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Abstract: This paper deals with the trajectory tracking problem for a quadrotor unmanned aerial
vehicle (UAV). For this purpose, two control strategies are proposed. First, a flight controller with
a hierarchical structure is designed, whereby the complete closed-loop system is divided into two
blocks. The system has an inner block for attitude control and an outer block for position stabilization,
for a total of six proportional-derivative/proportional-integral-derivative (PD/PID) controllers.
The second new trajectory tracking strategy is based on attitude stabilization. In addition to a direct
stabilization of yaw and altitude, the x and y positions are stabilized by choosing an appropriate
control of roll and pitch angles. The relations between positions (x, y) and rotations (roll, pitch) are
derived from the natural flight of the quadcopter. In this second approach, with only four controllers,
the quadrotor UAV is able to follow any trajectory. In both approaches, the PD/PID controllers
are synthesized using the genetic algorithm method, and compared with those obtained by the
reference model method. Furthermore, a comparison between PD and PID controller performance is
performed. Thereafter, the robustness of the proposed controllers is tested for trajectory tracking in a
disturbed environment. Simulation results demonstrate that for the two approaches, PD controllers
show a better behavior with respect to quadcopter stabilization than in trajectory tracking under
different conditions.

Keywords: quadcopter; hierarchical structure; reference model; genetic algorithm; trajectory tracking;
PD/PID controllers; disturbances

1. Introduction

In recent years, the control scheme design of vertical take-off and landing (VTOL) unmanned
aerial vehicles (UAVs) has become a significant research topic. As exemplified by quadrotors, this is
partly due to the growing interest in the development of the technology for these robots. Quadcopters
are most well known for being small aircrafts with multiple rotors, with under-actuated, nonlinear,
and coupled systems. However, these characteristics lead to great control challenges. By controlling
the velocity, and consequently, the thrust of each rotor, a translational motion in three directions
(x, ¥, and z) and a rotation around three axes (roll, pitch, and yaw) are generated. The under-actuated
property of quadcopters leads to strong coupling between translational and rotary motions. Therefore,
it is an arduous task to control the position or the trajectory tracking of the quadcopter. To deal with
this dilemma, the hierarchical control strategy has demonstrated positive performances and it has
been widely used to solve trajectory-tracking problems. Since the introduction of quadcopters to
the robotic community, numerous projects have been devoted to model and control these platforms,

Appl. Sci. 2019, 9, 1780; d0i:10.3390/app9091780 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0001-8691-4222
https://orcid.org/0000-0001-7661-2095
http://www.mdpi.com/2076-3417/9/9/1780?type=check_update&version=1
http://dx.doi.org/10.3390/app9091780
http://www.mdpi.com/journal/applsci

