., WAR Journal of Multidisciplinary Bulletin

) (WARJMB) ISSN (Online): 1595-6709
e

ISSN (Print): 1595-6636

Received: 02-03-2026 Revised: 26-03-2026 Accepted: 05-04-2026 Published: 18-04-2026

[ Research Article ]

Solving the optimal power generation for the thermal generating unit problem,
considering the multiple fuel constraints and the presence of renewable energy-based
generators using the Pied kingfisher optimizer

Nguyen Van Yen'" and Nguyen Thi Xuan Chinh®

Faculty of Electrical & Electronics Engineering, Ly Tu Trong College, Ho Chi Minh City, Vietnam
“Faculty of Mechanical Engineering, Ly Tu Trong College, Ho Chi Minh City, Vietnam

Abstract
OPEN aACCESS This research presents the application of a recently proposed meta-heuristic
algorithm, Pied kingfisher optimization (PKO), to solve the optimal power
Published in generation for thermal generating unit (OPG-TGU) problem. The main
VOI- 2 Issue: 2 objective of the entire research is to achieve the optimal value of the entire
DOI:10.5281/zen0do0.20736032  electricity production cost (EEPC) for the ten-multiple-fuel generator power
PP: 36-46 systems serving a load demand of 2500 MW. Besides, a 200 MW wind-based
generator and a 100 MW photovoltaic-based generator are also integrated into
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the given power system as a direct solution to partly lower EEPC values and
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Trong College, Ho Chi Minh ~ Frilled Lizard Optimization (FLO), for performance evaluation. The results

City, Vietnam Email: clearly indicate that PKO completely outperforms FLO in terms of convergence
nguyenvanyen@lttc.eduvn — gpeed the ability to reach the best solution, and especially the ability to avoid
local optima. In particular, PKO is more effective than FLO at 2.95% in terms
of the minimum EEPC (Min.EEPC), 7.04% in the mean EEPC (Mean.EEPC),
and 12.59% in the maximum EEPC. Besides these competitive results, PKO
also offers surprising stability throughout the process of addressing the given
problem, achieving an STD value of only 0.0055, while FLO achieves 9.7894.
Therefore, PKO is recognized as an effective and robust search method, highly
recommended for dealing with such OPG-TGU problems.

reduce the generating burden on all generators in the system. The results
obtained by PKO are compared with those of another meta-heuristic algorithm,

Keywords: Optimal power generation for thermal generating unit; entire
electricity production cost; multiple fuel option constraint, photovoltaic based
generator; wind based generator, Pied kingfisher optimization.

Introduction

The optimal power generation for thermal generating unit (OPG-TGU) problem is one of the most
concerned and important optimization challenges in power system optimization operation. It involves
determining the optimal active and/or reactive power outputs among working thermal generating units to cut
total fuel cost while supplying enough power and meeting all various operational constraints, including
power balance, generation limits, and transmission line losses. As power networks become increasingly
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complicated with the integration of renewable power sources, electric vehicles, and distributed generators,
solving the OPG-TGU problem efficiently has become more significant than ever [1, 2, 3].

Classical mathematical programming methods: the lambda iteration-based algorithm and the gradient
factor-based approach, are limited in solving the non-linear and non-convex fuel cost function of practical
OPG-TGU problems. To overcome these limitations, numerous metaheuristic algorithms have been
developed and applied so far. The turbulent flow of water optimization [4] and the modified Krill Herd
algorithm [5] demonstrated competitive performance on constrained OPG-TGU problems. The problem was
solved to reach superior accuracy [6], while the Growth Optimizer was tested on OPG-TGU problems to
reach good results [7]. The memetic sine-cosine algorithm could enhance exploitation in the OPG-TGU
problem [8], and the improved Mayfly optimization algorithm solved the OPG-TGU with renewable power
sources [9]. OPG-TGU problem with economic load dispatch and economic emission load dispatch was
solved in [10].

