production to satisfy current
demand. Multiple sub-control regions segment the extensive power system [2]. Each region possesses
a distinct control system to optimize power production and effectively address the specific demands
of that area with maximum efficiency [3]. A transmission line, commonly known as a tie-line,
interconnects each sector, enabling the transfer of power from regions with surplus supply to those
with deficits, thereby improving efficiency [4] through optimal use of electrical resources. Integrating
large power systems complicates the system's equilibrium and stability maintenance [5]. Improving
stability ensures that if an issue arises in one sector, other sectors can help with the provision of
electricity. The primary concerns arise from the system's stability, especially during the generation of
substantial amounts of electricity. A viable power system must restore stable equilibrium following
a disturbance [6]. Automatic Generation Control or AGC is a vital mechanism that improves the
stability of the power system by facilitating continuous adjustments in electricity generation to align
with customer demands [7]. Consequently, effective management of the electric power system
necessitates frequency-load regulation. Load-frequency control (LFC) enables precise power
generation adjustments to meet consumption demands while ensuring long-term stability [8].
Controlling power systems is critical to operational effectiveness. The primary goals are as follows:
The adequacy of power supply involves controlling the supply to satisfy load demand and prevent

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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interruptions. Reliability refers to the preservation of the electric power system’s equilibrium and the
prevention of system fluctuations and interruptions. Quality denotes the capacity to sustain voltage
and frequency levels within defined criteria [9]. The electric power system possesses properties that
are evolving. Factors influencing the alterations are 1) load variations, 2) generator malfunction and
3) modifications in parameter values [10]. Frequency regulation, which regulates the generator's
power output within a designated area, can resolve the stability concerns about the system. The
primary goals of AGC is to ensure that, regardless of frequency variations, the system's steady-state
error in the transmission line remains zero [11]. This indicates that the system will function in an
equilibrium state without residual defects in the transmission line. The system effectively regulates
its behavior during transitory situations [12]. The system will respond quickly and reliably to load
variations and other circumstances [13]. In the steady state, the system will accurately adjust the
generator's operational level according to the power transmission conditions [14-15]. The technology
will modify electricity generation to align with load demand and transmission efficiency.

Historically, researchers have devised several control mechanisms to autonomously manage
power generation in interconnected power systems. These solutions primarily aim to enhance
responsiveness and control efficiency. Frequently used methodologies include:

1). Linear Feedback: This widely utilized classical control technique adjusts electricity generation
to align with demand by utilizing data on frequency and power [16]. Despite its straightforwardness
in application and understanding, this strategy's efficacy may, in certain circumstances, be inferior to
that of alternative methods.

2). Optimal Control [17]: This approach uses mathematical principles to identify the system's
optimal control. It can provide optimal efficiency; however, it requires extensive system information
and is quite complex.

3). Variable Structure Control [18]: This approach adjusts a control framework based on the
system's state. It can be highly adaptable and effective, but it is quite intricate and requires extensive
system expertise.

Various alternative control methodologies are available, including intelligent control and fuzzy
logic control [19]. Each of these strategies has its own advantages and disadvantages.

Investigations into the application of fuzzy logic in engineering [20] have demonstrated that, in
numerous instances, fuzzy logic controllers surpass traditional controllers [21]. Fuzzy logic
controllers are an exceptional design choice due to the simplicity of fine-tuning membership
functions and control rules. Designers must adeptly adjust control rules and membership functions
to get optimal results [22] , despite the challenges posed by design complexity in selecting these
values. By examining contemporary operating systems or controllers, the architects of these values
can identify efficient methods to calibrate the membership functions and control rules, thus attaining
optimal outcomes regarding output error for the performance metrics without relying on trial and
error.

The Bee Algorithm (BA) is an effective method for determining optimal parameter values
(optimization) [23]. Consequently, diverse controllers employ it to determine their parameters.
Historically, the electric power system relied on human oversight. The system will reduce power
generation when it exceeds the rated value. The operator must augment power generation if the
system frequency falls below the rated value. The outcome is contingent upon the operator's
discretion. This approach has limitations as it does not consider the break-even point. Consequently,
this issue led to the development of automatic control. The design of fuzzy logic control systems is
currently more favorable due to their ability to replicate human decision-making and their flexibility
in readily modifying control rules [24]. This research employed a fuzzy logic controller in
conjunction with a 2DOF-PID Controller [25] to enhance efficiency. This led to enhanced system
performance. Numerous control systems extensively employ fuzzy logic control due to its efficacy in
managing non-linear systems without requiring intricate mathematical models. In many cases, the
control system is non-linear; therefore, fuzzy logic is an appropriate choice for managing these
systems [26].
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This study aims to solve problems in large-scale power systems by creating an autonomous
power generation control system for two connected hydropower and thermal power plants using
fuzzy logic technology and a 2DOF-PID controller. The swarm approach was used to study and
design this 2DOF-PID fuzzy logic controller (FL2DPID). This is a useful method for finding the best
values for the PID gain, the membership function, and the control rule values, making the power
system work better in both domains. This modern technology and methodology allow the power
system to adapt precisely and consistently to user requirements, thereby mitigating issues related to
long-term balance and stability maintenance.