Appl. Sci. 2019, 9, 1780 20f21

as simple as projects based on linear methods and as complex as nonlinear techniques. In the relevant
literature, a great number of controllers have been proposed. Among them, a hierarchy controller for
the quadcopter has been developed in [1]. This study uses, a compensated proportional-derivative
(PD) control, contributing stable attitude control and accurate position tracking. In [2], a second-order
sliding mode controller is developed for the translational dynamic to deal with external negative signal
while avoiding the undesired chattering effect. Another nonlinear adaptive hierarchical sliding mode
control approach for quadrotors has been developed in [3]. To accomplish trajectory-tracking missions,
two controllers have been investigated to solve the problem of the under-actuated nature of the system.
Furthermore, a global stability analysis and control design based on the cascade theory has been
studied in [4]. The complete closed-loop system was divided into two reduced-order subsystems to
deal with the coupling property. The backstepping approach and sliding mode control method has been
used in [4] as well. In [5], authors addressed the problem of designing and experimentally validating
a controller for steering a quadcopter along a trajectory, while rejecting constant force disturbances.
The proposed controller was investigated using the nonlinear adaptive state feedback technique.
Other approaches have been widely used in trajectory tracking control, such as the backstepping
technique and the adaptive control algorithm. For instance, a flight controller with a disturbance
observer was designed using the backstepping technique, which can be seen in [6]. In [7], a nonlinear
adaptive algorithm was used for a trajectory tracking control problem for a quadcopter with parametric
uncertainty. Combined with the neural network algorithm, the adaptive control algorithm was applied
to elaborate a controller for the trajectory tracking for a quadcopter in [8]. In addition, in [9], the
adaptive algorithm was used in addition to an adaptive sliding mode observer for fault diagnosis in
the quadcopter’s actuator. All of the aforementioned control approaches have proven to be successful
in simulation. Some approaches have proven to be successful in experimental environments too,
but only under specific operating conditions. Hence, the dynamic properties of the quadcopter
are often neglected, which implies that the overall quadcopter dynamics are not represented for
effective control. The use of intelligent approaches could be a solution to this conflict. For example,
in [10], the fuzzy logic control technique was employed to implement a fuzzy hitting control law, in
order to reduce the chattering phenomena on a conventional backstepping sliding mode controller.
Likewise, in [11], a fuzzy logic algorithm was used to determine the optimal controller coefficients
of a high order sliding mode controller for a quadcopter trajectory tracking control in the presence
of uncertainties. More recently, a robust full tracking control design of disturbed quadrotor UAVs
with unknown dynamics based on type-2-adaptive fuzzy systems are presented in [12]. Particularly,
fuzzy logic has been used in a landing path selection problem for an aircraft carrier in [13]; the fuzzy
path selection strategy was proposed, considering the fuzziness of environmental information and
human judgment, with the goal of providing the pilot with a more reasonable set of choices. Thus,
a neural network algorithm has been widely used in the synthesis of controllers for quadcopter
stabilization. A decentralized proportional-integral-derivative (PID) neural network control scheme is
proposed in [14] to stabilize a quadrotor helicopter subjected to wind disturbance. The hierarchical
structure was adopted in this study, where the inner-loop was designed using a neural network, while
a conventional PID is used for the outer loop. Furthermore, in [15], the neural network method is
combined with fuzzy logic to optimize the performance of a quadcopter. Owing to its maneuverability
and its simplicity, the PID controller has been adopted in most of the literature for controlling a
quadcopter. There exist various and widely used classical methods for adjusting a PID. However, these
conventional approaches require a linear model of the controlled system for tuning the parameters.
To overcome the limitations and drawbacks of linear approaches, a variety of nonlinear algorithms
have been developed and applied to improve PID tuning, including optimization techniques. As an
illustration, robust PID controllers tuned by particle swarm optimization for a hose transportation
system performed by aerial robots was developed in [16]. In addition, in [17], an improved particle
swarm optimization approach for identification and control of stable and unstable systems has been
studied. Furthermore, a combination of the particle swarm optimization-based algorithm and the
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evolutionary programming algorithm was introduced in [18]. Moreover, in [19], a trajectory tracking
control law optimization using a modified genetic algorithm (GA) for an autonomous aircraft vehicle
was proposed. Additionally, genetic algorithm techniques were used in [20] to optimize PID controllers
for a quadcopter attitude stabilization.

On the basis of this literature, but differing in many ways, our work deals with the problem of
trajectory tracking for quadcopters using two different approaches. In a hierarchical approach, the
structure scheme is composed of an internal and external loop. The inner loop is synthesized to control
the quadcopter attitude, while the outer loop is designed to stabilize the position motions. The two
PD/PID controller blocks are optimized using GA and reference model (RM) techniques. The new
second control strategy developed herein is based only on altitude and attitude control. The control
of the other two positions (x, y) results from their relationship with the pitch and roll movements
of the quadcopter. Again, in the design of the different PDs/PIDs, the two methods (GA and RM)
are compared. Thereafter, the performance of the two proposed methods are investigated not only
taking into account the system nonlinearities but also the presence of wind disturbances. This paper is
arranged as follows: in Section 2, the dynamic model of the quadcopter and the coupling expression
between the translational motion equations and the rotational movements are presented. In Section 3,
the proposed hierarchical controllers are described, starting with a controller synthesized using the
RM approach, then using the GA optimization process. In Section 4, the new strategy of trajectory
tracking via attitude stabilization is presented. Likewise, in the first controller, the PD/PID gains are
synthesized by utilizing the RM and GA optimization. The simulations were performed using the
Matlab-Simulink environment to demonstrate the effectiveness and robustness of all the proposed
controllers. Our results are presented and discussed in Section 5, and finally, a conclusion of this work
is presented the Section 6.

2. Quadcopter Mathematical Model

The quadcopter is composed of four rotors that lift the vehicle and adjust its attitude by the
thrust force generation along the body z-axis. The thrust force of each rotor changes along with
the input control signals. The rear-front motors (r2 and r4) rotate clockwise, while left-right motors
(r1 and r3) spin in a counterclockwise direction (Figure 1) [21,22]. Vertical motions are produced when
the total thrust increases or decreases. By varying front-rear (left-right) rotors, thrust y- translation
(x-translation) is achieved.

