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ABSTRACT 

This paper presents a study on the effectiveness of utilizing an innovative control approach 

based on an intelligent active force control (IAFC) strategy to stabilize a twin-rotor 

helicopter model and improve its ability to effectively reject external disturbances via a 

simulation work. A detailed mathematical model of a two-degrees-of-freedom (DOF) 

helicopter was derived using the Euler-Lagrange method taking into account the effects of 

coupling and disturbances. In this developed model, a Proportional–Integral–Derivative 

(PID) controller was designed and combined with the proposed IAFC strategy to yield an 

intelligent hybrid control architecture known as a PID-IAFC scheme that can improve 

system performance and reject various types of applied disturbances. The intelligent 

algorithms used in the schemes were based on iterative learning (IL) and fuzzy logic (FL). 

In this work, different types of external disturbances in the form of sinusoidal wave, 

pulsating, and random noise disturbances were applied to the helicopter system to verify 

the sensitivity and durability of the proposed control schemes and consequently, a 

comparative study was performed to analyze the system characteristics. Notably, the 

efficacy of the IAFC based control unit was investigated to improve the body jerk 

performance in the presence of external disturbances. The acquired results reveal the 

effectiveness and robustness of the IAFC based controller in stabilizing the dual-rotor 

helicopter, rejecting the applied disturbances, and improving the body jerk performance by 

at least 54% for pitching and 19% for yawing motions in the presence of the pulsating 

disturbance, and 60% and 54%, respectively, for the random noise disturbance. 

Keywords: Twin-rotor system, 2-DOF helicopter, active force control, intelligent systems, 

self-tuning, iterative learning, fuzzy logic, body jerk performance 

1.0 INTRODUCTION 

Unmanned aerial vehicle (UAV) is a widespread topic of interest in recent years. The 

subject matter receives much attention due to the fact that UAVs have many desirable 

features including small size and weight, high-mobility, and self-stabilizing allowing them 

to be used in a wide range of applications such as search and rescue (SAR) mission, remote 

sensing, real-time monitoring, and meteorological reconnaissance (Abdelmaksoud et al., 

2020). Among the different types of UAVs, a twin-rotor helicopter is considered one of the 

most versatile and vital modes of transportation nowadays. Unlike fixed-wing aircraft, it 

can take off and land (VTOL) vertically without a runway, hover in one spot, perform quick 

maneuvering, and fly backward or sideways. Besides, it is also utilized in a wide range of 

applications in the military and civilian sectors. However, the helicopter is a multi-variable, 

highly non-linear, and strongly coupled system. It also faces several impediments during 

tracking certain paths such as instability, moving and fixed obstacles, motors failure, 
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external disturbances, and model uncertainties. Hence, the existence of a robust and 

effective control system is deemed necessary. A 2-degrees-of-freedom (DOF) helicopter 

model is an example of a UAV commonly used as a dual-rotor laboratory experimental rig 

to practically test the effectiveness of proposed control strategies that may be applied and 

implemented to a real helicopter system. It consists of two propellers at both ends of an 

axial beam pivoted on a fixed base which allows it to rotate freely in both the vertical and 

horizontal planes, as shown in Figure 1. The front rotor, which is horizontal to the ground, 

is the main rotor and causes a pitching moment around the pitch axis, while the back or tail 

rotor generates a yawing moment around the yaw axis. Both the front and back rotors 

generate a torque on each other that in turn causes the coupling effect. The beam is driven 

by two perpendicular propellers actuated by two DC motors. Several research works have 

been conducted to develop the control techniques for the 2-DOF helicopter over the past 

decades to provide robust solutions in demanding environments. Among the various 

impediments encountered by the 2-DOF helicopter system are external disturbances and 

uncertainties while trajectory tracking. These are considered essential challenges to achieve 

high performance in different operating and loading conditions.  

Figure 1: A 2-DOF helicopter model (Abdelkader and Kais, 2019) 

Maiti et al. (2018) proposed a particle swarm optimization (PSO) method-based 

Proportional–Integral–Derivative (PID) controller and utilized a cross-coupling technique. 

Pandey et al. (2018) implemented a PID controller tuned using a bacterial foraging 

optimization (BFO) technique for solving the stabilizing problem in the presence of 

actuator nonlinearity, disturbances, and uncertainties, based on Kharitonov robust stability 

criteria. Also, Ijaz et al. (2016) designed a fractional order PID (FOPID) controller adjusted 

using the Nelder Mead (NM) optimization method and compared its effectiveness with 

FOPID tuned using the PSO technique and traditional PID controller. The results showed 

better effectiveness and less control effort of the NM-based FOPID method compared with 

other control schemes, in the presence of disturbances. Regarding the linear quadratic 

regulator (LQR) approach, it has also been proposed to control the attitude and position of 

a twin-rotor MIMO system (TRMS). Almtireen et al. (2018) proposed three linear control 

designs, full state feedback (FSF), LQR, and PID controller, whereas Choudhary (2016) 

investigated an optimal control solution by designing a LQR adjusted using a trial-and-

error method (TEM). Moreover, the H-infinity control scheme has received considerable 
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attention in controlling the 2-DOF helicopter system because of its effectiveness in 

rejecting disturbances. A robust fault estimation method has been presented by Witczak et 

al. (2016) using 𝐻∞ approach to achieve certain disturbance level attenuation with observer 

convergence, in the presence of external disturbances and unknown inputs.  

