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ABSTRACT

In this study, three different parameters were selected for the optimization of the design parameters of a fixed-wing
unmanned aerial vehicle, and three different values were determined for each. 9 situations consisting of these
parameters were obtained using the Taguchi method in Minitab software. These design scenarios were analysed with
both XFLR5 and OpenVSP software in terms of aerodynamic performance. Then, the settling times for each design
were determined, and the best aircraft design was determined using the Taguchi method to make comparisons
between designs. In addition to the Cuckoo optimization for the selected design, analyses were also carried out with
the default value and the Ziegler-Nichols method. As a result of the analysis, it was decided that cuckoo optimization
was the best, and PID controller parameters were determined. To evaluate the controller performance, four different
error criteria were taken into account: ISE, IAE, ITAE, and MSE. As a result of the analyses carried out on error
criteria, the most appropriate result in terms of improving controller performance was obtained with the ITAE error
criterion.

Keywords: Cuckoo search algorithm, longitudinal stability, PID controller, taguchi methods.
OZET

Bu calismada sabit kanatli bir insansiz hava aracinin tasarim parametrelerinin optimizasyonu amaciyla ii¢ farkli
parametre secilmis ve her biri icin iicer farkli deger belirlenmistir. Bu parametrelerden olugsan 9 durum Minitab
yaziliminda Taguchi yontemi kullanilarak elde edilmistir. Elde edilen bu tasarim senaryolar1 aerodinamik performans
acisindan hem XFLRS5 hem de OpenVSP yazilimlar ile analiz edilmistir. Ardindan her bir tasarim i¢in oturma
zamanlari belirlenerek tasarimlar arasi karsilastirma yapilabilmesi i¢in Taguchi yontemi kullanilarak en iyi hava araci
tasarimi belirlenmistir. Segilen tasarim i¢in Guguk kusu optimizasyonuna ek olarak default deger ve Ziegler -Nichols
yontemi ile de analizler gergeklestirilmistir. Analizler sonucunda guguk kusu optimizasyonunun en iyi olduguna
karar verilmis ve PID kontrolcii parametreleri belirlenmistir. Kontrolcii performansini degerlendirmek amaciyla dort
farkli hata kriteri dikkate alinmustir: ISE, IAE, ITAE ve MSE. Hata kriterleri iizerinden gerceklestirilen analizler
sonucunda, kontrolcii performansinin iyilestirilmesi agisindan en uygun sonug ITAE hata kriteri ile elde edilmistir.

Anahtar Kelimeler: Boylamasina kararlilik, guguk kusu, PID kontrolci, taguchi metodu.
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INTRODUCTION

Unmanned aerial vehicles (UAV) are aircraft that are fully autonomous without pilot intervention or contain
equipment that can be remotely controlled. Although the first UAV produced in history, the Kettering Bug, was
developed for military purposes, the use of unmanned aerial vehicles for both civilian and military purposes is quite
common today. One of the main reasons for their widespread use is that they are completely autonomous during
operation. Unmanned aerial vehicles; They are suitable for use in a wide range of areas, from traffic control and
security to agriculture, logistics and transportation, and disaster management (Hashim, 2025). The fact that UAVs
carry out all these works without manpower, without risking human life, and with an environmentally friendly
attitude, at low cost and with high precision, reveals the increase in UAVs (Dag, Unler, Copur, & Cakin, 2022).

Unmanned aerial vehicles are generally divided into two groups: fixed-wing and rotary-wing. In addition to this
classification, there are also VTOL hybrid models that combine the features of both systems, that is, vertical take-off
and landing. Fixed-wing UAVs have a fixed wing structure, similar to traditional aircraft types, and they also need a
runway for landing and take-off. Rotary-wing UAVs are aircraft that take off and fly with one or more propellers,
similar to a helicopter-like structure. Hybrid wing UAVs are aircraft that include both fixed wings and rotary wings
in their design. Unmanned aerial vehicles, according to wing types, are shown in Figure 1.1 (Diindar, Bilici, & Unler,
2020).

(@) (b) ()
Figure 1.1. a) Rotorcraft b) Fixed-Wing Aircraft c) Hybrid Aircraft (VTOL)

Depending on their wing type, fixed wing unmanned aerial vehicles provide efficient flight performance due to their
aerodynamic design. This is a parameter that directly affects stability. In addition, stability is one of the most
important parameters due to the mission profile of a fixed wing unmanned aerial vehicle (such as military security,
disaster management, mapping, logistics). Stability, in general terms, is the ability of the aircraft to continue its flight
in equilibrium without the intervention of the pilot and is divided into two: static stability and dynamic stability. We
can define static stability as the tendency of the aircraft to return to its original state as a result of disturbance
(Autenrieb & Shin, 2025).

