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Abstract: In this study, the nonlinear model of  the longitudinal and lateral motions of  a fixed-wing Unmanned Aerial Vehicle 
(UAV) with assured geometrical features and aerodynamic parameters is linearized under certain conditions. A cascade 
proportional integral differential controller is designed on the linear model. The controller coefficients that applied to the 
model of  the UAV were optimized with a metaheuristic algorithm, which is based on a metaheuristic search algorithm. The 
four different controller gains in the system are optimized using four different objective functions. Controller performances 
were tested in a simulation environment for unit step input responses. Considering the longitudinal dynamics of  the aircraft, 
among the ITAE, ISE, MSE and IAE fitness functions, IAE can be shown as the optimum result for altitude control. 
Keywords: Cascade PID, UAV, ABC Algorithm, Optimisation.

1. Introduction

Nowadays, when it comes to remotely controlled vehi-
cles, the first thing that comes to mind is undoubtedly 
UAVs. Historically, UAVs were first used for military pur-
poses. Tracking, surveillance and attack capabilities are 
among the most important features of UAVs according 
to their usage areas [1-4]. Compared to other aircraft, its 
costs are cheaper and easier to use, making it possible for 
civilians to use it as well. Therefore, using of UAVs has 
increased significantly, especially in areas such as search 
and rescue, logistics and real-time monitoring [5-6].

UAVs should provide certain features while perform-
ing their duties. Some of those features are high ma-
neuverability, fast response of the system in case of any 
disturbance, high accuracy trajectory tracking, altitude 
control, etc. However, in order to meet these criteria, 
the controllers of the UAV must be reliable and respond 
quickly. Undoubtedly, the biggest challenge in control-
ler design is the optimization process. Several methods 
have been derived for the optimization of the controller 
parameters used to obtain the properties that affect the 
performance, such as a fast response of the system, mini-
mum steady-state error, minimum overshoot [7-9]. 

The control of fixed-wing UAVs has recently become a 
common subject of study.  The absence of the human fac-

tor in it requires more trust in controllers while perform-
ing their duties. A reliable controller is critical to mission 
safety and cost. Route estimation and its planning are of 
vital importance for the unit to be tasked. In the literature, 
many solutions are presented to nonlinear equations and 
uncertainty situations in order to perform a task. In their 
study, Hervas et al. designed a nonlinear controller for 
the landing of a fixed-wing drone on the ship’s deck with 
a Kalman filter using a scholastic downwind laser sensor. 
At the end of their studies, they showed that they gave 
successful results even at high angles of attack [10]. Au-
topilot design using a controller is widely used, especially 
in small-sized and commercial fixed-wing unmanned ae-
rial vehicles. Stastny et al. applied speed and path control 
to a small model unmanned aerial vehicle with a ‘high 
level Nonlinear Model Predictive Controller’. As a result 
of their work, predicts that are quite similar to simula-
tion answers and real-time answers have been provided 
[11]. Yan and Wang, on the other hand, designed a ‘low 
gain’ controller for swarm UAVs and made speed control 
[12]. Zhen et al. compared ‘the trained reinforcement 
learning (RL)’ controller designed for a fixed-wing UAV 
with a Proportional-Integral-Derivative (PID) controller. 
They showed that RL gives better results in the simula-
tions than PID in disturbances, such as wind and turbu-
lence. They also stated that PID gains should be tuned 
according to different flight conditions [13]. Poksawat et 
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al. designed a ‘gain scheduled’ controller for a fixed-wing 
mini-UAV. They tested the PID coefficients according to 
different conditions by measuring the instantaneous ve-
locity with a Pitot tube. The results were validated in the 
wind tunnel under different conditions. As a result, they 
revealed that their proposed method creates less devia-
tion in height compared to the traditional method [14]. 
Mammarella et al. designed an autopilot for a nonlinear 
model using the ‘sample-based stochastic model predic-
tive control (SMPC)’ method. They performed a traction 
control of a mini UAV and verified it with simulations. 
As a result, they stated that the SMPC architecture is less 
affected by disturbances than the classical Model Predic-
tive Control (MPC) architecture [15].