For non-linear controllers, many types have been proposed such as the backstepping 

control (BC) (Rashad et al., 2016), sliding mode control (SMC) (Faris et al., 2017; Precup 

et al., 2017; Rakhtala and Ahmadi, 2017; Rashad et al., 2017; Van, 2016), and feedback 

linearization (FBL) approach (Lin et al., 2018; Chi, 2017). Their results revealed better 

efficacy and robustness in stabilizing and improving the tracking response in the presence 

of disturbances, uncertainties, and other impediments. However, they may cause some 

adverse effects such as chattering leading sometimes to a failure in the entire dynamic 

system. Ilyas et al. (2016) designed first-order SMC and BC schemes for dealing with the 

oscillations and chattering effects in the pitch and yaw angles in the presence of parametric 

uncertainties and external disturbances. The results showed better effectiveness of the BC 

in giving efficient behavior and repelling oscillations and chattering compared to the SMC. 

Regarding the model predictive control (MPC), Raghavan and Thomas (2017) studied it 

practically and systematically, for solving the coupling and non-linear consequences to 

achieve efficient tracking performance. The results presented that the proposed strategy is 

effective and robust in tracking desired trajectories without violating the control input 

constraints and rejecting the external disturbances and coupling impacts.  

Intelligent controllers attracted many researchers, because of their smart approaches 

in solving control problems. The application of intelligent control mechanisms to stabilize 

the rotorcraft UAVs during trajectory tracking has found growing interest. In the work done 

by Zeghlache and Amardjia (2018), a fuzzy sliding mode control based on the non-linear 

observer was presented experimentally to control and stabilize a twin-rotor helicopter 

against coupling, non-linearities, uncertainties, and external disturbances to achieve 

accurate tracking.  

On trajectory tracking in the wake of external disturbances, higher derivatives of 

motion have been rarely studied. While tracking a path, the twin-rotor helicopter not only 

experiences the motion due to acceleration but also of higher derivatives like a jerk, jounce 

(snap), etc. Logically, the acceleration does not begin suddenly, but rather extends from 

zero datum to a specified state, and therefore there must be some jerks incorporated. In 

general, designers try to reduce the exposure to an unnecessary or undesirable motion to 

avoid the negative effects of the vibrational levels and oscillations which may cause a 

failure in the dynamic systems. Thus, reducing the body jerk is deemed an important 

concern (Eager et al., 2016).  

To achieve the desired motions with the ability to fend off disturbances, Yang et al. 

(2016) presented, practically and systematically, a composite control strategy based on an 

active disturbance rejection control (ADRC) and a feed-forward input shaping technique. 

Both the analytical and experimental results demonstrated the viability and robustness of 

the suggested approach compared to the conventional PID controller in rejecting the 

external disturbances and changes of the parameters. One of the innovative ways related to 

the control of dynamical systems is the active force control (AFC) technique that was first 

demonstrated by Hewit and Burdess in the early eighties (Hewit and Burdess, 1981) based 

on the classical Newton’s second law of motion. The basic idea of AFC is the appropriate 

estimation of the inertia/mass parameter of the dynamical system and the accurate 

measurements of the acceleration and torque/force signals induced by the system 

(Sabzehmeidani et al., 2021). The AFC technique-based controller can effectively reject 

any known/unknown, internal/external disturbances, operate in different conditions, and 

keep the system robust and stable during the system operation (Burdess and Hewit, 1986). 

It can also be readily combined with classical, modern, or intelligent control systems. Some 

research works have been reported in (Abdelmaksoud et al., 2020; Omar et al., 2017), 

which combined analytically the AFC strategy with the PID controller to stabilize the 
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rotorcraft systems and improve disturbance rejection capability whereas, in the work done 

by (Abdelmaksoud et al., 2021; Ramli et al., 2013; Meon et al., 2012), the AFC-based 

control strategy was proposed for a 2-DOF helicopter model to compensate for the 

disturbances where the simulated results showed the effectiveness and robustness of the 

AFC-based technique.  

The main contribution of this paper is to analytically propose an innovative hybrid 

control structure based on an intelligent active force control (IAFC) strategy to stabilize a 

twin-rotor helicopter system, fend off undesired disturbances, and effectively improve the 

body jerk performance while performing a trajectory tracking task in demanding 

environments.  

The remainder of this paper is organized as follows: Section 2 describes the 

mathematical model of a 2-DOF helicopter system under specific assumptions. Then, the 

designed PID controller and proposed IAFC technique with iterative learning and fuzzy 

logic are presented in Section 3. Section 4 presents the simulation results and performance 

analysis for the trajectory tracking tests based on the prescribed operating and loading 

conditions. Finally, the paper's conclusion is given in Section 5. 

2.0 MODELING THE SYSTEM DYNAMICS 

In the following sections, the mathematical model of a 2-DOF helicopter system was 

derived based on the Euler-Lagrange approach considering the coupling effects and various 

types of disturbances.  

2.1. 2-DOF Helicopter System Modeling 

The mathematical model of the 2-DOF helicopter model was derived according to works 

done by (Harshath et al. 2016). The 2-DOF helicopter platform is shown in Figure 2 where 

it was derived based on the following assumptions (Xin et al., 2019):  

1. The main and back rotors are of the same size and equidistant from each other.

2. The model is horizontal and parallel with the ground when the pitch angle is zero.

3. The pitch angle increases positively when the front rotor is moved upwards, the body

rotates CCW about the y-axis, and the front rotor voltage is positive.

4. The yaw angle increases positively when the body rotates CCW about the z-axis and

the back-rotor voltage is positive.