Dynamic stability involves whether the aircraft reaches its equilibrium position after a certain time. Stability in
aircraft is divided into three types: longitudinal, lateral, and directional stability. Longitudinal stability is the state of
the aircraft returning to its equilibrium state after the nose up-down (Pitch) movement in the lateral axis. Lateral
stability is the state of returning to the equilibrium state after the nose right-left (Yawing) movement in the vertical
axis of the aircraft, in addition to the wing up-down (Roll) movement in the longitudinal axis of the aircraft (Zhang,
Zhang, Dong, & Wang, 2022).

The elevator, which is the control element of the horizontal tail, is a control element that ensures that the aircraft
comes to a balanced position as a result of any intervention that affects stability with the effect of pitching moment
(Coban, 2020). The size of the control surface, its distance from the equilibrium position, or its aerodynamic shape
are important parameters that directly affect stability performance. Although the aircraft is designed to return to its
equilibrium position as a result of the pitching moment, this time can be further reduced by using control surfaces.
Decreasing this period affects flight performance, fuel consumption, or payload flight comfort.

In this study, the longitudinal stability of the aircraft was examined. First, the stability parameters of the aircraft were
obtained using XFLR5 and OpenVSP programs, and then the state space model of the aircraft was created using
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these data (Milenkovi¢-Babi¢ et al., 2025; Sarmento, Malatesta, & Pedras, 2025). According to the results of these
created state space models, the most appropriate configuration of the aircraft was determined using the Taguchi
method. The stability of the UAV, which was created with optimum design criteria, was established by PID control
with the Cuckoo Algorithm method.

MATERIALS AND METHODS

In this section, the longitudinal stability of a fixed-wing unmanned aerial vehicle is examined. The geometric
characteristics of the aircraft examined are given in Table 2.1. and the flight parameters are given in Table 2.2.

Table 2.1. Aircraft Dimensions

Property Symbol Value
Wingspan bw 1.1m
Wing Chord Length Cw 0.184 m
Wing Area Sw 0.2024 m?
Fuselage Length L+ 0.77m
Horizontal Tail Span bt 0.4m
Horizontal Tail Chord Length  Ct 0.1m
Horizontal Tail Area Sht 0.040 m?
Vertical Tail Span But 0.175m
Vertical Tail Chord Length Cu 0.1097 m
Vertical Tail Area Sut 0.0192 m?
Tail Length Lvi=Lw 0.462m

Table 2.2. Flight Parameters

Property Symbol Value

Mass M 1.8 kg
Cruising Speed Uo 13 m/s

Air Density P 1.225 kg / m®
Dynamic Pressure Q 103.46 Pa

The Taguchi method is a statistical optimization approach that enables the evaluation of the effects of multiple design
parameters on system performance using a limited number of experiments or simulations. In this study, the Taguchi
L9 method was employed as a systematic optimization framework due to its efficiency in reducing the number of
required experimental runs while maintaining reliable performance evaluation.

Within this framework, the Taguchi artificial intelligence technique was used to determine the most suitable
aerodynamic design configuration to increase overall system stability. Accordingly, the UAV design parameters
selected for optimization were tail length, height, area, and tail development angle, and the corresponding levels are
presented in Table 2.3. Different combinations of these parameters were created using the Taguchi L9 method
implemented in Minitab software. (Ebrahimi, Pasandidehfard, Esmaeili, & Esfandabadi, 2025).

The applied procedure involved defining the design parameters and their corresponding levels affecting longitudinal
stability, constructing the L9 orthogonal experimental matrix, performing numerical simulations for each
experimental condition, calculating the Signal-to-Noise (S/N) ratios for the selected performance metrics, and
identifying the optimal parameter levels using main effect plots.
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Table 2.3. Specified Parameters and Values
Parameters Value

0.385m
0.462 m
0.539m
0.0070 m?
Elevator Area (Se) 0.0096 m?
0.0126 m?
-3°
Tail Incidence Angle (i¢q:7) 0°
3o

Tail Length (In)

In addition to the statistical results of the Taguchi Signal-to-Noise (S/N) analysis, it is also important to evaluate the
physical effects of the determined optimal parameter levels on longitudinal stability. An increase in tail length
increases the distance between the aerodynamic center of the wing and the tail surface, thereby enlarging the moment
arm. This leads to an increase in the stabilizing pitching moment and improves the static longitudinal stability of the
aircraft. Similarly, increasing the elevator area allows a larger aerodynamic moment to be generated for a given
deflection angle, enhancing control effectiveness. In addition, the angle of incidence affects the aerodynamic
interaction between the wing and tail surfaces, which directly influences the overall pitching moment characteristics.
Therefore, the obtained optimal parameter combination improves the longitudinal stability of the aircraft by
increasing the stabilizing moment capability and enhancing the aerodynamic effectiveness of the tail control surfaces.