The growing penetration of renewable power sources (particularly solar photovoltaic (PV) and wind
turbines) introduced new research studies in power system operation. Uncertainty in wind speed and wind
generation necessitates robust dispatch strategies [11]. Studies on renewable energy penetration have tested
economic, technical and stable impacts on power system operation [12]. Optimal integration of distributed
generators (DGs) in distribution networks has been shown to OPG-TGU significant technical, economic,
and environmental benefits [13]. For hybrid systems with hydropower plants, thermal units, solar PV
systems, and variable-speed pumped storage hydro, an economic objective was considered in [14]. The Pied
Kingfisher Optimizer was further applied to determine the optimal PV penetration level in distribution
networks [15-16]. The presence of electric vehicles (EVs) makes the OPG-TGU problems more complex
[16]. Enhancement of EV charging stations was explored for distribution power grids [17], especially where
FACTS devices and renewable energy sources are employed to reduce fuel cost, energy loss, and investment
costs was studied in [18]. A data-driven coordinated dispatch framework for source-grid-load-storage
systems was introduced in [19]. Green economic load dispatch with one more objective function of emission
was solved by using metaheuristic algorithms [20] and an enhanced manta ray foraging algorithm [21]. Soft
open point components were applied to support the loss reduction [22]. The Dandelion optimizer was
applied to solve OPG-TGU [23]. The Greylag Goose Optimization algorithm was applied to solve global
optimization and engineering problems [24]. Minimizing total electricity fuel cost for large-scale electric
systems with solar and wind sources was obtained by using the Elk Herd Optimizer [25]. Integrated wind
turbines with HVDC power transmission lines were analyzed in [26-27]. Both HVDC and energy storage
system were used [28]. Photovoltaic inverters was applied [29], and the impact of stealthy false data
injection attacks on power flow was mathematically verified in [30]. The EV battery technologies provided a
good view for the battery market in power grids [31]. Sand Cat Swarm Optimization (SCSO) was used for
global optimal solution finding, which was reported in [32]. Deep reinforcement learning and MPPT control
were analyzed to support PV-integrated dispatch systems [33].

In this research, a recently proposed meta-heuristic algorithm called Pied kingfisher optimization
(PKO) [34] will be applied to solve the optimal power generation for thermal generating unit problem
(OPG-TGU) for a ten-fuel generator power system serving a load demand of 2500 MW. In the entire process
of solving the given problem, the multiple-fuel option constraint of the generators will be considered.
Furthermore, a 200 MW wind-based generator (WBG) and a 100 MW photovoltaic-based generator (PVBGQG)
are integrated into the system to reduce the generating burden on the existing generator partially.
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The main novelties and the contribution of the research are as follows:

- Successfully applying Pied kingfisher optimization (PKO) to optimize the power output of all the
generators in the given system for the best value of the entire electricity production cost in
solving the OPG-TGU problem.

- Proving the superiority of PKO in dealing with the given problem throughout various
comparisons with other method.

- Successfully considering the presence of WBG and PVBG is the entire process of solving the
given problem.

- Offering a typical framework of applying a modern meta-heuristic algorithm with high efficiency
and stability performance in solving such a given problem.

1. Problem description

1.1.0bjective Function
The primary goal of this study is to minimize the entire electricity production cost (EEPC) of all multiple
fuel generators (MGs) in the system. The objective function is formulated as follows:

Npes

Minimize EEPC = Z (crePie.c + C2ePuc + Cat) 0
t=1

Wlth t = 1, "'INMGS

Where, EEPC is the entire electricity production cost of all MGs in the considered power system; ¢, Co¢,
and c3, are the fuel usage coefficients of the MG t; Py, is the active power output of MG t; and Ny 1S
the total number of MGs in the system.

1.2. Problem Constraints
e Power Balance Constraint:
The total power generated by all units must cover both the load demand and the system transmission losses:

Nmas NpvBGs NwBGs
Z Pyg: + Z Ppyper + Z Pywper = APyp + AP (2)
t=1 r=1 z=1

NpyBGs
r=1

Where, ZItV=MlG Py is the total power generated by all active MGs; ), Ppyper 18 the total power

supplied by PVBGs connected with the given system with r = 1,2, ..., Npyggs, and Npypes 1s the number of
PVBGs; Z]ZV;”lBGS Py, is the total power supplied by WBGs connected with the given system with
z=1,2,...,Nypss and Ny pes 1s the number of WBGs; AP, and AP, represent the active power demand

of the load and the transmission loss, respectively.