5. As the system is fixed, it cannot rotate around the roll axis or move along the axis.

To derive the model of the 2-DOF helicopter, it is necessary to study the behavior of the 

center of mass where it displaces a distance, 𝑙cm on the x-axis as shown in Figure 2. Thus, 

the center of mass after the transformation of the coordinates, utilizing the pitch and yaw 

rotation matrices is as follows: 

𝑋cm=𝑙cmcos𝜓cos𝜃 
𝑌cm=𝑙cmsin𝜓cos𝜃 
𝑍cm=𝑙cmsin𝜃  

(1) 

Where 𝜃 and 𝜓 are the pitch and yaw angles, respectively while 𝑙cm is the distance of the 

center of mass and intersection of the pitch and yaw axes.  

The center of mass is represented by the Cartesian coordinates with respect to 



the pitch and yaw angles. Based on the Euler-Lagrange formulation and the free body diagram of the 2-DOF helicopter 

in Figure 2, the total potential energy (PE) of the system due to gravity is: 

𝑃𝐸 = 𝑚hg𝑙cmsin𝜃 (2) 

The total kinetic energy (KE) with reference to Figure 2, is the combination of the rotational kinetic energies acting 

on the pitch and yaw axes, respectively along with the translational kinetic energy generated by the movement of the 

center of mass is given by: 

𝐾𝐸 =
1

2
𝐽𝜃�̇�2 +

1

2
𝐽𝜓�̇�2

+
1

2
𝑚h [(−sin(𝜓)�̇�cos(𝜃)𝑙cm − cos(𝜓)sin(𝜃)�̇�𝑙cm)

2

+ (−cos(𝜓)�̇�cos(𝜃)𝑙cm + sin(𝜓)sin(𝜃)�̇�𝑙cm)
2

+ cos(𝜃)2�̇�2𝑙cm
2 ]

(3) 

Where, 

𝐽θ, 𝐽ψ :  total moment of inertia about the pitch and yaw axes, respectively 

𝑚h :  total moving mass 

g :  acceleration due to gravity 

The torques generated at the pitch and yaw axes are a function of the voltages applied to the motors, such that: 

𝜏θ(𝑡) = 𝐾θθ𝑢θ(𝑡) + 𝐾θψ𝑢ψ(𝑡)

𝜏ψ(𝑡) = 𝐾ψθ𝑢θ(𝑡) + 𝐾ψψ𝑢ψ(𝑡)
(4) 

Where, 

𝜏θ(𝑡), 𝜏ψ(𝑡)  : control torques act on the pitch axis and yaw axis, respectively 

𝑢θ(𝑡), 𝑢ψ(𝑡) : control actions applied as motor voltages to the pitch and yaw rotors, respectively 

𝐾θθ : torque thrust gain from the pitch rotor 

𝐾θψ : cross-torque thrust gain acting on the pitch from the yaw rotor 

𝐾ψθ : cross-torque thrust gain acting on the yaw from the pitch rotor 

𝐾ψψ : torque thrust gain from the yaw rotor 

Figure 2: Free-body diagram of the 2-DOF helicopter model. 

The generalized forces vector is given by: 

𝑄 = [𝑄1 , 𝑄2] = [𝐾θθ𝑢θ(𝑡) + 𝐾θψ𝑢ψ(𝑡) − 𝐷θ�̇�(𝑡) , 𝐾ψθ𝑢θ(𝑡) + 𝐾ψψ𝑢ψ(𝑡)

− 𝐷ψ�̇�(𝑡)]
(5) 

Where 𝐷θ and 𝐷ψ are the damping about the pitch and yaw axes, respectively. From the Lagrangian of the system,

the non-conservative forces of the system are written as: 
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𝐿 = 𝐾𝐸 − 𝑃𝐸 
𝜕

𝜕𝑡

𝜕𝐿

𝜕�̇�1
−

𝜕

𝜕𝑞1
𝐿 = 𝑄1 

𝜕

𝜕𝑡

𝜕𝐿

𝜕�̇�2
−

𝜕

𝜕𝑞2
𝐿 = 𝑄2 

(6) 

Where, 

𝑞1 and 𝑞2  : generalized coordinates related to 𝜃 and 𝜓, respectively 

𝐿  : Lagrange equation which is the difference between the total kinetic and total potential energies of  

                            the system 

Based on the Euler-Lagrange formulation, the non-linear dynamic equation that describes the motions of the pitch 

and yaw attitude relative to the motor are given as (Xin et al., 2019): 

 (𝐽θ + 𝑚h𝑙cm
2 )�̈� + 𝐷θ�̇� + 𝛿 + 𝛽 = 𝐾θθ𝑢θ + 𝐾θψ𝑢ψ (7) 

Where, 

𝛿 = 𝑚h𝑙cm
2 �̇�2sin(𝜃)cos(𝜃) 

 𝛽 = 𝑚hg𝑙cmcos(𝜃) 

 

 

 
(𝐽ψ + 𝑚h𝑙cm

2 cos(𝜃)2)�̈� + 𝐷𝜓�̇� − 𝛾 = 𝐾ψθ𝑢θ + 𝐾ψψ𝑢ψ (8) 

Where, 

𝛾 = 2𝑚h𝑙cm
2 sin(𝜃)cos(𝜃)�̇��̇� 

 

Defining the state vector of the 2-DOF helicopter model as follows: 

 

 
𝑋 = [𝑥1 𝑥2 𝑥3 𝑥4] (9) 

Where it represents the DOF as follows: 

 

 
𝑋 = [𝜃 𝜓 �̇� �̇�] (10) 

The state-space representation is expressed as: 

 

 
[�̇�] =

[
 
 
 
 
 
 

𝑥3

𝑥4

𝐾θθ𝑢θ + 𝐾θψ𝑢ψ − 𝐷θ𝑥3 − 𝑚h𝑙cm
2 𝑥4

2sin(𝑥1)cos(𝑥1) − 𝑚hg𝑙cmcos(𝑥1)

(𝐽θ + 𝑚h𝑙cm
2 )

𝐾ψθ𝑢θ + 𝐾ψψ𝑢ψ − 𝐷𝜓𝑥4 + 2𝑚h𝑙cm
2 sin(𝑥1)cos(𝑥1)𝑥3𝑥4

(𝐽ψ + 𝑚h𝑙cm
2 cos(𝑥1)

2) ]
 
 
 
 
 
 

 (11) 

The schematic block diagram of a 2-DOF helicopter model is shown in Figure 3. 
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Figure 3: The schematic block diagram of a 2-DOF helicopter model. 

