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1. INTRODUCTION

Unmanned aerial vehicles are commonly used in a variety of applications, including indoor or
outdoor surveillance, remote inspection and hostile environment tracking. Quadrotor is emerging as
a common platform among UAVs owing to its greater capacity for payload and greater maneuverability for
single-rotor. In addition, quadrotor has a number of benefits in regards to structure, cost and motion control
compared to traditional helicopters. Quadrotors have therefore received increased attention among
researchers and engineers, and have also become a promising alternative for multiple unmanned military
and civilian apps. However, quadrotor UAV has significant science and engineering issues due to its
characteristics including underactuation, unknown nonlinearities, multivariable and high coupling. Quadrotor
control is therefore becoming quite complicated and hard, primarily because of its underactuated
characteristics and nonlinearities.

It is known that the quadrotor is volatile. Hence, the attitude and altitude stability problems are
the primary goals for most research in this sector. Some of the methods used to control the quadrotor
platform are the proportional-integral-derivative (PID) control [1-3], linear quadratic regulator (LQR)
control [4-6], sliding mode control [7-9], feedback linearization control [10-12], fuzzy logic (FL)
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control [13-15] and backstepping control [16-18]. In this paper, the quadrotor helicopter's stability issue
is regarded. The altitude is selected as controllable DOF, along with three angles of attitude, roll-pitch-yaw.
The dynamic model that describes the movements of the quadrotor helicopter and takes into account
the different parameters that influence the flying structure dynamics is presented. Thereafter, a backstepping
approach-based control technique is created. The backstepping control system is a non-linear control method
based on the theorem of Lyapunov. Due to its recursive design and systematic methodology,
the backstepping control design methods got many attention [19-23]. Unlike the feedback linearization
technique with issues such as the precise model requirement, the backstepping strategy provides a choice of
design instruments to accommodate nonlinearities. The benefit of backstepping compared to other control
techniques is its flexibility in design because of its recurrent use of Lyapunov functions. The backstepping
model concept is to pick a suitable variables state recursively to be a virtual inputs for the general system's
reduced dimension subsystems and for each stable virtual controller, the Lyapunov functions are designed.
The stability of the overall control system is therefore guaranteed by the designed actual control law.

Even though the backstepping technique can provide a systematic building process for controller
design, it is not simple to achieve satisfactory output due to the arbitrary selection of controller parameters
acquired by the backstepping technique. In order to achieve a good result, it is essential to select appropriate
parameters because the incorrect choice of parameters can give a poor results and sometime cause system
unstable. It is also possible to select the parameters appropriately, but it is not feasible to say that the ideal
parameters are selected. In this work, GSA is used to calculate off-line the ideal parameters for the quadrotor
system backstepping controller. This study mainly contributes to the backstepping control design approach
utilizing GSA to maneuver a quadrotor UAV.

2. QUADROTOR DYNAMIC MODEL

The quadrotor UAV comprises of four-rotors in cross-configuration, as shown in Figure 1.
The dynamic equation of movement of the attitude could be deduced from the Euler equation, that could be
formulated as follows [24]:
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Figure 1. The quadrotor UAV configuration
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3. BACKSTEPPING CONTROL OF QUADROTOR

Only the altitude and angular movement (roll-pitch-yaw) are selected as four controllable
degrees-of-freedom (DOF) in this study. The dynamic model (1) can therefore be formulated as outlined
below in a nonlinear dynamic equation:

X=fX)+gX)u )
where u the input and X the state vector defined below:

(u = [ug up ug uy|” (3)

X=[uxsxs%,]" =[z¢09]" (4)
From (1) and (4), the nonlinear functions f(X) and g(X) can be composed appropriately as:

Y ;= 0 0 0
f(x>=|/9¢“1_9azﬂd\| g(x>=|/u° by 0 0\l (5)
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where a; = (Iyy - IZZ)/IXXI az zjr/IXX! az = (Izz - Ixx)/lyy! Ay = ]T/Iyy » Qs = (Ixx - Iyy)/lzza
by = /Ly, by = /1, by = 1/1,,,u, = (cycp).

