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Nowadays, various applications of quadrotors, in different fields
such as monitoring, inspection, and rescue has attracted the
attention of many researchers. Because of the extensive range of
applications for quadrotors, maintaining their position control,
condition control, and tracking is important. Thus, it is essential
that these issues are considered and resolved. Therefore, based on
Newton Euler’s method, structure of a model for analyzing the
behavior of the system and design of the controller is introduced in
the present research. As the dynamics of quadrotors are nonlinear,
the adaptive optimal control algorithm for resolving this issue was
used in order for the control parameters to be updated. For
updating these control parameters, methods such as optimizing,
fuzzy, neural networks and hybrid methods can be used. The fuzzy
or neural networks methods do not have the capability of applying
constraints such as the operator’s physical restrictions in the
updating process. Their overall response speed is greater than the
optimization methods. The optimization methods have more
capabilities to find better and more acceptable responses than the
above methods, but it is noteworthy that they require high-speed
processors. Since the objective was to achieve better responses for
station keeping and tracking maneuvers, the gray wolf
optimization algorithm for updating the control parameters was
utilized. In addition, to increase the resistance of the controllers and
to optimize the control efforts, the authors proposed to combine
the control inputs with other methods such as optimal nonlinear
proportional-integral-derivative (pid). Finally, the results of
simulations were presented. The results demonstrated that the
proposed approach resolved all aspects of the main problem.
additionally, the proposed approach can be used in maintaining
position control, condition control and tracking.
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EXTENDED ABSTRACT

Introduction

Today, due to the diverse and operational applications of quadrotors in various fields
including monitoring, inspection, and rescue many researchers around the world are eager
to undertake research studies on these birds [1]. In most practical cases, the process of
maintaining the position of quadrotors by control operators, using remote control systems
or systems connected to the bird (on board) is carried out automatically so that the bird
remains in the desired position and condition. To date, a great deal of research has been
undertaken with various algorithms depending on the type of operation, the structure of
the bird, the power of the control processor and other issues [2-4]. One of the powerful and
practical control algorithms for maintaining position and following direction is the adaptive
algorithm [5-6]. Due to the fact that the dynamics of quadrotors is nonlinear and in reality
simplifications are used for modelling, it is possible to use the optimal adaptive algorithm
in such a way that the control parameters can be updated if necessary and depending on the
conditions. For the process of updating the control parameters, methods such as
optimization, fuzzy network, neural network or combined methods such as neural fuzzy can
be used. On the other hand, it should be noted that methods such as fuzzy or neural
networks do not have the capability to apply restrictions such as physical restrictions
(motor speed, battery current, weight of the bird) in the updating process, but they have a
higher response speed than optimization methods. However, optimization methods are
more capable of finding better and more acceptable solutions than the mentioned methods.
Considering that the aim of this article was to obtain better solutions for position and
condition maintenance and path tracking manoeuvres, optimization methods were adopted
to update the parameters.

Random optimization methods can be classified into two main categories. The first
category is inspired by natural evolutionary phenomena and is implemented based on
random operators. A group of these algorithms, inspired by the social behaviour of a society,
work in a mutual cooperation to reach a final goal and are known as algorithms based on
collective intelligence. Among these algorithms, the gray wolf algorithm (GWO), in which
search parameters change their position in a multidimensional search space in order to
achieve the optimization of the objective function, is worth mentioning [9].

The purpose of this article is to design a controller that can stabilize the bird in the
presence of uncertainties and disturbances and direct it to the desired path. The inability of
linear controllers in the case of non-linear systems has accelerated the progress in methods
such as feedback linearization control method, feedback control method, sliding mode
control, and adaptive control [10-12].

Some methods require dynamic linearization of the system, which greatly reduces the
robustness of the controller and also the manoeuvrability of the bird. On the other hand,
most of the mentioned solutions need very accurate data of the system dynamics and its
path so that they can linearize the system or adjust the controller parameters for the best
performance. As the system becomes more complex, the phenomena that affect it are rarely
identifiable and the obtained mathematical model is an approximation of the real system,
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which leads to uncertainties entering the system. This occurs while the controller obtained
based on the uncertain model must be able to guarantee the stability and performance
desired by the designer against the uncertainties of the model and disturbances in the
surrounding environment. One of the proposed solutions to solve the mentioned challenge
is to use the adaptive control method, which can change its behaviour in response to system
dynamics and disturbances. The adaptive control system considered in this article consists
of two loops (Figure 1):
1- Normal feedback loop including the process and controller

2- Parameter setting loop
Parameters
_ Setting

(Desred Path)

i R — .
(Control Signal>

Figure 1. Schematic of closed loop system for adaptive control.

Methodology
Bird dynamics modelling
For modelling, the following assumptions were made:
1- The structure of the bird is considered rigid and symmetrical.
2- The origin of the body coordinate system is assumed to be the centre of body mass.
3- The blades are considered rigid.
4- The drag force is proportional to the speed of the blades to the power of two.

A rigid object in space has six degrees of freedom (DOF), three of which are used to
describe the position of the object's centre of mass (COM) and the other three are used to
describe the orientation of the bird in space. If the inertial (terrestrial) coordinate system is
shown with E and the body system with B as shown in Figure 2, the following occurs:
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Figure 2. Schematic of devices, inertial and body coordinates for quadrotor.