2.2. Body Jerk 

Jerk is the rate of change in acceleration because of a change in the force. From a mathematical point of view, it is the 

time derivative of the acceleration (a third derivative of the position). The body jerk (𝐽) can be expressed as: 

 

 
𝐽 =

𝑑𝑎

𝑑𝑡
=

𝑑

𝑑𝑡
(�̈�) =

1

𝐼

𝑑

𝑑𝑡
(𝜏) (12) 

 

Where 

𝜗  : rotational angle 

𝐼 : moment of inertia 

𝜏  : summation of torques 

 

III. CONTROL SYSTEM DESIGN 

 

In this section, after deriving the mathematical model of the 2-DOF helicopter system, the proposed IAFC based 

control schemes, namely, the AFC with iterative learning (IL) (PID-AFC-IL), fuzzy logic (FL) (PID-AFC-FL), and 

self-tuning (ST) (ST-PID-AFC) were designed, developed and compared with the PID and PID-AFC control systems 

to analyze their effectiveness during trajectory tracking as demonstrated in the ensuing sections. 

 

3.1. Proportional–Integral–Derivative (PID)  

A PID controller is a relatively robust linear controller that is very popular in the industry and can be employed in a 

wide range of linear and nonlinear applications due to its simplicity and reliability. The PID principally consists of 

three gains (controller parameters); the proportional term (𝐾P) that describes the current error, the integral term (𝐾I) 

which expresses the accumulated past error and the derivative term (𝐾D) that predicts the future error for providing 

the best control signal. The schematic diagram of the PID control system is shown in Figure 4. 

 

 
Figure 4. Schematic diagram of a PID controller 

 

To design a PID controller, generally, the following equation is utilized: 

 

 
𝐺(𝑠) = 𝐾P +

𝐾I

𝑠
+ 𝐾D𝑠  (13) 

Therefore, the output signal of the PID controller can be expressed as: 
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 𝑚(𝑠) = 𝐺(𝑠)𝑒(𝑠) = 𝐾P𝑒(𝑠) +
𝐾I𝑒(𝑠)

𝑠
+ 𝐾D𝑠𝑒(𝑠)  (14) 

Where e(s) is the error and defined as: 

 

 
𝑒(𝑠) = Reference − Output  (15) 

Based on the mathematical model of the 2-DOF helicopter, a PID controller was designed for the yaw angle whereas 

a PID control system with a feed-forward term was considered to regulate the pitch angle. The non-linear feed-forward 

term for the pitch angle compensates for the gravitational torque 𝛽 = 𝑚hg𝑙cmcos(𝜃) in equation (7) and plays a major 

role in hovering the helicopter at the desired position. It can be expressed as:  

 

 
𝑢𝑓𝑓 = 𝑘ff

𝑚hg𝑙cmcos(𝜃)

𝐾PP
  (16) 

 

Where 𝑘ff is the feed-forward control gain and is equal to 1.0 if it is to be considered; otherwise, it assumes a zero 

value. 

 

3.2. Intelligent Active Force Control (IAFC) 

The AFC strategy is an effective method that basically depends on the appropriate estimation of the estimated inertia 

(or mass) of the system dynamics and the accurate measurements of the torque (or force) and acceleration signals of 

the physical system (plant) as shown in Figure 5. Therefore, the value of the estimated inertia plays a dominant role 

in improving the performance of the AFC strategy. It can be found using a crude approximation or intelligent methods 

(Mailah, 1998). In this work, the AFC parameter was obtained using artificial intelligence (AI) methods incorporating 

IL and FL and thus, it is defined as IAFC. The open-loop transfer function (𝑇𝐹) of the plant can be obtained by 

considering the following expression: 

 

 
𝑇𝐹 =

output

input
=

𝛼

𝑇
  (17) 

 

Where 

𝑇  : torque applied to the system 

𝛼  : angular acceleration 

 

 
Figure 5. Schematic diagram of the AFC technique. 

 

If the external disturbances are applied to the dynamic system: 

 

 
𝑇𝐹 =

𝛼

𝑇 + 𝐷
  (18) 

Implementing the AFC strategy: 

 

 
𝑇𝐹 =

𝛼

𝑈T + 𝐷
=

𝛼

𝑈 + 𝑄∗ + 𝐷
  (19) 

 

Where 
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𝑈T  : total control output signal 

𝑈  : controller output signal 

𝐷  : disturbance applied to the system 

𝑄∗  : AFC output signal such that 𝑄∗ = 𝑊𝐹 ∗ 𝐷′ 
D’ : estimated disturbance torque, 

𝑊𝐹 : weighting function 

 

 
𝐷′ = 𝑇′ − 𝐼′𝛼′ (20) 

Where 

𝑇′  : measured torque 

𝐼′  : estimated mass moment of inertia  

𝛼′  : measured angular acceleration 

 

The superscript (′) means the measured, estimated, or computed parameters. 𝑇′ and 𝛼′ are measurable quantities that 

can be measured using a torque sensor and an accelerometer, respectively. As a DC motor was assumed as the actuator, 

equation (20) can be expressed as: 

 

 
𝐷′ = 𝐼t𝐾t − 𝐼′𝛼′ (21) 

Where 𝐼t is the motor current and 𝐾t is the motor torque constant. In this study, two intelligent methods were employed 

for tuning the AFC strategy, namely, iterative learning (IL) and fuzzy logic (FL), which are basically demonstrated in 

the following sections. 