Thrust 4

Thrust 3

Thrust 1

Ze
E

Figure 1. Quadrotor shape, frame system with a body fixed frame B and the inertial frame E.
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The quadrotor can be represented as a rigid body in two reference frames; the inertial frame
(E) whose origin is located at a fixed point on the earth, and the body frame (B) whose origin is in
accordance with the quadrotor center of gravity (Figure 1). The quadcopter mathematical model is

derived by making the following assumptions [23]:

o  The quadcopter structure is rigid and symmetrical;
e  The center of gravity lies at the origin of the body reference frame;
e  Wind, ground effect disturbances, and the gyroscopic effect are neglected;
e  The thrust and drag are proportional to the square of the speed of the rotor.
Using Newton—-Euler formalism [23-25], the full-obtained dynamic model is given as follow
(1)-(6):
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The control inputs Uj, Uy, U3z, and Uy are given by (8).
Uy = b(w? + wi + w3 + w?)
Uz = b(wj — w3)
b2 — 2 ®)
Uz = b(w; — wy)
Uy = d(w? — w3 + w} — w?)

where m denotes the total quadcopter mass; ! its half span; I, I, and I, are the inertias around x, y,

and z axis; b and d are the thrust and drag coefficients, respectively; K¢y, Kf,y, and Ky, are frictions

aerodynamics coefficients; Ky, Kfy, and Ky, denote translation drags coefficients; w; is the speed
motor rotation; J, is the rotor inertia; g represents the gravity constant; and finally, ¢, 8, and i represent

the rotation around the roll, pitch, and yaw axes, respectively.
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3. Hierarchical Controllers for Trajectory Tracking

Because of its under-actuated nature and the coupling property between translational and
rotational dynamics, the hierarchical control structure is used in this section to deal with the quadcopter
trajectory tracking problem.

By assuming that the closed-loop dynamics of rotation are faster than the translational one, it is
possible to divide the complete closed-loop system into two independent subsystems [26,27]. However,
the displacement equations clearly depend on the rotation components which require the use of a
linking block between those subsystems.

In this section, two controllers” designs based on a hierarchical control strategy are described.
The first controller is based on the RM technique, while the second one is optimized using the GA.
This control structure consists of two loops in cascade, an inner loop for attitude stabilization and an

outer loop for position control. The connection between these loops is provided by a calculation block
(see Figure 2).
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Figure 2. Synoptic scheme of the proposed hierarchical control strategy.

Six PD/PID controllers should be computed: one for each flight parameter, ¢, 6, ¥, x, y, and z (9).
Notice that a PD controller is sufficient in ideal conditions (without an integral action) because the
open-loop behavior shows a parabolic divergence (presence of integration) for each flight parameter.
However, a PD is not sufficient to stabilize a quadcopter in real design. An integral portion is important
to cancel out various disturbances and imperfections (such as nonhomogeneous mass distribution).

CPD]- (s) = kPj + kdjS

k. )
Cpip,(s) =kp; + 5 +ka;s

kp],, kij/ and kd]. are the proportional, integral, and derivative gains, respectively, with j = (¢, 6, ¢, x, y, z).

3.1. Reference Model-Based Hierarchical Controller (RMHC)

In this subsection, using reference model method (RM), the PD/PID controller synthesized for
the proposed hierarchical controller is described.

To synthesize the PD/PID controllers needed, we must define transfer functions for quadcopter
outputs. The quadcopter dynamical equations are nonlinear and strongly coupled. Considering that
rotation movements of the quadcopter have a small variation of angles, the approximation cos(x) =~ 1
and sin(x) = 0 can be used. In addition, the small constant attitude variation corresponds to the
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hover states that involve ¢ = § = i) = 0. From the nonlinear model (1)~(6) and based on the previous
approximations, the simplified model given by (10) and (11) is obtained.

Lp = 1U,
L6 =IU; (10)

_& _Kftx-
¥ ==l X

.. u Ky
j= il — Lty (11)

. I
F=—g+4 cosﬁngosqiul + %Z.

The attitude dynamic (10) is controllable. There are three inputs Uy, U3, Uy and three outputs
{¢,6,y}. However, in the case of position dynamics (11), the controllability is not guaranteed. There is
only one input U; but three outputs x, y, z. To solve the under-actuated dynamic problems, we have to
express the x and y position equations on the basis of Uy and U, respectively (7).

The hover 2 is a constant reference, thus Z = 0. In addition, the translation drag coefficient K, is
neglected in the altitude expression Z so we get (12):

U, = gm. (12)

Replacing the x and y variable in (11), the following equations (13) are generated.

¥ = Uyg — Ly
.. Keyy .
j=Uyg— 5" (13)

. 6 I
i= g4 B0y 4 Ty

The transfer functions obtained from the simplified model (10) and (13) are given in (14).

Fos) = iy = 12

Fols) = fagh = oz

Fy(s) =ty = 1o

Fx(s) = Li((ss,)) - S(Tf;+1) "
Fy(s) = g2 .

with :
ko= 8™ &M gm
* kftv y kfty/ z kftz
o= Mg o Mmoo om (15)
* kftx Y kfty’ z kftz'

We desire the corrected system to behave as a first-order reference system (T;, T = %), which
means that the dominant pole is placed at —1/7, while the other poles must be placed far enough
to the left of —1/7 in the complex plan [28,29]. The reference model is chosen so that it ensures a
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behavior without overshoot with a response time T of 0.1 s for all quadcopter flight parameters. To a
reference model-based hierarchical controller (RMHC) design, we introduce for each variable (¢, 0, i,
x, Y, z) a PD/PID controllers.