2. Model of the Reheat Thermal and Hydro Power Systems

To segment the power system for energy generation regulation, each area must be
interconnected via transmission lines. Each region interconnects its generators as a unified system
[28]. Figure 1 depicts the interconnection between the hydroelectric power plant system and the
thermal power plant sectors [29]. Figure 2 depicts the model consisting of two interrelated
components: the hydroelectric power plant system and the thermal power plant employed in the
operational simulation. The model consists of Area 1, identified as the thermal power plant sector
[30], with the main components detailed as follows: Power System 1 utilizes a reheated steam turbine
that features a fundamental speed regulator, with the load provided at AP;; and the analyzed
frequency variation signal as Af,. Area 2 includes the hydroelectric power plant sector, which
consists of the following key components: The power system (Power System 2) utilizes water turbines
and electrical speed controls to supply the load at AP, [31] and the analyzed frequency variation
signalis Af,. The two locations are connected via a coupling transmitter to measure the power change
signal APy,. In a stable power supply, all three signals will display low values; high signals may
cause damage to the user's electrical equipment [1].

E.eheat Thermal Plant Hydro Plant

Tie-Line
Area 1 Area 2

Load
Disturbances

Figure 1. Interconnected power in two areas [27].

Load
Disturbances
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Figure 2. Model of two interconnected areas between hydropower and thermal power plants [27].

An integrated hydro-thermal system, consisting of two areas, incorporates controllers and a
reheat thermal and hydro reheat turbine unit. Figure 2 depicts a block diagram of the continuous-
discrete mode technique. It shows how an integrated hydro system (equipped with an electronic
governor) operates in conjunction with a thermal system that incorporates a reheat turbine, as well
as other components. In the continuous-time framework, the state-space formulas describing the
electric power system can be formulated as outlined below:

x = Ax(t) + Bu(t) + LA (t) 1)

where A matrix for system, B matrix for input and £ matrix for distribution of disturbances,
respectively and these matrices are derived from the formulas presented in Appendix A. The status
vector, x(t) is formed from the vector control, u(t) vector disturbance. d(t) that represent burden
changes are expressed as outlined below:

x(t) = [Af; APy APgy AXgy APy Af, APy APpy] T ()
ul®) =[u; w]” 3)
d(t) =[APg; APg]T 4)

where A signifies a divergence from standard values, ending 1 denotes the reheat thermal area and
ending 2 indicates the hydro area.
System output, dependent on the ACE shown in Figure 2, is articulated as outlined below:

y(® =[y,®/y,®] = [ACE, /ACE,] = Cx(t) 5)

ACE; =Pye; + BjAF;,i=1, 2 6)

where C matrix for output.

This article uses traditional PID and optimum FL2DPID controllers to govern the system in
question. The following equation represents the control signal for conventional FL2DPID controllers
in the discrete mode shown in equations 7-8.

u(2) =P(Py, -1-y) +1-Te:(1/z-1)-(r - y) + D-(1/Ts)(Z-1/Z)- (Dy, - T - y) @)

u;(z) =P(P,, - 1 - ACE)) +1- Ty(1/z - 1)-(r - ACE;) + D-(1/T.)-(Z-1/Z)- (D, -t - ACE})  (8)
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3. Controller Structure

The two transfer functions in closed loops dictate the performance of the 2DOF-PID controller
[32], which was found to be superior compared to the one degree of freedom controller. The FL2DPID
controller [33] part about the suggested controller calculates a weighted difference among the
feedback signals (measured system output) and the reference signal R(s). This difference is based on
the set point weights for each proportional, integral, and derivative action. The selected gain settings
assign weight to each action, and the controller output combines the outputs from all individual
actions on the relevant difference signals. show in Figure 3.

Input signal AC]
—» AD * E': Y1 2DOF-PID DA i
L z—1 |ACE® _m_ | Controller [ control signal
= Fuzzy logic 2DOF-PID

Controller Contraller
Figure 3. Block diagram representation of the fuzzy logic 2DOF-PID Controller, adapted from [27].