 

3.3. Iterative Learning Control (ILC) 

ILC is a type of adaptive intelligent control that acts smartly by emulating the function of human brain learning to 

enhance the automatic control system and achieve better performance. It relies on improving the transient response of 

the dynamic systems that operate repeatedly over a fixed period (Arimoto et al., 1986). It also enhances the system 

performance using the prior information of the previous iterations (Xu and Tan, 2003). It is important to implement 

an algorithm to generate the next control input in such a way that the error is gradually reduced or converged on 

successive trails. Due to the similarity of the mathematical expression associated with the classical PID controller, the 

IL algorithm could be duly described as P, PI, PD, or PID-type IL algorithm (Arimoto et al., 1986), as shown in Figure 

6. In the work done by (Mascaró Palliser et al., 2017), the IL algorithm was applied to a TRMS model to achieve a 

high execution within a trajectory tracking and the results revealed the capability of the ILC to improve the system 

performance, efficiently. 

 

 
Figure 6. Schematic diagram of the ILC technique. 

 

The learning control rule for a PID-type IL algorithm can be expressed mathematically as (Arimoto et al., 1986): 

 

 
𝑢k+1(𝑡) = 𝑢k(𝑡) + 𝐾𝑒k(𝑡)  (22) 

Where 

𝑢k+1(𝑡) : next step value of the output 

𝑢k(𝑡)   : current value of the output 

𝑒k(𝑡)  :   current value of the error 

𝐾 : designed parameter (constant) containing the PID term, 

 

 
𝐾 = 𝜙 + 𝛤 ∫𝑑𝑡 + 𝜓

𝑑

𝑑𝑡
 (23) 
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𝜙, 𝛤, and 𝜓: learning parameters associated with the P, I, and D terms, respectively. 

 

In this study, a PD-type IL algorithm was utilized and embedded into the AFC loop to compute the appropriate value 

of the estimated inertia matrix (IN) automatically, according to: 

 

 
𝐼𝑁k+1 = 𝐼𝑁k + 𝐾𝑒k(𝑡) (24) 

Where 

𝐼𝑁k+1 : next step value of the estimated inertia 

𝐼𝑁k : current value of the estimated inertia 

𝐾 = 𝜙 + 𝜓
𝑑

𝑑𝑡
      (PD-type IL algorithm) 

 

The schematic block diagram of the PID-AFC-IL is shown in Figure 7. 

 

 
Figure 7. A schematic diagram of the PID-AFC-IL. 

 

3.4. Fuzzy Logic Control (FLC) 

FLC is a type of intelligent control method that was first introduced by Lotfi Zadeh in 1965. Its principle is based on 

the fuzziness in the real-world and simulation of human experience by incorporating the linguistic variables and IF-

THEN rules. It is distinguished among other intelligent methods by using human self-thinking during controller design 

to solve problems, which makes it very suitable for complex dynamic systems, highly non-linear, or incomplete 

information systems without the need for deep theoretical knowledge. To implement it, there are two main fuzzy 

implications – the Mamdani type and Takagi-Sugeno rules. In this study, the Mamdani type rule was used for designing 

the FLC as a tuning tool. There are four basic steps to implement the FLC; 1. Fuzzification which converts the crisp 

value into fuzzy value; 2. Ruled Evaluation which produces the output based on certain rules; 3. Aggregation which 

combines the consequences of each rule into a single fuzzy set output, and eventually, 4. Defuzzification which 

converts the fuzzy output into a crisp output.  The FLC has been proposed to control the 2-DOF helicopter similar to 

what has been done by Hashim and Abido (2015) and Zeghlache et al. (2014). The results revealed the effectiveness 

of the proposed strategy with particular reference to the convergence speed and solution quality. In this study, FL was 

employed for the AFC strategy to compute the estimated inertia automatically, and for self-tuning the PID parameters 

based on the prescribed conditions. 

 

3.4.1. Self-tuning AFC (PID-AFC-FL) 

In this section, the FL was combined with the proposed AFC strategy to obtain the estimated inertia automatically. 

Here, the FL system has two inputs - the error 𝑒(𝑡) and actual response 𝑦(𝑡) while it has only one output, the estimated 

inertia value IN). The rule-based inferences applied in the AFC-FL system were also suggested based on the user 

expert experience as shown in Table 1. The linguistic variables used for the error, actual response, and estimated 

inertia were defined as [Small (S), Medium (M), Large (L)]. The triangular membership function was applied for all 

variables while the centroidal technique was utilized for the defuzzification using the Mamdani engine. The schematic 

block diagram of PID-AFC-FL is shown in Figure 8. 

 

Table 1. IN rule-based inferences applied to the AFC-FL scheme 

𝑰𝑵 

  𝒚(𝒕) 

  S M L 
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𝒆(𝒕) 

S L L M 

M L M M 

L M M S 

 

 

 
Figure 8. A schematic diagram of the PID-AFC-FL. 