Since all the established systems (14) are of order two, we impose for the corrected systems the
references model Mpp(s) (16) and Mpjp(s) (17) for PD and PID controllers, respectively.

k
Mep(s) = (s=1/71)(s—a/71) 16)
Mpip(s) = £ 17)

(s=1/7)(s—a1/7)(s —ax/71)

with T = 0.16 (T; = 37) and {a = 2;a7 = 10;a, = 25} (4, a1 and a, must be significantly greater than 1).
The characteristic polynomials of the controlled position are represented by the following
Equations (18) and (19).

Dpp, (s) = oo 4 Dhadeg 4 2
Dpp, (s) = "z 4 Dhakeg | o2
DPIDX(S) = % + %S + 1+kdxkx 2 +S
Dpip, (s) = " ¢ knzkzs n 1+I;izkz 248

However, the attitude the characteristic polynomials are given by the following Equations (20)
and (21).

Ik lky
P 2
DPD4,( ) IX(P'F*(PS‘FS

Ik
Dng(S) = IPQ + I +S (20)
Y
Ik Ik
Dpp,(s) = 1+ + d‘”s+s
ki, Ik
Dpip,(s) = 1=+ 125 + d‘p $?+ s
ki, Ik
Dpip,(s) = 179 + %s + d9 s2 453 1)

- lkd
DP1D¢(S) =T + TS + TKPSZ + s3.

By identifying the dominators of each closed-loop transfer function with the chosen reference
model, we obtain the PD/PID controller gains (RMHC) indicated in Table 1.
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Table 1. Proportional-derivative (PD) and proportional-integral-derivative (PID) parameters values of
the reference model-based hierarchical control (RMHC).

RMHC Method Controllers
C(p(s) CB(S) C¢(S) Cx(s) Cy(S) Cz(S)
PD kp 1667 1667 1667 010 010  190.8

Parameters ) = 59 121 121 020 020  34.98

PID k, 3717 3717 3334 1834 3717  6.60

Parameters k; 6522 6522 728 025 6522  0.05
ki 235 235 14 1041 235 624

3.2. Genetic Algorithm-Based Hierarchical Controller (GAHC)

As mentioned above and as shown in Figure 2, the PD/PID parameters in the inner loop for
attitude stabilization and the PD/PID gains for the outer loop are optimized using the GA. GAs
use a direct analogy of natural evolution. They work with a population of “individuals”; each one
representing a potential solution to a given issue. Each individual is assigned a fitness score according
to how suited it is to the problem.

Before a GA can be turned, an appropriate representation for the problem must be designed.
In our case, the PD/PID gains are represented to the GA as a vector of size 12 for PD and 18 for PID.
Each element is used to refer to a particular controller gain. Accordingly, the population is defined as a
collection of those vectors.

The initial population is randomly generated within predetermined limits in order to reduce AG
convergence time. The search regions Rs,,/Rs,,,, of the optimal solutions are noted as follows in (22)
and (23):

Rspr = [Kpyini Kpuax] X (ka5 K] (22)

RSPID = [kp;ni;1;kpmax] X [ki;nin;kimax] X [kdm,'n’.kdmax]' (23)

Indeed, from some knowledge about the system, search region limits are defined as follows in
(24) and (25):

e For attitude
ky € [0;50]

ki € [0;50] (24)
kg € [0;10].

e For position:
ky € [0;200]
k; € [0;20] (25)
ky € [0;50].

Once the initial population is created, the evolutionary process starts. Each individual (solution)
is evaluated using a fitness function in order to rate it in terms of its adaptation to the objective.

We desire a behavior without overshoot and zero error with minimal settling time. The fitness
function which takes into account all this performance is given by the Equation (26):

D +4E¢ + 2T,
f:8 + 1Zs+ s (26)

where D is the overshoot, Ess steady-state error, and T the settling time.
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To determine which parents should be considered in generating a new population, a selection
procedure is indispensable and can take many forms. We have chosen to use tournament selection.
The new population is gated by selecting the more adaptive individuals, according to their fitness
from the parent population. The selected individuals are subjected to random mutations and
crossover operations.

The type and implementation of these operators depend on the problem being studied.
The mutation operation is applied with a rate of 0.2, corresponding to the probability of being mutated.
This evolutionary process is repeated until the algorithm convergence criterion is met, generally a
pre-defined number of generations. This was 500 generations in our case.