The transmission loss in Eq. (2) is calculated using the following model:

Npmgs Nmas Nmgs
APpog = z Z Pyt X Bty X Pygv + Z Bot X Puc,t + Boo 3)
t=1 v=1 t=1

v#t

Where B, Bot, and Sy, are the loss coefficients.

e  Generation Limits of MGs
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The power output of each MG must stay within its technical lower and upper bounds:
Pict < Pucr < Puc.t 4)
Where Py, . and P, , are the low and up power limits of MG t.

e  Multi-Fuel Constraints of MGs
For units capable of operating on multiple fuel types, the cost characteristics are represented by a piece-wise
quadratic cost function:

1 1 1 p2 . lo up,1
cit T 2Pyt + 3¢Puces U Puoe < Pyt < Pygre

(
|
2 2 2 p2 . if plo2 up,2
EEPC, = 4 it + 5Pyt + C3ePuces Uf B < Puge < Pygl (5)
z z zZ p2 . : lo,z up
cit + 3Puce + C2tPuce U Puée < Puee < Pugy

Where, ci;, c3;, and c3; are the cost function parameters of MG t while operating with fuel option 1; Py ,
and Pl\l,;%‘t‘l are the low and up power limits of MG t while operating with fuel option 1; ¢, c2,, and cZ, are
the cost function parameters of MG t while operating with fuel option 2; Py , , and Pz\l;%,t,z are the low and
up power limits of MG t while operating with fuel option 2; cf;, c3;, and c3; are the cost function
parameters of MG t while operating with fuel option z; P,}f,’G't'q and P,;pG't are the low and up power limits of

MG t while operating with fuel option z, where z is the total number of fuel options.
e Generation Limits of PVBG and WBG

Similar to all the MGs above, the amout of power output supplied by the PVBGs and WBGs are restricted
by their designed capacity limits:

PVBG < Ppygs, < PVBG,? (6)
WBGY < Pyg;, < WBG,? (7)

Where PVBG/° and PVBG,? are the lower and the upper boundaries of the PVBG r; WBG and WBG,?
are the lower and the upper boundaries of the WBG z;

1. Pied kingfisher optimizer.
In this section, the update process for the new solution to the Pied kingfisher optimizer (PKO) [34]
will be described. In particular, PKO executes two phases of updating for its new solution to complete the
optimization process. The description of each phase will be given in the next two subsections as follows:

1.1.Phase 1
During the first phase, each candidate solution in the current population is updated as follows:

SO, + & X Gy X (SO, — SO,),  if 1,y <0.8

Soudtl — { 8
" SOy + pp X 0 X foyy X (SOs — SOgpeg), otherwise ®

Where, SO¥4t1 is the updated solution 7 in the first phase; SO, the current solution 7 in the population; ¢ is
the position factor; G, is the position gain; SO, is the neighborhood selected solution; pj, is the hunting
probability factor; f is the control factor adjusting the searching process; o is the dependent factor; SO is
a randomly selected solution in the initial population; SOgpes: 1S the global best solution at the current
iteration; 7,4 is a uniformly distributed random number in the range of [0,1].
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1.1.Phase 2
In the second phase, candidate solutions are refined using the following update rules:

Soudtl — {Som + 0 X fctrl X (Sor - Som): lf rd >1-— Adr (9)
r So,, otherwise
Where the advantage Ad, corresponds to the solution r and is calculated as:
_ ) it
Ad, = Ad* — (Ad"™ — Ad") x e (10)

Where, Ad"? and Ad'° are the up and low boundaries of the advantage, respectively; it and it" represent the
current iteration and the up iteration limit; 7,4 is a uniformly distributed random number in the range of
[0,1].

2. The simulation results

In this section, the Pied Kingfisher Optimizer (PKO) [34] will be applied to determine the optimal
power output of the 10-MG power systems to minimize EEPC, considering the MGs' multiple fuel options.
Moreover, a 200MW WBG and a 100MW PVBG are initially integrated into the system to partly reduce the
generating burden to all the existing MGs in the given power system. The system is supposed to serve a load
demand of 2500MW. The optimal results obtained by PKO are evaluated and discussed in terms of their
actual performance through different comparisons with Frilled Lizard Optimization (FLO) [35]. The entire
performance analysis of the two algorithms is ensured by using the same presets for the population size (PZ)
and the maximum number of iterations (M]I). In fact, the presets are established by 20 and 100 throughout
the whole optimization process of the two algorithms. Furthermore, each algorithm is executed 50 times to
obtain the best solution prior to any comparison.

All the work of the entire research is conducted on a personal computer with the following
specifications: a central processing unit (CPU) with a clock speed of 2.26 GHz, and a kit of random-access
memory (RAM) with a capacity of 16GB. Moreover, MATLAB 2018a is selected as the main platform for
all coding and related simulations.