 

3.4.2. Self-tuning PID controller (ST-PID-AFC) 

In this work, The PID controller as the main control system was tuned using the FL for providing the automatic 

adjustment of its control parameters based on the given loading and operating conditions. The self-tuning fuzzy PID 

controller was proposed based on works by Zhao (1993). Here, the FL system has two inputs - the error and derivative 

of the error whereas it has three outputs namely, 𝐾P, 𝐾D, and 𝜌. The error 𝑒(𝑡) is the difference between the setpoint 

and actual responses while the derivative of the error �̇�(𝑡) is the rate of the error. Based on equation (13), another 

equivalent form of the PID control algorithm can be expressed as (Zhen-Yu Zhao et al., 1993):  

 

 
𝐺(𝑠) = 𝐾P(1 +

1

𝑇i𝑠
+ 𝑇d𝑠) (25) 

Where 

𝑇i  : integral time constant  =
𝐾P

𝐾I
 

𝑇d  : derivative time constant =
𝐾D

𝐾P
 

 

The relationship between the derivative and integral time constants can be expressed as follows: 

 

 
𝑇i = 𝜌𝑇d (26) 

By substituting and rearranging the previous equation: 

 

 
𝐾I = 𝐾P

2 𝜌𝐾D⁄  (27) 

The rule-based inferences applied in the ST-PID-AFC scheme were proposed based on the user expert knowledge and 

experience where the rule-based inferences of 𝐾D can be seen in Table 2. Both the linguistic variables used for the 

error, derivative of error, and 𝜌 were defined as [Very Small (VS), Small (S), Medium (M), Large (L), Very Large 

(VL)] whereas 𝐾P and 𝐾D were defined as [Big (B) and Small (S)]. Meanwhile, the triangular membership function 

was applied for all variables while the center of gravity technique was employed for defuzzification in the Mamdani 

engine. The schematic block diagram of the ST-PID-AFC scheme is shown in Figure 9. 

 

Table 2. 𝐾D rule-based inferences applied into the ST-FPID scheme 

𝐾D 

  �̇�(𝑡) 

𝑒(𝑡) 

 VS S M L VL 

VS B B B B B 

S S B B B S 
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M S S B S S 

L S B B B S 

VL B B B B B 

 

 
Figure 9. A schematic diagram of the ST-PID-AFC. 

 

Moreover, with regard to the stability analysis of the PID-AFC scheme, it was proven that the stability of the control 

system is independent of the 2-DOF helicopter model; however, it just depends on the actuator dynamics, PID 

parameters, and estimated inertia of the AFC strategy. Thus, the stability condition of the 2-DOF helicopter model 

will not affect the stability of the whole system. Also, this is a guarantee that the system displays responses that are 

limited when excited with proper inputs to the system (Tahmasebi et al., 2017). 

 

IV. SIMULATION, RESULTS, AND DISCUSSION 

 

4.1. Simulation 

In this section, the derived dynamic system and proposed control strategies were implemented and simulated using 

the MATLAB/Simulink software while the Fuzzy Logic Toolbox was used to apply the FLC and self-tuning fuzzy 

aspects. A number of IAFC-based control schemes, namely, PID-AFC-IL, PID-AFC-FL, and ST-PID-AFC were first 

developed and later simulated and compared with the PID and PID-AFC systems for benchmarking to analyze the 

system performance based on their effectiveness and also robustness with the dynamical system tested under various 

operating conditions. External disturbances were deliberately introduced into the 2-DOF helicopter system in the form 

of forces and moments to give the effect of a stormy environment. The helicopter model was subjected to three 

different types of disturbances, namely, sinusoidal wave, repeated disturbance of equal magnitudes and intervals 

(pulsating), and random noise disturbances, as shown in Figure 10.  

The amplitude and frequency of the sinusoidal wave were set to 5 rad and 0.08 Hz, respectively whereas the amplitude, 

period, pulse width, and delay for the pulsating disturbance were assigned as 10 rad, 2 s, 30 % of the period, and 1 s, 

respectively. The minimum and maximum of the random noise disturbances were fixed to -10 and 10 rad, respectively. 

The numerical values of the 2-DOF helicopter parameters are listed in Table 3, while the PID controller gains tuned 

heuristically are shown in Table 4. The expected results were analyzed in the time domain, noting that the objective 

of the control system parameters tuning is to minimize the peak time (TP), settling time (TS), overshoot (O), and 

steady-state error (SSE) for a step input (setpoint) of 20°. 

 

 
Figure 10. (a) sinusoidal wave, (b) pulsating, and (c) random noise disturbances 
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Table 3. Twin-rotor helicopter parameters (Xin et al., 2019) 

Twin-rotor helicopter parameters Value 

Gravitational acceleration (m/s2) 9.81 

Thrust torque constant of pitch axis from pitch propeller (Nm/V), 𝐾pp 0.2040 

Thrust torque constant of yaw axis from yaw propeller (Nm/V), 𝐾yy 0.0720 

Cross-torque thrust constant of yaw axis from pitch propeller, (Nm/V), 𝐾yp 0.0219 

Cross-torque thrust constant of pitch axis from yaw propeller, (Nm/V), 𝐾py 0.0068 

Pitch viscous damping constant (Nms/rad), 𝐷p 0.8 

Yaw viscous damping constant (Nms/rad),𝐷y 0.318 

Total moving mass of the helicopter (kg), 𝑚h 1.3872 

Center of mass length of the helicopter body from the pitch axis (m), 𝐿cm 0.186 

Equivalent moment of inertia about pitch axis (kgm2), 𝐽p 0.0384 

Equivalent moment of inertia about yaw axis (kgm2), 𝐽𝑦 0.0432 

 

Table 4. PID controller parameters for various types of motion 

PID gains KP KI KD 

Pitch 55 30 15 

Yaw 65 35 25 

 