The control objective is to plan a reasonable control law for (2) so that the state direction X can track
a wanted reference direction X; = [x;4 X34 Xs4 X74]7-

The development of the backstepping control is defined:

Step 1: Error is defined:

€1 =X1a~ X1 (6)
where x, 4 is the required path indicated by the reference. The tracking error derivative can then be described as:
€ =Xg— % (7)

The first feature of Lyapunov is selected as:

1
Viler) =5ef (®)
The derivative of V] is:

V1(e1) =eé; = e (X1q - %) )

X, could be seen as a virtual control. The required virtual control value recognized as a stabilizing feature can
be set as:

a; = de + k1€1 (10)

where k, is a +ve gain and ought to be decided by the GSA.
By substituting its required value for virtual control, (9) then turns into:

Vi(e)) = —k,e2<0 (11)
Step 2: The deviation from the required value of the virtual control can be described as:

ey =X — 0 =X —X1q0 — K1€4 (12)
The derivative of e, is expressed as:

é2=551—d1

= f(xl) + g(x1)u1 - xld - k1é1 (13)
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The second Lyapunov function is selected as:

1 1
Vy(er,ep) = 5312 + 5322 (14)

The derivative of (14) is:

Vz(ei' €;) = e1é1 + €6,
=e1(X1q ~ X1) + (¥ — dy) (15)
=ej(—e; —kie)) + e, (f(xy) + g(x)uy — X140 — ke éy)
= —kief +e;(—e; + f(x1) + g(x)uy — ¥1q — k1€y)

Step 3: For V,(ey, e,) < 0, the u, is chosen:

1
= s (el g = £ ()~ Kae) (19

where k, is a +ve gain and ought to be also decided by the GSA. Replacing (16) in (15), then:
V,(e;,e;) = —k,e? — k,e? = —ETKE <0 17)

where E = [e; e,]7 and K = diag(ky, k,). Since V,(e;,e,) < 0,V,(e;,e;,) is negative semi-definite.
Hence, the system will be stabilized by (16).

4. OPTIMAL BACKSTEPPING CONTROL

A controller (16) was intended to stabilize the subsystem in the past section. The coefficients ki, k,
are parameters of control and must be positive in order to meet stability criteria. These parameters are chosen
by trial and error in the standard backstepping technique. To overcome this limitation, the GSA is used to
choose the optimal control parameters value. To select the best parameters of backstepping controller,
the GSA is used off-line and controller performance differs with adjusted parameters. The quadrotor system
consists of four subsystems, as mentioned above. Thus, there are eight control parameters to be chosen at
the same time. An integral absolute error (IAE) is used in this work to assess the controller's performance.
The index IAE is defined as below [25]:

IAE = f le(t)| dt (18)
0

Since the system is consists of four subsystems, a vector IAE for the whole scheme is therefore considered
asIAE; = [IAE, IAEg 1AEp IAEy], where the subscripts are signified for altitude, roll, pitch and yaw
subsystem, respectively. GSA aims at minimizing the fitness function J, stated as:

J=1AE; W (19)

Where W =[W, W, Wy W,]T is weighting-vector utilized to establish the importance of
the several parameters and “W” changes in the range of 0-1. Same weights for the four objectives to be
achieved are considered in our case to indicate the error indexes minimizations are correspondingly essential.
The time-domain simulation is performed for the simulation period, t for the fitness function calculation.
This fitness function needs to be minimized in order to expand the system response in terms of the settling
time, overshoots and steady-state errors.