Figure 1a, 1b, and 1c show the three convergences achieved by the two algorithms in their best runs
after 50 trial tests, including the minimum, the mean, and the maximum. The three subfigures show that
PKO completely outperforms FLO in terms of convergence speed, the ability to reach better values of the
main objective function, and, especially, the capability to escape from local optima, as seen in FLO, which
leads to premature convergence in all three subfigures.
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Figure 1. a) The minimum, b) the mean, and c¢) the maximum convergence achieved by the FLO and PKO
for their best runs

Figure 2 offers more detail about how well the PKO compared to FLO in solving the considered
problem by using the four different criteria, including the Minimum EEPC (Min.EEPC), Mean EEPC
(Mean.EEPC), Maximum EEPC (Max.EEPC), and standard deviation STD. Clearly, PKO has outperformed
FLO by achieving lower EEPC values, especially in the first and last criteria, which are Min.EEPC and
STD, respectively. In particular, the values obtained by PKO for these terms are 403.654 ($/h) and 0.0055,
while those of FLO are 415.572 ($/h) and up to 9.7984. Furthermore, Figure 3 provides the exact
measurement of the cost of savings and the corresponding percentage PKO over FLO for the first three
criteria, which are mostly focused on real operational situations. The figure indicates that PKO is more

effective than FLO 2.95% on the first criterion. And for the last two criteria, the effectiveness of PKO over
FLO are 7.04% and 12.59%, respectively.
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Figure 2. The statistical results after 50 trial runs achieved by FLO and PKO across various criteria.
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Figure 3. The measurement of the effectiveness of PKO over FLO

Figure 4 shows the optimal power output of each MG in the power system and the corresponding
fuel cost (FC). The results in the figure clearly indicate that PKO mostly achieves lower power output than
the MGs, except for MGs 4, 6, 8 and 10. The lower power output from MGs leads to smaller FC values,
which, in turn, result in a lower EEPC overall. It is noted that the multiple fuel constraints of the MGs, as
presented in the section, will increase the fragmented nature of the cost curve of each MG. As a result, the
consideration of such constraints will lead to the existence of many local optima in the search space, which
requires the applied algorithm to be able to avoid those local optima before reaching the global optimum.
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Figure 4. The power output and the fuel cost of the ten multiple fuel generators achieved by FLO and PKO
for their best runs

Figure 5 presents the specific measurements of the difference in power output and fuel cost achieved
by FLO and PKO. Actually, these measurements are determined by the absolute difference between the
power output and the fuel cost, as shown in Figure 4. The positive values of the bars and the FC values stand
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for the savings power output and the savings cost on each MG of PKO compared to FLO. As shown in the
figure, the bar values and fuel costs at some MGs are negative, indicating that FLO's power output is better
than PKO's; however, the sum of those negative values cannot compete with the sum of the positive values
overall. Hence, this illustration once again proves the actual effectiveness of PKO compared to FLO.
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Figure 5. The difference in terms of power output and the fuel cost of the ten MGs of PKO compared to
FLO.

3. Conclusions

In this research, a recently proposed meta-heuristic algorithm, Pied kingfisher optimization (PKO), has
been successfully applied to solve the optimal power generation problem for thermal generating units (OPG-
TGU). Throughout the process, the optimal solution is found to achieve the best values for the total
electricity production cost, and the contributions of renewable energy, including the presence of the PVBG
and the WBG, are taken into account. Furthermore, the multiple fuel constraints of the generator in the ten-
generator power system are also considered. The results obtained by PKO are compared with another recent
proposed meta-heuristic, the all Frilled lizard optimization, and clearly demonstrate its superiority in terms
of convergence speed, optimal solutions, and the ability to avoid local optima arising from the evaluation of
multiple fuel constraints in MGs. Particularly, PKO is more effective than FLO 2.95% on the Minimum
EEPC, 7.04% on the Mean EEPC, and 12.59% on the Maximum EEPC. Besides, the PKO also offers
surprising stability throughout the process of dealing with the considered problem, with a standard deviation
of only 0.0055 after 50 test runs. At the same time, that of FLO is up to 9.7984. Based on the results and the
achievement, PKO 1is recognized as an effective and robust optimization method, which is highly
recommended for use to solve the OPG-TGU problem.
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