4.2. Results and Discussion 

In this section, a comparative study of all proposed control systems in the time domain was conducted where 

simulation works were solved using ode45 with a variable-step solver, and relative tolerance of 0.001. To evaluate the 

ability of the proposed controllers, three types of external disturbances were introduced into the 2-DOF helicopter 

system, namely, the sinusoidal wave, pulsating, and random noise disturbances. All proposed control schemes were 

also simulated under the same initial conditions. The pitch control voltage was bounded by a saturation block of 

𝑢𝜃  max = 24 V and 𝑢𝜃 min = −24 V whereas the yaw control voltage was limited by a saturation block of 𝑢𝜓 max =

15 V  and 𝑢𝜓 min = −15 V (Xin et al., 2019). As mentioned earlier, the rotation of the pitching angle is limited to 

40.5° up and -40.5° down while the yaw angle rotation is full, i.e. 360°. The summary of system performances for all 

control strategies is shown in Figures 11 to 13 whereas the system characteristics for all cases are demonstrated in 

Tables 5 and 6. 
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Figure 11. Time responses of all the control schemes in the presence of sinusoidal wave disturbance for the motions 

related to (a) pitch and (b) yaw of the UAV  

 

 

 
Figure 12. Time response of all the control schemes in the presence of pulsating disturbance for the motions related 

to (a) pitch and (b) yaw of the UAV  
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Figure 13. Time response of all the control schemes in the presence of random noise disturbance for the motions 

related to (a) pitch and (b) yaw of the UAV  

 

From Figures 11 to 13, it is clear that despite the popularity of the PID controller in the industry due to its simplicity, 

it cannot repel the applied disturbances effectively because of its well-known limited capability. On the other hand, 

AFC-based control schemes show to be more effective and robust in the presence of various types of disturbances and 

uncertainties in comparison to the traditional PID controller where they seamlessly converge to the desired referenced 

trajectories in a finite time. The PID response shows a significant degree of oscillations, considerable overshooting, 

and instability. Starting with the PID-AFC strategy, the system response shows efficacy in rejecting the applied 

disturbances despite using the crude approximation method when adjusting the estimated inertia value, thereby 

affirming the strength of the AFC-based strategy. Considering integration with the AI components, all the proposed 

PID-AFC-IL, PID-AFC-FL, and ST-PID-AFC structures appear much more responsive in stabilizing the 2-DOF 

helicopter and efficiently rejecting external disturbances with slight changes in their behavior among them. The PID-

AFC-IL unit shows the ease of design, efficiency, and automatic setting of its control parameters while applying the 

stopping criterion for optimizing the estimated inertia value. It is worth noting that, for real-time implementation, the 

AFC-IL-based controller is considered an efficient control system due to its algorithm simplicity (light numerical 

computation) and its ability to set its control parameters automatically and online, unlike some other algorithms whose 

control parameters need to be set off-line. 

 

Table 5. Characteristics of the proposed control schemes for pitching motion 

 Sinusoidal wave Disturbance Pulsating Disturbance Random Noise Disturbance 

 
Settling 

Time 
Overshoot 

Peak 

Time 

Steady 

state 

Error 

Settling 

Time 
Overshoot 

Peak 

Time 

Steady 

state 

Error 

Settling 

Time 
Overshoot 

Peak 

Time 

Steady 

state 

Error 

PID 29.4 8.4 26.7 0.0022 29.9 13.3 29.6 0.0039 29.9 8.2 19.9 0.0085 

PID-AFC 3.9 10.3 1.1 2.2 E-05 3.9 10.3 1.1 7.1 E-05 3.9 10.4 1.1 2.6 E-04 

PID-AFC-IL 3.9 9.7 1.2 1.7 E-05 3.9 9.8 1.2 6.3 E-05 4 9.8 1.2 2.5 E-04 

PID-AFC-FL 3.8 9.1 1.2 1.8 E-05 3.8 9.1 1.2 6.4 E-05 3.8 9.2 1.1 2.6 E-04 

ST-PID-AFC 2.8 17.8 1.02 1.2 E-05 2.8 17.8 1.03 3.2 E-05 2.6 15.3 0.9 4.6 E-04 

 

Table 6. Characteristics of the proposed control schemes for yawing motion 

 Sinusoidal wave Disturbance Pulsating Disturbance Random Noise Disturbance 

 
Settling 

Time 
Overshoot 

Peak 

Time 

Steady 

state 

Error 

Settling 

Time 
Overshoot 

Peak 

Time 

Steady 

state 

Error 

Settling 

Time 
Overshoot 

Peak 

Time 

Steady 

state 

Error 

PID 29.7 35.01 1.6 6.4 E-04 29.9 57.8 1.6 0.0014 29.9 24.9 2.04 0.0274 

PID-AFC 4.5 13.5 1.4 5.4 E-05 4.5 13.6 1.4 1.9 E-04 4.6 13.5 1.4 
3.9 E-

04 
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PID-AFC-IL 4.6 12.1 1.6 3.4 E-05 4.6 12.1 1.6 1.4 E-04 4.6 12.3 1.6 
4.1 E-

04 

PID-AFC-FL 4.5 11.6 1.6 3.7 E-05 4.5 11.7 1.5 1.4 E-04 4.6 11.9 1.6 
4.3 E-

04 

ST-PID-AFC 2.1 21.2 0.9 2.5 E-05 2.1 21.2 0.9 
1.05 E-

04 
2.1 21.4 0.8 0.0016 

 