The optimal solutions turned by the GA code for the PD and PID controllers are shown in Table 2.

Table 2. PD and PID parameters values of the genetic algorithm hierarchical control (GAHC).

GAHC Method Controllers
Cp(s) Co(s) Cy(s) Ci(s) Cy(s) Cu(s)
PD kp 16.83 1578 22.82 7.92 7.41 184.0

Parameters 4 oe> 255 4248 645 640 2305

PID k, 48.63 35.83  34.18 1334  7.61 17.67
Parameters k; 8.45 1.36 7.57 0.16 0.92 0.10
kg 229 2.35 6.50 5.23 5.46 10.40

The simulation results of the quadcopter represented by the non-linear model (1)-(6) and
controlled using the GA-based hierarchical controllers (GAHC) are discussed in Section 5.

4. Trajectory Tracking via Attitude Stabilization

In this section, a new strategy for trajectory tracking via attitude stabilization is described.
Different from the previous approach, where the problem of under actuation is solved using
hierarchical controllers, this strategy is based on controlling the quadcopter position (y, x) through
pitch and roll stabilization. The synoptic scheme of this new approach is illustrated in Figure 3.

(xy.2)

z NONLINEAR
d

MODEL OF THE
Yd CONTROL QUADCOPTER

LOOPS

Xq

A
i

Yy

Figure 3. Synoptic scheme of the proposed trajectory tracking via attitude stabilization strategy.

Four parameters are mainly controlled (the altitude and the three angles of rotation).
The stabilization of the other two positions (x, y) results from a judicious choice of roll and pitch inputs.
The relations between positions (y, x) and rotations (pitch, roll) are deduced from the natural flight of
the quadcopter.

In fact, to move the quadcopter in a direction x (or y), we must first act to obtain a rotation of roll
(or pitch). If this rotation is constant or increasing, the drone will move indefinitely. On the other hand,
if we wish to reach a given position, we must reduce the control of the rotations to zero [30].

The rapport between x (y) position and roll (pitch) attitude is modeled by the ratio of the roll
(pitch) model function to the x (y) position model function. In natural flight, when the roll attitude is
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stable, the position x diverges. In this case, roll and x position behaviors with respect to a unit input
can be modeled as follows: <
— 1
4)(5) T (14 Ts)s

I (27)
X(S) = Kzgszi) .

Thus, the transfer x — ¢ is given by (28).

P(s) Kis
X(s)  Kpe~Tos(1+ Ts)

Fx—>¢ (s) = (28)

where {Kj, Ky, T, Ty} are the adjustable model’s parameters, the transition from y position to pitch can
be modeled in the same way.

According to Figure 3, firstly, four PDs/PIDs controllers are achieved to stabilize the altitude
and the three attitude angles. In a second step, we connect the entries ¢; and 6, to the corresponding
transfer blocks. Instead of diverging signals, we get x and y positions which are also stable.

The PD/PID gains’ of the four controllers are designed by using reference model and genetic
algorithm methods, which are detailed in the following subsections.

4.1. Trajectory Tracking Using the Reference Model Method (TTRM)

The controller described in the previous section is composed of a block of PD/PID controllers
that stabilize the quadcopter attitude, consequently maintaining the position.

As described in Section 3.1, by setting some specifications for our reference system, the quadcopter
UAYV must behave in the same way. We aim to have a stabilization time for all four quadcopters
Ts = 0.5 s, without overshoot.

To perform this design, we consider the attitude and altitude transfer functions given in (14)
which are rewritten in (29).

_ ) _ 1
Fp(s) = 4 = 12
_ 0s) _ 1
Fols) = 3% = 7k
29)
_ 96 _ 1 (
Flp(s) o U4(SS) T Ls?
_z2(8) _ ks
FZ(S) - Lzllis) T s(ts+1)
A PD/PID controller is introduced for each flight parameter, ¢, 0, 1, and z (30,31).
U;(s
CpD].(S) = - l< ) (S) = kp]. +kd],s (30)
Ja—1]
U (s k;.
Cpip, (s) = jdl(_;(s) = ky, + % +kg s (31)

kp]., kii’ and kd]. are the proportional, integral, and derivative gains, respectively, with j = ¢, 6,1, z. The
characteristic polynomials of the controlled systems are represented by Equations (20) and (21) and
D, (s) in Equations (18) and (19). The obtained parameters are summarized in Table 3.
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Table 3. PD and PID parameters values synthesized by reference model method for trajectory tracking

using the reference model (TTRM).

TTRM Method Controllers
Cp(s) Co(s) Cy(s) Cz(s)
PD k, 1667 1667 1667 1908
Parameters =) “"907 127 127 3498
D k, 2348 2348 4238  29.01
Parameters k; 1358 1358 081  23.58
k; 142 142 171 858

4.2. Trajectory Tracking Using Genetic Algorithms Method (TTGA)

Genetic algorithm techniques are used to optimize the PD/PID controllers’ parameters for the
attitude and the altitude stabilization.