In this study, the longitudinal PID controller param-
eters applied to the dynamically modeled fixed-wing 
unmanned aerial vehicle were optimized with the meta-
heuristic search algorithm. The nonlinear RQ-2 Pioneer 
model, which was modeled mathematically, was linear-
ized, and the controller was designed under certain trim 
conditions. Tuning of PID parameters of multi-degree-
of-freedom systems takes a long time with trial and er-
ror methods. In most cases, the desired results are not 
achieved. For this reason, ABC optimization, one of the 
metaheuristic algorithms, is proposed in this study. In 
the PID controller design, the PID parameters for the 
control of each of the UAV’s pitch speed, pitch angle, 
altitude and true air speed (TAS) were found with the 
Artificial Bee Colony (ABC) approach, which is a meta-
heuristic search algorithm technique. The reason for this 
can be shown as the poor performance of traditional tun-
ing methods when the systems are not linear [16]. With 
the development of metaheuristic algorithms, their use 
in controller design has become widespread and has be-
come more efficient to find the optimum PID parameter 
values [17].

In section 2, the introduction of fixed-wing UAVs and 
metaheuristic search algorithms are mentioned under 
the title of materials and methods. Research findings, al-
gorithm block diagram and system response for objective 
function are presented in section 3. Finally, in section 4, 
the results of the system output are interpreted and dis-
cussed.

2. Materials and Methods
2.1. AAI RQ-2 Pioneer Fixed Wing Unmanned Aerial Ve-
hicle
The RQ-2 Pioneer is an unmanned aerial vehicle used at 
sea and on land from 1986 to 2007 by the United States 
Navy, Marine Corps and Army. Initially placed on Io-
wa-class battleships to provide artillery detection, its 
mission has evolved primarily into reconnaissance and 
surveillance for amphibious forces. In addition to this, 
many experimental and academic studies have been done 
on it in the literature [18]. Aerodynamic coefficients, mass 
and geometric properties taken from the wind tunnel 
test in Robert Bray’s master’s thesis, which is one of these 

studies, were used in this study [19]. Table 1 presents the 
technical specifications of the AAI RQ-2 Pioneer. 

Table 1. Specifications of AAI RQ-2 Pioneer [19] 

Property Description Value Unit

Moment of Inertia along  axis 47.2258

Moment of Inertia along  axis 90.9482

Moment of Inertia along  axis 111.4753

Product of Inertia along  axis 0.0

Product of Inertia along  axis -6.6462

Product of Inertia along  axis 0.0

Wing area 2.8261

Mean aerodynamic chord 0.54864

Wing span 5.15

Mass of UAV 190.5088
 

2.2. Dynamic Model of AAI RQ-2 UAV
Creating a dynamic model of the aircraft is quite com-
plex. Therefore, some assumptions have been made. 
These are given below [20].

• The UAV is considered a rigid body.

• The inertial mass of UAVs is constant and is the ini-
tial flight state value.

• The UAV has a constant gravitational acceleration.

• The Earth is treated as a stationary plane in inertial 
space.

• The angular momentum changes due to rotating 
subsystems are neglected.

• The angular momentum changes due to fuel slosh-
ing, the motion of hinged parts and elastic deforma-
tion are neglected.

Newton’s 2nd law is applied by taking the above assump-
tions [20].

         (1)

       (2)

Ft, Gt and h are the total external force, total external 
moment and angular momentum respectively

   (3)
IB and ωB are moment of inertia and angular momen-
tum, respectively. In this case, the two products of iner-
tia,  and  are zero.
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  and 

        
 (4)

B subscript indicates the body fixed frame those vectors 
describe on them. The nonlinear equations are attained 
by utilizing Newton’s second law and the assumptions.

     (5)
  (6)
    (7)

L= - +qr(      (8)
M= +rp( )     (9)
N= - +pq(    (10)

p= - sin       (11)
q=     (12)
r=     (13)

p+(qsin +rcos )tan    (14)
qcos -r      (15)

qsin +r )sec     (16)

   
  (17)

   
  (18)

  (19)
      (20)
     (21)
    (22)

15 nonlinear ordinary differential equations in the inde-
pendent variable time (t) and three algebraic equations 
are obtained. 3 of the differential equations are not inde-
pendent, thus there are 12 independent equations.

X, Y, and Z represent aerodynamic forces, and L, M and 
N are moments components of UAV on the body axes. 
Moments and forces depend on linear velocities (u, , 
), angular velocities (p, q, r), and one control vector.