5. SIMULATION RESULTS

The performance of the suggested strategy is assessed in this section. The parameters values of
the quadrotor used in the simulations are given as [26]: m=0.5 kg, 1=0.2 m, g=9.81 m/s?, IXX:IW:4.85><1O'3
kgm?, 1,,=8.81x107 kgm?, b=2.92xx10° Ns?, d=1.12xx10" Nms?. Then, GSA is utilized to tune the backstepping
control parameters. The following values are allocated in this research for optimization of controller parameters:
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The number of agents (masses)=15;

The search space dimension=8 (i.e., kj—;_g);

The parameters searching ranges are restricted to [0, 15];
The number of maximum iteration=20;

Optimization process is repeated for 20 times;

The simulation time, t is equal to 10s;

Do OO0 o

The best optimized controller value is selected among the obtained finest value. Figure 2 shows
the range of the fitness function and the iterations number. In the meantime, the evolution of the control
parameters is shown in Figure 3 over the iteration number. The GSA technique can prompt convergence

and achieve desired fitness value through about 20 iterations.

5 T
S Ot S O S SO
g
o U S N DU U 10U SUO RO OO SO OO
7]
.E
i 327e-007 [ e e R R _
H—'—'—\ ¥ : ¥ 20
| H | H H ¥ 4.933e-003 ¥ 4.933e-003
0 | | | | [ )
1] 2 4 G g 10 12 14 16 18 20
Iteration
Figure 2. Fitness function with iterations number
155 T T
e
5
E
g
=z
(=5
=
2

Tteration

Figure 3. Control parameters versus iterations number
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To investigate the efficacy of the suggested optimal backstepping controller, two simulation studies
were conducted on the quadrotor. The first simulation is conducted for stabilizing problem and the second
is performed to investigate attitude tracking problem.

5.1. Simulation experiment 1: stabilizing problem

The altitude/attitude control experiment is implemented in this simulation. The quadrotor is required
to achieve and hold at a desired altitude/attitude. The desired altitude/attitude are set
at x;q = [z4, Pa, 04,W4] = [15,0,0,0]7. The initial states are set toz =0, ¢ = 0.2,0 = 0.2 and y = 0.2.
By using the proposed OBC, it can be seen that the quadrotor can fly toward the desired altitude and manage
to maintain at the desired altitude/attitude as shown in Figure 4. It can be also observed in Figure 4,
the attitude converges quickly to stabilize the quadrotor.
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Figure 4. Altitude/attitude response

5.2. Simulation experiment 2: attitude tracking problem

The attitude tracking control experiment is conducted in this simulation. The quadrotor is required
to track a desired reference signal. The sinusoidal signals are utilized as a trajectory to the attitude angles.
It can be observed in Figure 5, the quadrotor manages to follow the trajectories efficiently. The findings also
indicate that, the OBC manage to give a satisfactory tracking performance since the tracking error is small.
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Figure 5. Attitude tracking response
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6. CONCLUSION

In this paper, the application of an optimal backstepping controller for maneuvering a quadrotor
UAYV is successfully demonstrated. First, the quadrotor's mathematical model is introduced. The optimal
backstepping controller is then developed in which the controller can select the parameters automatically via
GSA. To ensure the system's stability, the backstepping control design is based on the Lyapunov function.
Finally, the OBC is applied for a quadrotor UAV stabilization and trajectory tracking missions. The results
indicate that the suggested control scheme can achieve a good transient and tracking response.

ACKNOWLEDGEMENTS
The authors would like to thank Universiti Teknologi Malaysia (UTM) under the Research
University Grant (R.J130000.2651.17J42) for supporting this research.

REFERENCES

[1] A. Noordin, M. A. M. Basri, Z. Mohamed, and A. F. Z. Abidin, “Modelling and PSO Fine-tuned PID Control of
Quadrotor UAV,” International Journal on Advanced Science, Engineering and Information Technology, vol. 7,
no. 4, pp. 1367-1373, 2017.

[2] A.Noordin, M. A. M. Basri, and Z. Mohamed, “Sensor fusion for attitude estimation and PID control of quadrotor
UAV,” International Journal of Electrical and Electronic Engineering and Telecommunications, vol. 7, no. 4, 2018.