A vector of eight elements in the PD controllers case and twelve elements in the PIDs case is
considered as an individual among a population of solutions to be optimized by utilizing the genetic
algorithms. Each element of this vector represents a PD/PID controller’s parameter. The initial
population is generated randomly in the following ranges: kp, € [0 200] and kp, € [0 50] for the PD
parameters, while for the PID parameters: k,, € [0 50, k; € [0 20] and kg, € [0 10];

To evaluate individuals of the population, a fitness function is indispensable. Relative to the
purpose of this part of our work, the chosen fitness function takes into account the position stability
that is required for a proper desired trajectory tracking, in addition to the attitude performance.
The function expression taken in this part is given by (32).

1
f= exp(aD + BTs + YEss)

(32)

Here, T; is the settling time, Ess is the steady-state error, and D is the overshoot; «,8, and -y are
weighting factors (« = 10; 8 = 4,y = 2).
The obtained parameters values are summarized in the Table 4.

Table 4. PD and PID Parameters values synthesized by genetic algorithm optimization for trajectory
tracking using the genetic algorithm (TTGA).

TTGA Method Controllers
Cp(s) Co(s) Cy(s) Cz(s)
PD k, 1753 613 1033 17691
Parameters 4 ~"559 500 103 4555
PID kp 2773 2392 3418  21.85
Parameters k; 17.86 1352 171 12.51
k; 343 068 631 525

The simulation results of this subsection and the previous one, for the non-linear system
represented by the dynamic model (1)—(6) coupled with the four controllers PD/PID, whose gains are
recapitulated in Tables 4 and 5, are shown in Section 5.
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Table 5. Physical parameters of the quadrotor unmanned aerial vehicle (UAV).

Parameter (Unit) Value

m (Kg) 0.53

g (m/s?) 9.81

I (m) 0.4

b (N/rad/s) 415 x 1073
d (N-m/rad/s) 7.5 x 1077
Iy, Iy (Kg-m?) 7.86 x 1073
I, (Kg-m?) 1.173 x 1073
Jr (Kg-m?) 2.8385 x 1072
Kfax, Kfay, Kz, Ky (N/rad/s) 5567 x 1074
Kfqz; (N/rad/s) 6.354 x 10*
Kfp, (N/rad/s) 3.354 x 107*

5. Simulation Results

In order to test the performance and efficiency of the proposed control strategies, two
trajectory-tracking scenarios were used to simulate the performance of the proposed controllers.

First, the hierarchical controller and the trajectory tracking via attitude stabilization controller
were tested in the absence of disturbances. In these simulations, the two proposed controllers were
examined for a set point hovering flight, and then for a flight following a circular trajectory. The gains
of the PD/PID controllers were calculated using the RM for the first time, and then optimized by
utilizing GA optimization techniques, so that a comparative study between these two methods of
synthesis can take place.

Second, the robustness of the hierarchical controller and the new control strategy proposed in this
work were approved in an environment with disturbances.

Initially, the values of all the flight parameters are set to zero. The quadcopter parameter values
used for simulation are mentioned in Table 5.

5.1. Hierarchical Controllers for Trajectory Tracking

The GA was applied in the hierarchical controller to tune the PD/PID gains firstly for the inner
loop and then for the outer loop. However, in the RMHC, the PD/PID gains were determined by using
the RM method separately for the inner and the outer system’s loops.

It is clearly shown in Figure 4 that the proposed hierarchical controller achieves accurate reference
tracking with different settling time values. For the x and y positions, the RMHC-PD controller drives
the system to the desired reference in three second without overshoot. In comparison, the use of PID
controllers instead of PD for RMHC makes these flight parameters respond faster. Conversely, PD
controllers in GAHC offer better performance with a settling time of 1.5 s for the x and y positions
and 0.3 s for the altitude, z. Regarding the altitude, z, the settling time is faster and equal to 0.5 s with
RMHC-PD, instead of 3 s with RMHC-PID.