There are 27 different combinations of the specified parameters. For these combinations, instead of performing the
analysis of the aircraft, 9 situations determined by the Taguchi L9 method were evaluated and stated in Table 2.4.
These 9 different situations were examined and evaluated in terms of the time it took for the aircraft to settle into the
equilibrium position after disturbance (Kapsalis, Bliamis, Kaparos, Panagiotou, & Yakinthos, 2023). As a result, the
optimum design parameter values were determined. The stability response of this design, determined by the Taguchi
method, was obtained by the estimation method.

Table 2.4. Combinations Determined by the L9 Method

Tail Incidence Angle Elevator Area Tail Length
-3 0.0070 0.385
-3 0.0096 0.462
-3 0.0126 0.539
0 0.0070 0.462
0 0.0096 0.539
0 0.0126 0.385
3 0.0070 0.539
3 0.0096 0.385

3 0.0126 0.462
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The working principle of the Taguchi algorithm used in the study is illustrated and presented in Figure 2.1.

Determination of 3 Different
Parameters For The Aircraft
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Moment Area Incidence
Arm Angle
Performing Analysis For
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Figure 2.1. The Working Principle of the Taguchi Algorithm

The Cuckoo Optimization Method is an artificial intelligence technique inspired by nature, designed to achieve fast
and effective results in solving complex and difficult problems. In nature, mother cuckoos lay their eggs in different
nests, and if the host bird notices or dislikes a foreign egg, it discards it. In this technique, just as in nature, the fact
that each mother bird lays her eggs in different nests represents the diversity in the solutions, while the host bird's
detection or dislike of the foreign egg represents the suitability of the solution. In this method, eliminated solutions
are replaced by a model called the Levy flight, which generates new, random solutions based on the existing solution.
If the new solution generated is better than the current solution, it is kept and replaced. The algorithm operates in this
manner to obtain the best solution. In this study, due to the inadequacy and slowness of classical methods, the Cuckoo
algorithm was chosen for the PID controller selection (EI Gmili, Mjahed, El Kari, & Ayad, 2019).

In this study, the population size is set to 20, and the algorithm evaluates 20 different solution candidates
simultaneously in each iteration. The termination criterion of the algorithm is defined based on the maximum fitness
function evaluation count, and this value is selected as 2000. Accordingly, the total number of iterations of the
algorithm is calculated using Equation 2.1, taking into account the relationship between the maximum evaluation
count and the population size, and is found to be 200.

Number of Iterations= maxNFEs/ny (2.1)

The exclusion coefficient in cuckoo optimization is set to 0.2. This parameter prevents the algorithm from getting
stuck in a local optimum by ensuring that a certain proportion of low-quality nests are discarded in each iteration.
Additionally, the step size coefficient used in the Lévy flight-based solution update process is selected as 1. This
coefficient determines how far from the current position new solutions will be generated. All algorithm parameters
used in the study are provided in Table 2.5, and the settings for their implementation are clearly presented.
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Table 2.5. Optimization Algorithm Parameters

Property Symbol Value
Population Size ny 20

Maximum Number of maxNFEs 2000
Function Evaluations

Number of Iterations Iter 200

Lower Limit Vector Lo [-10 =10 —10]
Upper Limit Vector Up [10 10 10]
Discovery Ratio (Exclusion Pa 0.2

Ratio)

Step Length Coefficient a 1

The working principle of the Cuckoo Algorithm used in the study is illustrated and presented in Figure 2.2.