2.3. PID Controller Design
PID controller stands for Proportional-Integral-Deriva-
tive and regulates different parameters, such as pressure, 
temperature and speed at desired values. As in many 
sectors, its use in aviation is quite common. As in this 
study, it was used in aircraft for longitudinal motion (alti-
tude and velocity) control. In systems with PID controller 
feedback, the error value of the output signal is calculat-

ed according to the input signal, and the cycle continues 
until this value is minimum.

Proportional-Integral-Derivative controllers each con-
tain advantages and disadvantages. The purpose of the 
PID controller is to complete the deficiency of each other 
by using three controllers simultaneously. The PID con-
troller provides a reasonable system response by elimi-
nating the steady state error and reducing the settlement 
time. The PID controller equation used in the study is 
presented with equation 23.

  (23)
Today, the advanced version of the classical PID control 
systems with feedback is the cascade control structure, 
which can also be applied to multi-degree-of-freedom 
systems [21-23]. Cascade controller structure, in short, 
means that a control variable is controlled gradually 
when there is more than one measurement. In the cas-
cade control system, first, the parameters of the inner 
loop controller are determined and then the parameters 
of the outer loop controller are obtained [24]. A meta-
heuristic algorithm-based search algorithm was used to 
find internal and external controller parameters simulta-
neously in this study. 

2.4. Artificial Bee Colony Algorithm
Metaheuristic algorithms are defined by several different 
classes according to their characteristic structures. In 
one of these classes, the bio-inspired metaheuristic al-
gorithm, as the name suggests, is a form of optimization 
created by examining the life instincts of various living 
things based on swarm intelligence, such as humans, 
animals, cells, etc. There are various variations, such as 
particle swarm optimization, ant colony optimization, 
Artificial Bee Colony optimization, bat algorithm opti-
mization, etc. [25-26]. The Artificial Bee Colony search 
algorithm used in this article was first introduced by 
Karaboğa in 2005 by making an analogy with honey bees 
based on their foraging instincts [27].

The ABC algorithm model consists of three groups of 
bees. The first group, the worker bee group, looks for 
productive food sources around the hive and is respon-
sible for keeping their location and nectar information 
in mind and conveying them to the other bees in the 
hive with a ‘waggle dance’ in the dance area. Onlooker 
bees, following the information brought by the worker 
bees in the dance area, try to determine the most effi-
cient food source in direct proportion to the productivity 
with the ‘greedy selection’ method [28]. As a result of this 
selection, the scouts gravitate towards productive food 
sources. Only one worker bee or onlooker bee is assigned 
for each food source. Worker bees, found in other food 
sources that are insufficient, leave the food source they 
have exploited and turn into scout bees and disperse 
in the search space to find more efficient food sources. 
When applied to real-life problems, nectar productivi-
ty in food sources represents the optimized system. The 
implementation of this algorithm becomes an iterative 
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process that continues until the requirements of system 
optimization are achieved. This iterative cycle continues 
until the most efficient resource is found, and system 
performance is improved [27]. Figure 1 presents the flow-
chart of the ABC algorithm. 

Figure 1. Flowchart of ABC algorithm

3. Results and Discussion

6 DOF model and 3 DOF control of the Pioneer RQ-2 
UAV were created in the Matlab/Simulink environment. 
The flow diagram of the control system is shown in Fig-
ure 2. 

As seen in the Figure 2, the altitude, speed, pitch angle 
and pitch rate values are controlled with a cascade struc-
ture. Controller parameters are optimized with the ABC 
algorithm. During the optimization process, four differ-
ent fitness functions were used. The designed objective 

functions consist of MSE (Mean Square Error), ITAE (In-
tegral Time Absolute Error), ISE (Integral Square Error) 
and IAE (Integral Absolute Error) fitness functions that 
are frequently used in the literature [29-31]. The deter-
mined objective functions are presented in equations 28-
31.

    
(24)

        
(25)

        
(26)

    
(27)

JISE=
   

       
(28)

JIAE=

       
(29)

JITAE=        

 (30)

JMSE=        

 (31)
The optimization process consisting of a maximum of 
100 iterations and 40 seconds was performed for the four 
objective functions. The scatter graphs obtained are pre-
sented in Figure 3.