Appl. Sci. 2019, 9, 1780

X displacement (m)

Z displacement (m)
@

13 of 21

~
N

s

Y displacement (m)

0 1 2 3 4 5 6 7 9 10
Time (s)

e [

) £

nf

T

i /

1

)

¥4

0 1 2 3 4 5 6 7 9
Time(s)

Figure 4. Quadcopter position step response obtained by RMHC and GAHC approaches.
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GAHC-PID

Turning to the attitude responses presented in Figure 5, the PID controllers give faster responses
than PD in both cases (GAHC and RMHC). On the other hand, PID controllers in RMHC provide an
overshoot in the corrected attitude behavior. Differently, in GAHC, the use of PID controllers gives
smooth and faster response, compared to PD. As we require in our specification a faster response
without overshoot, the PD controllers are the more adequate when the reference method is adopted.
As illustrated in Figures 6 and 7, the second simulation for the hierarchical structure was carried out

for a circular trajectory.
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Figure 5. Quadcopter attitude step response obtained using the RMHC and GAHC approaches.
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Figure 6. Quadcopter position trajectory tracking performed using the RMHC and GAHC approaches.
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Figure 7. Quadcopter attitude trajectory tracking performed using the RMHC and GAHC approaches.

The tracking of a circular trajectory in 3D space is illustrated in Figure 8.

Reference
RMHC-PD
GAHC-PD
RMHC-PID
GAHC-PID

Figure 8. Quadcopter tracking of a circular trajectory in 3D space (solid red line) performed using the
RMHC and GAHC approaches.

The quadrotor is initially located at the origin (0, 0, 0). Figure 8 shows that the quadrotor
trajectory converges to the reference trajectory without trajectory deviations or changes of direction.
The controlled quadcopter manages to accurately track the reference path and provides fast and
accurate responses. From the aforementioned simulation results in two different cases (reference
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model PD/PID and genetic optimized PD/PID), we can conclude that the proposed hierarchical
controller can achieve the given trajectory. Furthermore, PD controllers in hierarchical structure give
better performance in terms of trajectory tracking, steady-state error, and overshoot compared to PID
controllers. To conclude, the PD controllers in the hierarchical structure provide better results than the
PID controllers.

5.2. Trajectory Tracking via Attitude Stabilization

In this subsection, the results of the last performed simulations are presented.

Figure 9 shows the results of the position tracking, and as can be seen, the desired position is
achieved. In both cases, the PD and PID controllers drive the quadcopter to the desired fixed point
in a settling time of approximately 1 s with the PD controllers, and less than one second with the
PID controllers. On the contrary, an overshoot of 30% is present in the x and y response, corrected by
the PID controllers. These results were obtained after many trials to find out both the optimal and
good-performing PD/PID controllers” gains.

14
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Timé(s)

Figure 9. Quadcopter position step response achieved via attitude stabilization, on the basis of the
TTRM and TTGA approaches.

The attitude (¢ and 6) behaviors corresponding to the position step response and the sinusoidal
consign are presented in Figures 10 and 11, respectively. Moreover, figure 12 shows the tracking
in each axis, so that each axis can be examined independently. As in the previous subsection, a
simulation was performed for a circular trajectory to test the maneuverability and the validity of this
proposed controller.

The 3D plot in Figure 13 illustrates a comparison between the reference trajectory and the actual
controlled quadrotor trajectory. As in the previous trajectory tracking simulation, the quadcopter is
located initially at the origin (0,0, 0). The quadrotor follows the desired path closely in the fourth cases
(TTRM-PD, TTRM-PID, TTGA-PD, and TTGA-PID designs). In contrast, as mentioned above, the PID
for the position (x and y) responses presented a higher overshoot. Therefore, it is preferred to adopt
PD controllers for the trajectory tracking via attitude stabilization.
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Figure 10. Quadcopter attitude response (corresponding to step consign for the position) achieved via
attitude stabilization, on the basis of the TTRM and TTGA approaches.
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Figure 11. Quadcopter attitude response (corresponding to sinusoidal consign for the position)
achieved via attitude stabilization, on the basis of the TTRM and TTGA approaches.
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Figure 12. Quadcopter position trajectory tracking using the TTRM and TTGA approaches.
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Figure 13. Quadcopter tracking of a circular trajectory in 3D space (solid red line) achieved using the
TTRM and TTGA approaches.

On the basis of these results, the new proposed strategy of trajectory tracking for quadcopter
gives a good performance in term of settling time (less than 1 s) and state error when compared to the
hierarchical strategy (Ts about 3 s).

In conclusion, the control methodology based on trajectory tracking via attitude stabilization was
approved and its performance was tested.

5.3. Trajectory Tracking in the Presence of Disturbance

During the flight, the quadcopter is subjected to external disturbances. The worst type of these
are wind disturbances. These kind of disturbances can act on the rotors” propellers affecting the rotors’
velocity. In our study, for this section, these kind of disturbances are modeled by a random signal with
variable amplitude (Figure 14).

0.1

Amplitude (rpm)
S o
(=] o
w (=] W

'
(=}
e

0 10 20 30 40 50
Time (s)

Figure 14. Disturbance signal.