[3] A. R. Al Tahtawi and M. Yusuf, “Low-cost quadrotor hardware design with PID control system as flight
controller,” TELKOMNIKA Telecommunication, Computing, Electronics and Control, vol. 17, no. 4,
pp. 1923-1930, 2019.

[4] Y. Sun, N. Xian, and H. Duan, “Linear-quadratic regulator controller design for quadrotor based on pigeon-inspired
optimization,” Aircraft Engineering and Aerospace Technology, vol. 88, no. 6, pp. 761-770, 2016.

[5] E. Okyere, A. Boushaine, G. T. Poyi, A. K. Joseph and J. M. Andrade, "LQR controller design for quad-rotor
helicopters," in The Journal of Engineering, vol. 2019, no. 17, pp. 4003-4007, June 2019.

[6] S.F. Ahmed, K. Kadir, and M. K. Joyo, “LQR based controller design for altitude and longitudinal movement of
quad-rotor,” Journal of Applied Sciences, vol. 16, no. 12, pp. 588-593, 2016.

[71 A. Noordin, M. Basri, and Z. Mohamed, “Sliding mode control for altitude and attitude stabilization of quadrotor
UAV with external disturbance,” Indonesian Journal of Electrical Engineering and Informatics (IJEEI), vol. 7,
no. 2, pp. 203-210, June 2019.

[8] A. Eltayeb, M. F. Rahmat, M. A. Mohammed Eltoum and M. A. Mohd Basri, "Adaptive Fuzzy Gain Scheduling
Sliding Mode Control for quadrotor UAV systems,” 2019 8th International Conference on Modeling Simulation
and Applied Optimization (ICMSAQ), Manama, Bahrain, 2019, pp. 1-5.

[91 N. Ahmed and M. Chen, “Sliding mode control for quadrotor with disturbance observer,” Advances in Mechanical
Engineering, vol. 10, no. 7, pp.1-16, 2018.

[10] Z. Yaou, Z. Wansheng, L. Tiansheng, and L. Jingsong, “The Attitude Control of the Four—Rotor Unmanned
Helicopter Based on Feedback Linearization Control,” WSEAS Transactions on Systems, vol. 12, no. 4,
pp. 229-239, 2013.

[11] Mauricio Alejandro Lotufo, Luigi Colangelo, and Carlo Novara, “Feedback Linearization for Quadrotors UAV,”
arXiv preprint arXiv:1906.04263,pp. 1-4, 2019.

[12] A. Aboudonia, A. El-Badawy, and R. Rashad, “Disturbance observer-based feedback linearization control of an
unmanned quadrotor helicopter,” Proceedings of the Institution of Mechanical Engineers, Part I: Journal of
Systems and Control Engineering, vol. 230, no. 9, pp. 877-891, 2016.

[13] A. Prayitno, V. Indrawati, and G. Utomo, “Trajectory tracking of AR. Drone quadrotor using fuzzy logic
controller,” TELKOMNIKA Telecommunication Computing Electronics and Control, vol. 12, no. 4, pp. 819-828, 2014.

[14] L. Yu, J. Chen, Y. Tian, Y. Sun, and L. Ding, “Fuzzy logic algorithm of hovering control for the quadrotor
unmanned aerial system,” International Journal of Intelligent Computing and Cybernetics, vol. 10, no. 4,
pp. 451-463, 2017.

[15] V. Indrawati, A. Prayitno, and T. Kusuma Ardi, “Waypoint navigation of AR. Drone quadrotor using fuzzy logic
controller,” TELKOMNIKA Telecommunication Computing Electronics and Control, vol. 13, no. 3, pp. 381-391, 2015.

[16] X. Huo, M. Huo, and H. R. Karimi, “Attitude stabilization control of a quadrotor UAV by using backstepping
approach,” Mathematical Problems in Engineering, vol. 2014, 2014.

[17] E.C. Suigmez and A. T. Kutay, “Path tracking control of a quadrotor UAV with backstepping method,” Journal of
Aeronautics and Space Technologies, vol. 7, no. 2, pp. 1-13, 2014.