The equations of motion in the state space can be written in the form X' =f(X,U), where U
is the vector of control inputs and X is the state vector, which is adopted as follows:

X=[X,XYY,2200680,60y]
U= [ul,uz,u3,u4] (1)

Inrelation (1), the controllers are obtained according to the rotation speed of the blades
as follows:

U 0o 1 0 -4

_|%f_]-1 o0 1 of]

U=l | =] 1 -1 1 -1f|02 2
Uy 111 g

Q=0+ 02, =023+ 0,) (3)

In equation (2), ul to u4 are respectively related to roll torque, pitch torque, yaw torque
and thrust force. Finally, the equations in the form X =f(X,U) are obtained as follows:

X, = Xy

Xy = X4XeQq — AyX4L25 + by

X3 = X4 (4)
X4 = XpXgQz + AuXo0p + byu,

5(5= Xg
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Xg = X3X,05 + b3ug

X7 = Xg

Xg = sin(x3) cos(xy) byu,

X9 = X190

X10 = —sin(xy) byuy

Xy1 = X1q

X1, = —g + cos(x3) cos(xy) byu,

The coupling schematic of the two mentioned systems is shown in Figure 3:

()

Subsystem Subsystem
of Condition of Position

Figure 3. Coupling diagram of two subsystems of position and condition.

The purpose of this article was to track the path by maintaining the position and
condition of the bird relative to the reference path (reference position and condition).
Therefore, the main goal was to calculate the control torques related to each rotor
(determining the rotation of each rotor) in order to achieve the desired position and
orientation in space. The schematic of the proposed algorithm to achieve the main goal is
shown in Figure 4.
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Xe. 0 1 \ 04.04
t fot
v,.v, |Outerloop| o, InnerLoop]i-[ E::‘q:zl ]L( go?:?él 4. Quacrcoc}
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Figure 4. Schematic of the proposed control.

According to the diagram in Figure (4), the control process is carried out in two general
steps. First, according to the difference between the position of the bird from the reference
path and its rate, in the longitudinal and transverse directions, the required reference roll
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and pitch angles (and the rate of the mentioned angles) is determined to eliminate the
calculated errors. In addition, the height difference and its rate (and if needed, the yaw angle
difference, for example, in filming modes where the bird needs to rotate around its centre
of mass in a certain position) is also calculated from the reference value. Therefore, the first
step of the upcoming control process is to determine the reference roll and screw angles
(d_d, 6_d) which are followed by the position (orientation) subsystem in the inner ring. In
other words, to control the position of the quadrotor in the (x and y) plane, it is sufficient to
change the roll and screw angles of the quadrotor in such a way that the desired values for
XandY are obtained.
The final relationship of the optimal adaptive controller is in the form of (5):

U =-— (Fi (x)Pi + Gicray Wolf Optimizationzi) ! i=123
- 5
I,(x)P, + G4Gmy Wolf Optimization 24 ®
Uy = —
4 cos(x3) cos(x;)

where the proportional gain G_(i_(Gray Wolf Optimization)) can be obtained using the
gray wolf optimization method.

Results and simulations
The position and condition of the bird at the initial moment are as follows:

X=[XXYY,220066yy]=[0] ©

The results of the simulation are presented in Figures (5) to (16).

30
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Figure 5. 3D view of the tracked path over time.

Figure (5) shows the three-dimensional view of the path followed by the bird. As it can
be seen, the bird was able to follow the path well in three directions.
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In Figure (6), the behaviour of the rotor inputs is within the allowable range, and by
adopting appropriate and timely values, it tries to implement the manoeuvre as best as
possible.
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Figure 6. Magnified angular velocity of each rotor.

Figure (7) shows the behaviour of the total angular velocity of the rotors in terms of time.
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Figure 7. Total angular speed of the rotors.

Below, the history of the time changes of the flying mode variables along with their
desired reference values are drawn.
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Figure 8. Roll angle (¢) and reference signal (¢_d).
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Figure 9. Turn angle (0) and reference signal (6_d).
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Figure 10. Auxiliary angle () and reference signal ({ys_d).
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Figure 11. Quadrotor position along (X) and reference signal (X_d).
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Figure 12. Quadrotor speed in X direction.
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Figure 13. The behaviour of the bird in the transverse direction (Y) in terms of time along with the
reference signal (Y_d).
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Figure 14. Quadrotor speed in Y direction.
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Figure 15. The height of the bird (Z) in terms of time along with the reference signal (Z_d).
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0 20 40 60 80 100
Time (s)
Figure 16. Quadrotor speed in Z direction.

Conclusion

Taking into consideration the necessity and importance of control in order to maintain
the position and track the path in the field of unmanned birds including quadrotors, in this
research, the aforementioned problem was discussed and solved. Since it was assumed that
the parameters of the modelled system might be associated with errors or only estimates of
the system parameters are available, adaptive nonlinear control methods were used to
solve the problem. After designing the controller, the parameters of the designed controller
were extracted using the gray wolves optimization method. In addition, in order to increase
the resistance of the controller and optimize the control effort, it is recommended to
combine the control input with other methods such as optimal nonlinear PID. After stating
the relationships, the results of the simulations were presented. It was observed that the
proposed approach was able to meet all the needs and goals of the problem.
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