Defining the initial Generating the Evaluating the Updating solutions

parameters — initial nests  ————— oo function  using Lévy flights

Achieving the Abandonment of

optimal solution nests

Figure 2.2. Cuckoo Algorithm Working Principle

During the operation of the Cuckoo Search algorithm, specific objective functions are employed to evaluate the
algorithm's performance in achieving optimal parameters while avoiding local optima. Four types of error criteria are
utilized: Integral of Squared Error (ISE), Integral of Time-weighted Absolute Error (ITAE), Integral of Absolute
Error (IAE), and Mean Squared Error (MSE) (Rao, Santosh, & V, 2020). Specifically, ISE penalizes larger errors by
squaring the error term over the entire time horizon, whereas ITAE focuses on long-term errors by multiplying the
absolute error by time. IAE calculates the cumulative absolute error, and MSE provides the average of the squared
errors. The mathematical formulations of these criteria are presented in Equation 2.2 (Shahriari, Kasiri, & lvakpour,
2026).

ISE = [ e?(t) dt (2.2)
ITAE = [ t]e(t)|dt
IAE = ["|e(t)| dt

1
MSE = ;Z?:ﬂei)z
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t: time
e error

n: total number of steps

i: number of steps

RESULTS

In this section, nine different conditions determined by the Taguchi artificial intelligence and the combination
identified as the optimal design of analysis results has been analyzed numerically for has been analyzed longitudinal
of UAV. The first step is using the Equation 3.1. for create a state space matrix of nine different conditions. Then,
the settling times to the aircraft’s equilibrium position were determined as shown in Table 3.1 (Oktay, Konar, Onay,
Aydin, & Mohamed, 2016).

Au Xy Xy 0 —9g|rAu [ Xse

AW _ Zu ZW Uy 0 lAW Zse A69:| (3 1)
AG| T My + MyZy My +MyZy, Mg+Myug 0 ||8q|™ My +m,zs |06, '
AG 0 0 1 0140 0

Table 3.1. Combinations Determined by the L9 Method and the Obtained Settling Times

Tail Incidence Angle Elevator Area Tail Length Setling Time

-3 0.0070 0.385 25
-3 0.0096 0.462 2.8
-3 0.0126 0.539 3

0 0.0070 0.462 3.9
0 0.0096 0.539 3.7
0 0.0126 0.385 2.9
3 0.0070 0.539 4.2
3 0.0096 0.385 2.6
3 0.0126 0.462 2.4

Since the number of experiments and analysis time are high, the “smaller is better” feature in the Taguchi method
has been adopted as a performance criterion to minimize the average value and variation of the system output; here,
a higher signal-to-noise (S/N) ratio means better and more stable system performance. Accordingly, S/N ratios were
calculated for each experiment conducted using the L9 orthogonal array, and the effects of different tail development
angles, elevator area, and tail length design parameters on the system response were evaluated. After determining the
dwell times listed in Table 3.1, the average effect of each design parameter and the corresponding stability analysis
results were obtained based on the “smaller is better” criterion and are shown in Figure 3.1.
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Main Effects Plot for SN ratios
Data Means
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-3 0 3 0.0070 0.00%6 0.0126 0.385 0.462 0.539

Signal-to-noise: Smaller is better

Figure 3.1. Main Effects Plot for Signal-to-Noise Ratio

Following the analysis results, the optimal design was determined to be a design with a tail length of 0.385 m, an
elevator area of 0.0126 m2, and a tail settling angle of -3 degrees. Subsequently, the estimated settling time for this
design was calculated using Minitab software. The settling time determined by Taguchi for the optimized design
using the Taguchi L9 method is 1.97 seconds, and the settling time obtained from the state space matrix result is 2.20
seconds. These values were compared numerically, and the error rate was obtained using Equation 3.2. As a result
of the evaluation, the error rate was calculated as 10.45%. Since this rate is within acceptable limits, the data obtained
from the Taguchi artificial intelligence technique has been validated.

Error Rate (%) _ |True Value —Estimated Value| % 100 (3.2)

True Value

Following the determination of the optimal design from the specified combinations via the Taguchi method, PID
controllers were integrated to further enhance the system's performance. Initially, to establish a baseline for the
unoptimized state, the system response was obtained using the initial parameters Kp=50, K, =5, and Kp =50. These
values were selected based on heuristic methods to ensure initial system stability before the optimization process.