To analyze the robustness and the trajectory tracking performance of the proposed controllers,
the disturbances presented in Figure 14 are considered as random variations in the four rotors speeds.
In the simulink diagram representing the nonlinear model of the quadrocopter, these disturbances are
injected as addjitive signals for the four inputs of the system (Uj, Uy, U3, and Uy).

5.3.1. Hierarchical Controllers

The circular trajectory in the presence of disturbances is presented in Figures 15 and 16. The flight
following a circular trajectory in the presence of disturbances is presented in Figure 15 separately for
each axis, and in a 3D view in Figure 16.



Appl. Sci. 2019, 9, 1780 18 of 21

o

o
’,f

3\
\\
4

/

o

X displacement (m)
N U N )
N
-
//
‘4
Y displacement (m
S
i
o
A

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (s) Time (s)

P s x 42 e

Reference

3 o 68
N P N B RMHC-PD
/'4? ‘}\ Eos e e e il GAHC-PD

2 >
H / 7 6.4 bt RMHC-PID
1 / 2 GAHC-PID
. E 24 [y
N

0 5 10 15 20 25 30 35 40 45
Time(s)

Z displacement (m)

20 205 21
Time (s)

Figure 15. Quadcopter position trajectory tracking performed using the RMHC and GAHC approaches
in the presence of disturbances.

The results show that the RMHC and GAHC controllers can stabilize the quadcopter, and achieve
the desired path in a disturbed environment. However, it can be clearly seen that for both strategies,
PID controllers yield better performance in terms of eroor margin between the system response and
the desired reference.

RMHC-PID
GAHC-PID

Figure 16. Quadcopter tracking of a circular trajectory in 3D space (solid red line) performed using the
RMHC and GAHC approaches in the presence of disturbances.

5.3.2. Trajectory Tracking via Attitude Stabilization

As in the previous subsection, Figures 17 and 18 illustrate the trajectory tracking of a circular
trajectory, where the system is in a disturbed environment.
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Figure 17. Quadcopter position trajectory tracking using TTRM and TTGA (PD/PID) in the presence
of disturbances.

These results show that the TTRM-PID and TTGA-PID controllers give the best responses, when
compared to TTRM-PD and TTGA-PD in the presence of disturbances. In conclusion, the use of PD
controllers is more suitable for this strategy of controller only in the absence of disturbances.
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1
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N TTGA-PD

TTRM-FID
TTGA-FID

Figure 18. Quadcopter tracking of a circular trajectory in 3D space (solid red line) achieved using
TTRM and TTGA (PD/PID) in the presence of disturbances.

6. Conclusions

In this paper, to accomplish a high performing and robust controller for trajectory tracking; two
different methods were developed and applied in two different controller strategies. First, the dynamic
model of the quadcopter derived from the Newton-Euler and the Euler-Lagrange equations was
presented. Then, the hierarchical strategy was employed in controller design to drive the quadcopter
through a desired trajectory. This controller is composed of an inner loop for attitude stabilization and
an outer loop for position control. These loops are a set of PD/PID controllers, in which the gains were
determined firstly using the RM method, then, optimized by utilizing GA techniques. This paper also
presents a novel control strategy to deal with the under actuation of the system studied. This strategy
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consists of trajectory tracking via attitude stabilization, driving the quadcopter towards the desired
trajectory only by adjusting the system’s orientation. As with the first developed controller, this later
was synthesized by using both methods (RM and GA). The performance of the proposed controllers
was validated through extensive numerical simulations using the Matlab-Simulink environment.
The results of the RMHC-PD/TTRM-PD and GAHC-PD/TTGA-PD controllers were compared to
the RMHC-PID/TTRM-PID and GAHC-PID/TTGA-PID controllers. In hierarchical structure, the
results demonstrate that PD controllers in the inner loop and PID controllers in the outer loop provide
better performance. For trajectory tracking via attitude stabilization, PD improves responses in the
absence of disturbances. In conclusion, the quadrotor achieves the desired conditions in both set
point hovering flight and path following flight in hierarchical structure and trajectory tracking via
attitude stabilization.

In both cases (the hierarchical controller and trajectory tracking via attitude stabilization), the
disturbances affect the quadcopter position, but within acceptable boundaries, which allow the
quadcopter to not lose track of the reference trajectory. In conclusion, the robustness of all proposed
controllers was tested and validated in spite of disturbances. The objective of developing an effective
and robust trajectory tracking control system for a quadcopter in the presence of disturbances has
been achieved.
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Abbreviations

The following abbreviations are used in this manuscript:

PD Proportional, Derivative

PID Proportional, Integral, Derivative
GA Genetic Algorithm

RM Reference Model

RMHC Reference Model besed Hierarchical Controller
GAHC  Genetic Algorithm besed Hierarchical Controller
TTRM  Trajectory Tracking by using Reference Model
TTGA  Trajectory Tracking by using Genetic Algorithm
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