Figure 4 illustrates the four essential components of a fuzzy logic controller: the fuzzifier,
inference engine, regulation guideline and de-fuzzifier. Fuzzification is the process of using a
fuzzifier to convert numerical data into fuzzy set values. The inference engine is the essential
component that oversees the logic optimization of the fuzzy logic controller in the fuzzy logic control
framework. The rule set comprises membership functions (Figure 5) and regulation guideline (Figure
6). The fuzzy set captures the outcome of the inference process. However, even after a de-fuzzifier
converts the fuzzy set numerically, a process known as defuzzification, the fuzzy logic controller
must generate a numerical output [34].

Control Rule

Y

Inference

v

¥

Input ——>»| Fuzzifier De-Fuzzifier — Output

Engne

Figure 4. Fuzzy logic controller components [27].


https://doi.org/10.20944/preprints202501.0161.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 January 2025 d0i:10.20944/preprints202501.0161.v1

6
7.
B
LN MN SN Z 8P MP LP
Input 1
<% p ACE
ACE,_,, ACE,,
7
A
LN MN SN Z 8P MP LP
Input 2
< p ACE’
ACE”.. ACE,..
Output

Vv

A

Figure 5. Membership function of a fuzzy logic controller. [27].

LN: Large Negative; MN: Medium Negative; SN: Small Negative; Z: Zero
SP: Small Positive; MP: Medium Positive; LP: Large Positive.

ACE

LN MN SN z SP MP LP

LN IN LN IN MN MN SN Z

MN LN LN IN MN SN Z SP
SN LN LN LN SN L SP MP
ACE £ MN  MN SN A SP MP MP
SP MN SN Z SP LP LP LP
MP SN zZ SP MP LP LP LP
LP 74 SP MP MP LP iP LP

Figure 6. Regulation guideline of the 2DOF-PID fuzzy logic controller [27].

The output from the Integral Absolute Error (IAE) operation [35], was selected as the goal for
this study. The temporal product of the absolute frequency value and tie-line power fluctuations
demonstrate higher performance relative to other objective functions in the Load Frequency Control
(LFC) domain [36]:

50
AE = [ (1Af A AP Dt ©)
0
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4. Bee Algorithm

The Bee Algorithm [23] is a technique for identifying optimal values that emulates the nectar
foraging habit of bees. It is carried out by bees that are categorized into two types: scout bees and
worker bees. To ascertain the solution, presuming it to be a nectar supply, the scout bee's
responsibility is to seek a random nectar source within the spectrum of potential solutions. Upon
discovering the solution, the scout bee returns to the hive to inform the others. Bees convey
information through special dances that signify the quantity of nectar and the direction of the source.
Subsequently, the worker bees will collect nectar from the source. The quantity of worker bees
fluctuates based on the availability of nectar and the distance. Prior to outlining the operational steps
of the swarm technique, the user must set the key parameters associated with the method: they are:

NC number of repetitions

n number of scout bees

m quantity of nectar sources with elevated nectar content identified by ng scout bees

e number of nectar sources with the highest nectar content from the selected m sources

ne, quantity of scout bees designated to locate nectar sources e sources

ng, quantity of scout bees designated to locate nectar sources m-e sources

ng size of the search range of each scout bee

The Bee Algorithm has the following steps:

Step 1: Assign the number of iterations NC =30 and let #n scout bees locate an initial
solution. This solution must be a feasible one, meaning it must fall within a given range and satisfy
the requirements.

Step 2: Sort the search results provided by the scout bee in order of highest to lowest value.

Step 3: Select the m response that has the best evaluation result.

Step 4: Divide the m response into two groups: the first group should have the best e
responses, and the second group should contain the second-best m-e answers.

Step 5: Specify the search parameters surrounding the m responses.

Step 6: Allow worker bees #,, to circle around e answers and worker bees ng, to circle around
m-e responses.

Step 7: Select the optimal response for each source after analyzing the worker bees' search results
in each one.

Step 8: Verify the condition of halting. If the requirement is satisfied, stop searching. If not, raise
the count of NC = NC + 1 iterations.

Step 9: Allow n — m scout bees to find a different solution.

Step 10: Get a new answer from the scout bees and return to Step 2 again

5. Simulation Test Results

The simulation involves two interconnected areas between hydropower and thermal power
plants was conducted using the MATLAB/SIMULATION 2021a program on a machine with a CPU:
Core i5-12400F, RAM: 16.0 GB DDR4-3200 and GPU: NVIDIA GeForce RTX 4060. By establishing the
controller's scope as K, < parameter <K,,,, and assigning the values NC = 30, n = 30, m = 50,
and e =40, the parameter values were derived using the swarm approach and are presented in Table
1.