For each algorithm, the lower and upper limits of the PID 
gains were selected the same, and the optimization pro-
cess was carried out for the same conditions. The best 
PID coefficients found for each objective function are 
given in Table 2.

The performance analyzes of the controllers designed 
with different objective functions were evaluated for 40 
seconds during the cruise flight at 100 meters altitude, 
and the results are shown in Figure 4. 

All objective functions successfully followed the 450 
meters altitude requirements, which were given as step 
input to the 5th second of the flight simulation. Among 
the answers, the objective function with the least oscilla-
tion, overshoot and least steady-state error was found to 
be IAE. Also, IAE is almost as successful as ITAE when 
the UAV’s pitch angle increased for the desired altitude 

response. Additionally, all aircraft have a pitch rate limit. 
Sudden changes in the control surface increase the load 
on the hinge point of the elevator and strained the entire 
control surface system. For this reason, the pitch rate of 
the UAV could not provide as good a result as the altitude 
and pitch angle against the 450 meters altitude require-
ments. Notwithstanding, it has been found the best gains 
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Figure 2. Cascade PID Control Flow Diagram

Figure 3.  Scatter graphs for IAE, ITAE, MSE and ISE Objective Functions

Table 2. PID Gains of Objective Functions 

Pitch Rate Theta Altitude TAS

P I P P D P I

JISE -1 -36.384 1.42292 1.033536 0.522843 0 200

JIAE -50 -200 1.573113 1.990487 1.618973 195.4142 200

JITAE -1.71825 -1 1.321292 1.340334 1.276471 199.7004 198.5689

JMSE -49.9994 -200 14.37209 1.96579 0.760183 195.4503 199.9767
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that give the most stable response for pitch rate. Finally, 
the objective function that makes the least change for the 
true airspeed (TAS) of the UAV is prescribed as MSE. 
True airspeeds for all objective functions show that var-
ied with low intervals.

The time response characteristics of the designed control 
system are presented in Table 3. According to these re-
sults, while the objective function with the lowest over-
shoot was JIAE, the objective function with the lowest 
settling time was JMSE. Although all objective functions 
exhibit successful system behavior, JIAE stands out with 
these features, especially since the overshoot and peak 
values are expected to be low in the pitching movements 
of UAVs.

In spite of altitude requirements and responses, there is 

no reference input for speed and the UAV tends to main-
tain its true airspeed. For any altitude input, a change in 
velocity will occur, as kinetic energy will momentarily 
transform into potential energy. However, this change is 
brought closer to the equilibrium state by the speed con-
troller. The closer this speed is to the trim speed, the bet-
ter the velocity controller is. Therefore, the best result for 
cruise true airspeed is seen as the JMSE objective function.

4. Conclusion
In this study, the nonlinear model of an unmanned aeri-
al vehicle was linearized, and the longitudinal controller 
was designed on the linear model. In the controller de-
sign, besides the altitude control of the UAV, the speed 
control is also performed using a cascade PID controller. 
Seven gains of four different controllers are optimized 

 

 

 

Figure 4. System Responses of a) Altitude b)Theta c) Pitch Rate d) TAS (True Air Speed)

Table 3. Time domain specifications. 

Rise Time Settling Time Settling Min Settling Max Overshoot Undershoot Peak Peak Time

JISE 5.935 14.243 440.001 451.989 0.44 0 452 15.986

JIAE 5.880 14.252 440.016 450.047 0.01 0 450 15.66

JITAE 5.881 14.163 440.021 450.503 0.11 0 450.5 15.642    

JMSE 5.632 14.153 440.002 450.169 0.04 0 450.2 15.538
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with the ABC algorithm. In the optimization process, 
ITAE, ISE, MSE and IAE functions are used in the design 
of the objective function, which are the fitness functions 
whose effectiveness has been proven in the literature. Ob-
jective function; It is created with the fitness functions of 
altitude, pitch angle, pitch rate, and true airspeed. The 
system responses obtained as a result of the optimization 
are presented with tables and graphics. When the results 
were examined, it was revealed that the longitudinal con-

trol of the UAV gave the best result, with a 0.01 maximum 
overshoot of the JIAE objective function. It is foreseen that 
the proposed optimization approach can be a guide in 
the control of multi-degree-of-freedom systems.
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