The Ziegler-Nichols method is a classical method developed for PID tuning (Siwek, Baranowski, & Ladyzynska-
Kozdras, 2024; Yoon, Kim, Bang, Kim, & Doh, 2025). In this method, firstly, based on the system response, Ku, the
proportional gain at which the system becomes unstable during PID tuning, and Pu, the oscillation period of the
system observed at Ku, are obtained. The PID coefficients were obtained using the Ziegler-Nichols closed-loop
approach. By increasing only the P coefficient of the controller, the P gain (Ki=5.18) at which the system oscillates
continuously was determined. The system period (Pci=2.16) in this state was also read from the response.
Subsequently, the PID controller gains were calculated, and the response shown in Figure 3.2 was obtained.

de(t)

u(t) = Kye(t) + K; [ e(t)dt + Ky —

(3.3)

In this study, separate analyses were performed for each error criterion, and the ITAE error criterion provided the
best response for improving the controllers. ITAE error criterion The ITAE error criterion works by multiplying the
error value by time. This causes the error function to rise rapidly over time, thereby increasing the controller's error-
damping rate. As a result, the system settles to its equilibrium position more quickly, and the overshoot amount
decreases. For this reason, the ITAE error criterion was preferred for improving the controllers.

During the operation of the cuckoo algorithm, a population fitness table called Prit (Population Fitness) is obtained,
which numerically reveals how good each candidate solution is. The system looks at the Pri: values in this table and
keeps the smallest, i.e., the best candidate, while discarding the others. The P table obtained from this study is given
in Figure 3.3. In the table, the Pr;; value has reached equilibrium after 22 iterations.
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Figure 3.2. Comparison of System Default Response and Tune Response
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As a result of the PID improvement performed using the cuckoo bird algorithm, the controller values Kp =9.3360, K|
=0.1549, Kp =1.9922 were obtained. The system response obtained as a result of the analysis performed using the
cuckoo bird algorithm is shown in Figure 3.4.

When examining Figure 3.2 and Figure 3.4, it was determined that the rise time in the system response created using
the Ziegler—Nichols method was 9.28 seconds, the settling time was 29 seconds, and the overshoot value was 7.35%
(Ramanan, Rahul, Sathishkumar, & Upadhyaya, 2025). In the system response created using the cuckoo algorithm,
the rise time was determined to be 0.2305 seconds, the settling time was 0.9496 seconds, and the overshoot value
was 1.9797%. The results obtained using the cuckoo algorithm provide more efficient improvement compared to
other methods and are therefore more suitable for achieving the desired result.
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Figure 3.4. System Response to Values Obtained Using the Cuckoo Bird Optimization Method

In addition to the improvements observed in the time-response characteristics, the robustness of the controller should
also be considered. During cruise flight, the mathematical model and aerodynamic coefficients of an unmanned aerial
vehicle are defined around an equilibrium condition. However, external disturbances such as wind effects,
atmospheric turbulence, or control surface movements may cause the aircraft to deviate from this equilibrium state.
The PID controller used in this study operates with a feedback structure that continuously compares the system output
with the reference equilibrium condition and reduces the resulting error. Therefore, even under moderate disturbances
or model uncertainties, the controller can guide the UAV back to its equilibrium state, contributing to the overall
stability and robustness of the flight control system.

DISCUSSION AND CONCLUSION

Following the controller optimization work, the objective of this study was achieved, and an improved controller
design for longitudinal stability was realized. During the improved controller setting phase, three different controller
values were compared, and it was determined that the use of the cuckoo artificial intelligence technique was the
correct choice.

* The optimal design obtained with the Taguchi L9 method has a tail length of 0.385 m, an elevator area of 0.0126
m?, and a tail angle of -3 degrees.

* According to the evaluation criteria in the design optimization, the best settling time is 2.20 seconds.

» The controller coefficient values obtained as a result of the controller optimization performed with the cuckoo
method are Kp=9.3360, K;=0.1549, Kp=1.9922.

» As aresult of the controller design, the rise time is determined to be 0.2305 seconds, the settling time is 0.9496
seconds, and the overshoot value is 1.9797%

Furthermore, instead of the Ziegler—Nichols method used at this stage, one of the tuning methods frequently
encountered in the literature can also be preferred. Furthermore, the best design among 27 different combinations
was found using the Taguchi L9 method in this study. If the study is to be expanded, other orthogonal designs within
Taguchi can be preferred, or different artificial intelligence techniques can be preferred instead of using the Taguchi
artificial intelligence technique. In conclusion, this study examined the longitudinal stability of an unmanned aerial
vehicle designed by combining two different artificial intelligence techniques: the Taguchi L9 method was used in
the design phase, and the Cuckoo artificial intelligence technique was used during PID controller selection. This
combination facilitated the design and controller selection while introducing innovation in terms of examining
longitudinal stability.
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Artificial Intelligence Contribution Statement

Artificial intelligence technology was not used in writing this study or in establishing the experiment parameters.
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