These observations indicate that the identical optimization method and performance objective
(IAE) have been employed. The FL2DPID controller surpasses conventional controllers in transient
performance parameters, including overshoot, undershoot and stall time. Table 2 presents
performance indices associated with different types of controllers. Figures 7-9 show comparisons of
the simulation results for changes in frequency in areas 1 and 2, as well as changes in the flow of
energy over the given time period. The dynamic response analysis indicates a substantial
improvement in vibration reduction efficiency through the use of the BA-based FL2DPID controller,
resulting in complete vibration mitigation.
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9
Figure 9. The frequency diversification of various controller categories for both areas.
Table 1. Optimum values of the controller gains.
Controller Reheat Thermal Area Hydro Area
Gain PID 2DPID FLPID FL2DPID PID 2DPID FLPID FL2DPID
Krw - 0.8049 - 0.9086 - 0.0292 - 0.0000
Kow - 0.5169 - 0.6604 - 0.1266 - 0.1201
Ke 0.9828  0.5856 1.0000 0.3506 0.0231 0.2823  0.0000 0.2503
Ki 0.9981 0.2121 0.9253 0.7175 0.1326  0.5869 0.2363 0.2694
Kb 0.5533  0.5296 0.9095 0.4055 0.1626  0.8937  0.4609 0.5818
IAE Error  0.2560  0.1504 0.3906 0.1308 - - - -
Table 2. Usn, Osu and Ts of the different controllers.
Controller  Usu x OsH X Ts UsH X Osux Ts UsuX OsuXx Ts
10* 10* 10* 10* 10° 10*
PID 1.3272 7.0301 5.1330 4.8038 2.6942 5.1366 1.8064 3.1667 5.1500
2DOF- 2.6401 12375 51478 1.6920 4.0130 5.1503 7.5531 1.6272 5.1479
PID
Fuzzy 1.6869 77342 51404 2.0475 8.1416 5.1458 2.0465 5.2067 4.4647
PID

FL2DPID  1.1632 21964 5.1528 1.0766  2.1820 5.1529 0.7826  2.9880 5.1409

Upon examining the performance comparison table, which included PID, 2DOE-PID, fuzzy PID,
and FL2DPID controllers, with regard to undershoot, overshoot, and settling time, it was determined
that each controller possessed its own advantages and disadvantages. The PID controller had big
overshoots in parameters Af and Af, and it had the biggest undershoots in parameter APr;, ,which
made the system less stable than other controllers. The 2DOF-PID controller effectively reduces the
overshoot in the parameter APr;, , however, it exhibits suboptimal performance for the overshoot of
the frequency parameters Af and Af,.

The fuzzy PID controller demonstrates a well-balanced performance. It effectively mitigates
undershooting across all parameters. However, it still exhibits a significant overshoot in Af,. This
could render the system in Area 2 unreliable. Conversely, the FL2DPID controller exhibits superior
performance. It exhibits a minimal undershoot and overshoot across nearly all parameters. This is
applicable to Af and APr;, . This demonstrates its capability to regulate the system with optimal
stability. The entry time about the FL2DPID controller is comparable to that of the other controllers.
However, in certain instances, it still exhibits significant improvement. In order to regulate systems
that necessitate exceptional stability amid load fluctuations, the FL2DPID controller is the most
effective.

6. Conclusions

This study presented a unique FL2DPID controller as a supplementary controller for load
frequency regulation in two interconnected areas between hydropower and thermal power plants.
Two energy systems were examined, with one area having heat-generating units and the other
containing hydro-generation units. In a nature-inspired, population-based bee algorithm, the integral
absolute error (IAE) served as the goal function for optimizing parameters. Our new bee algorithm
based FL2DPID controller was evaluated against existing controllers to highlight its advantages. Our
new controller had superior performance for an identical thermal system during a 1% step load
disturbance (SLP). The system reduced settling times, improved responses for both sub-minimum
and over-maximum conditions and had significantly fewer fluctuations in efficiency.
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Appendix A

The following criteria were used throughout this investigation [27] : f=60 Hz, T:=10.0 s, T:=0.3
s, Tw=1.0s, T¢=0.08s, Ks=0.5, Ky =1.0, Ki =4.0, Ki=5.0, Hi= H: =5, R1 = R = 2.4 Hz/p.u.MW, Pticnax=
200 MW, Pn = 2000 MW, P2 = 2000 MW, D1 = D2 = 8.33 X 10° p.u.MW/Hz. When: D; = APp;/Af,
T, = 2H;/(fx Dy), K,; =1/D;
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