[18] M. A. M. Basri, M. S. Z. Abidin, and N. A. M. Subha, “Simulation of Backstepping-based Nonlinear Control for
Quadrotor Helicopter,” Applications of Modelling and Simulation, vol. 2, no. 1, pp. 34-40, 2018.

[19] A. Ba-razzouk, M. Guisser, E. Abdelmounim, and M. Madark, “Backstepping based power control of a three-phase
single-stage grid-connected PV system,” International Journal of Electrical & Computer Engineering, vol. 9, no. 6,
part 1, pp. 4738-4748, 2019.

[20] K. Bouzgou, B. Ibari, L. Benchikh, and Z. Ahmed-Foitih, “Integral backstepping approach for mobile robot
control,” TELKOMNIKA Telecommunication, Computing, Electronics and Control, vol. 15, no. 3, pp. 1173-1180, 2017.

Optimal backstepping control of quadrotor UAV using gravitational ... (M. A. M. Basri)



1826 O ISSN: 2302-9285

[21] M. El Malah, A. Ba-Razzouk, M. Guisser, E. Abdelmounim, and M. Madark, “Backstepping Control for MPPT and
UPF of a Three Phase Single Stage Grid Connected PV System,” International Journal of Robotics and
Automation, vol. 7, no. 4, p. 262-272, 2018.

[22] V. T. Ha, N. D. N. Le Trong Tan, and N. P. Quang, “Backstepping control of two-mass system using induction
motor drive fed by voltage source inverter with ideal control performance of stator current,” International Journal
of Power Electronics and Drive Systems, vol. 10, no. 2, pp. 720-730, June 2019.

[23] S. Hassan, B. Abdelmajida, Z. Mourad, S. Aicha, and B. Abdennaceur, “PSO-Backstepping controller of a grid
connected DFIG based wind turbine,” International Journal of Electrical & Computer Engineering, vol. 10, no. 1, part 2,
pp. 856-867, 2020.

[24] T. Oba, M. Bando, and S. Hokamoto, “Controller Performance for Quad-Rotor Vehicles Based on Sliding Mode
Control,” Journal of Robotics and Mechatronics, vol. 30, no. 3, pp. 397-405, 2018.

[25] P.B. de Moura Oliveira, E. S. Pires, and P. Novais, “Gravitational search algorithm design of Posicast PID control
systems,” in Soft Computing Models in Industrial and Environmental Applications: Springer, Berlin, Heidelberg,
pp. 191-199, 2013.

[26] H. Voos, "Nonlinear control of a quadrotor micro-UAV using feedback-linearization," 2009 IEEE International
Conference on Mechatronics, Malaga, 2009, pp. 1-6, doi: 10.1109/ICMECH.2009.4957154.

BIOGRAPHIES OF AUTHORS

Mohd Ariffanan Mohd Basri received the B.Eng. and the M.Eng. Degree in Mechatronics
Engineering from Universiti Teknologi Malaysia in 2004 and 2009 respectively. He also
received the Ph.D. in Electrical Engineering from Universiti Teknologi Malaysia in 2015. He is
currently a Senior Lecturer in Department of Control and Mechatronics Engineering of
Universiti Teknologi Malaysia. His research interests include Intelligent and Nonlinear
Control Systems.

Aminurrashid Noordin received the B.Eng. and the M.Eng. Degree in Mechatronics
Engineering from Universiti Teknologi Malaysia in 2002 and 2009 respectively, where he is
currently working toward the Ph.D. in the Department of Control and Mechatronics Engineering
of Universiti Teknologi Malaysia (UTM). Since 2011, he has been with Department of Electrical
Engineering Technology, Faculty of Electrical and Electronic Engineering Technology of
Universiti Teknikal Malaysia Melaka where he is currently a Senior Lecturer. His research
interests include Nonlinear Control System, Robotics and Embedded System.

Bulletin of Electr Eng & Inf, Vol. 9, No. 5, October 2020 : 1819 — 1826