Regarding the PID-AFC-FL approach, one of the exceptional benefits of using the FL is that it does not require any 

precise mathematical formulation or model; the user experience is the only typical pre-requisite to implement it. It 

also smoothly converges to the desired setpoint without any overshooting on the response. For the ST-PID-AFC 

scheme, the results exhibit the proposed strategy's ability to stabilize the helicopter model and impressively reject the 

outside unsettling influences. Referring to Tables 5 and 6, compared to the proposed control schemes, the ST-PID-

AFC system shows better performance in terms of the settling time, peak time, and steady-state error with tolerable 

overshoot with respect to the control saturation from others. It is considered one of the best options among other 

proposed control methods in cases that do not include prior knowledge of the control or dynamic system parameters, 

different loading and operating conditions, and unspecified disturbances in unknown environments. Further, in all 

previous cases, the PID controller parameters were tuned using the heuristic method that requires many trials and 

longer time to reach ‘optimized’ values of the gains but in this case, the ST-PID controller can adjust its parameters 

automatically depending on the prescribed environment and surrounding conditions. 

In this work, the efficacy of utilizing the IAFC-based controller on the body jerk performance was also examined, in 

the presence of external disturbances for the pitching and yawing motions. As mentioned earlier, designers try to 

reduce the body jerk effect to reduce exposure to undesired motions to achieve effective stability of the dynamic 

system. Therefore, it is one of the main aims of the study to improve the body jerk performance using one of the 

proposed IAFC-based control schemes and compare its effectiveness with the conventional PID controller. Among 

the previously intelligent proposed control strategies, the PID-AFC-IL strategy was explicitly exploited to test the 

effectiveness of the IAFC scheme on body jerk performance. Here, the pulsating and random noise disturbances were 

applied as external disturbances. Three cases were studied in relation to the body jerk performance, with reference to 

equation (12), i.e., PID without any disturbances, PID with disturbances, and PID-AFC-IL with disturbances. The 

responses of the body jerk performance for these three schemes are presented in Figures 14 and 15.  

 
Figure 14. Responses of the body jerk performance in the presence of pulsating disturbance for the motions related 

to (a) pitch and (b) yaw  

 

Here, the root mean square (RMS) level of output signals was used to deduce the best result where the lower the RMS 

level, it demonstrates the best performance of the proposed methods. Therefore, the RMS level can be expressed as: 
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 RMS = √
1

𝑁
∑[𝑥i]

2

𝑁

𝑖=1

 (29) 

Where 𝑁 is the sample size and x the output signal whether pitching and yawing motions. 

 

To obtain an expressive value of the body jerk performance, the percentage of the root mean square (RMS) error value 

was calculated where the case related to the PID system without disturbances was considered as the reference for 

comparison for the other two cases to obtain the improvement percentage, as listed in Tables 7 and 8. 

 
Figure 15. Responses of the body jerk performance in the presence of sinusoidal wave for the motions related to (a) 

pitch and (b) yaw  

 

Table 7. Characteristics of the 2-D helicopter dynamics with pulsating disturbance 

 Motion RMS value Improvement Percentage % 

PID without Disturbances 
𝜃 11.344 - 

𝜓 15.473 - 

PID with Disturbances 
𝜃 86.767 87 

𝜓 45.237 65.7 

PID-ILAFC with Disturbances 
𝜃 39.917 71.5 

𝜓 36.652 57.7 

 

Table 8. Characteristics of the 2-D helicopter dynamics with random noise disturbance 

 Motion RMS value Improvement Percentage % 

PID without Disturbances 
𝜃 11.344 - 

𝜓 15.473 - 

PID with Disturbances 
𝜃 91.29 87.5 

𝜓 105.53 85.3 

PID-AFC-IL with Disturbances 
𝜃 36.374 68.8 

𝜓 48.197 67.8 

 

From Figures 14 and 15, the simulated results demonstrate the ability of the IAFC-based controller in improving the 

body jerk performance by reducing the RMS error value of the pitching and yawing motions. From Tables 7 and 8, 
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in relation to the PID-AFC-IL with disturbances, the percentages of the improvement in the body jerk performance, 

for pitch (θ) and yaw motions (ψ), are around 54% and 19%, respectively, for the pulsating disturbance, whereas they 

are 60% and 54%, respectively, for the random noise disturbance. It is quite evident that even the body jerk shows 

some reduced sustained oscillations when utilizing the PID-AFC-IL though the overall performance is by far much 

better than the PID only counterpart in the presence of external influences.   

 

V. CONCLUSION 

 

External disturbances and stormy environments are some of the challenges that are typically encountered by the twin-

rotor helicopter during trajectory tracking. The 2-DOF helicopter being a highly non-linear and complex dynamical 

system was modeled and analyzed considering the external disturbances and coupling effects. The proposed PID-

AFC-IL, PID-AFC-FL, and ST-PID-AFC schemes, that described the IAFC-based controller, have been successfully 

designed and implemented to analyze the system behavior and their effectiveness has been benchmarked with the 

designed PID-AFC and PID control systems. The AFC-based control schemes clearly demonstrate the robust 

performance in stabilizing the aerial model and rejecting the different types of introduced disturbances, i.e., the 

sinusoidal wave, pulsating, and random noise disturbances in comparison to the conventional PID controller 

counterpart. Furthermore, for the body jerk performance related to the pitching and yawing motions, the IAFC-based 

control structure shows a notable percentage improvement of at least 54% and 19%, respectively, for the pulsating 

disturbance, and 60% and 54%, respectively, for the random noise disturbance. Future works should focus on the 

practical implementation of the IAFC-based non-linear control strategies on rotorcraft UAVs for verification and 

validation of the proposed schemes. This will be very useful to further evaluate the viability of the proposed methods 

by introducing the non-linear control units, considering various operating and loading conditions.  
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