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Abstract

This paper presents backstepping control and backstepping constraint control approaches for a quadrotor unmanned
aerial vehicle (UAV) control system. The proposed methods are applied to a Parrot Mambo drone model to control
rotational motion along the x, y, and z axes during hovering and trajectory tracking. In the backstepping control
approach, each state of the system controls the previous state and is called “virtual control.” The last state is con-
trolled by the real control input. The idea is to compute, in several steps, a control law that ensures the asymptotic
stability of the system. The backstepping constraint control method, based on barrier Lyapunov functions (BLFs),
is designed not only to track the desired trajectory but also to guarantee no violation of the position and angle
constraints. Symmetric BLFs are introduced in the design of the controller. A nonlinear mathematical model is
considered in this study. Based on Lyapunov stability theory, it can be concluded that the proposed controllers can
guarantee the stability of the UAV system and the state converges asymptotically to the desired trajectory. To make
the control robust, an adaptation law is applied to the backstepping control that estimates the unknown parameters
and ensures their convergence to their respective values. Validation of the proposed controllers was performed by
simulation on a flying UAV system.

1. Introduction

Unmanned aerial vehicles (UAVs) can fly autonomously and are useful for applications such as inspec-
tion of areas dangerous to humans, detection of toxic gases or radiation, and monitoring in sectors such
as agriculture, mining, and construction. They can also be used for aerial photography and even for
pizza or parcel deliveries. Great interest in these flying robots, commonly called drones, has motivated
a considerable body of research to improve their movement control. Studies have shown that the quadro-
tor UAV configuration is superior to others, due to its structural simplicity, reduced size, low weight,
and capacity for vertical takeoff and landing. A wide variety of UAVs are now available, but the newest
and most popular of these are quadrotors. Due to their compact mechanical structure and low weight,
they can be deployed in very complex environments. However, the flying robot remains a nonlinear,
multivariable, coupled, and underactuated system. Therefore, its control system warrants further study,
if it is to be stable and robust. Recently, many control strategies have been developed and applied for
UAV stabilization and trajectory tracking, including feedback linearization (FBL) [1], [2], model pre-
dictive control (MPC) [3], [4], and [5], sliding mode control (SMC) [6], [7], adaptive control [8], [9],
and backstepping [10], [11], to name a few.

The authors of ref. [12] used an FBL-based method for the attitude and altitude control dynamics
of the nonlinear inner loop, and a linear quadratic regulator (LQR) with an integral action for the outer
loop of an UAV, to follow a predefined trajectory. However, the FBL-based controller is quite sensitive to
sensor noise as well as modeling uncertainty. FBL and LQR methods were applied in ref. [2] to analyze
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and stabilize a quadrotor UAV system. Particle swarm optimization was used to achieve the optimal
weighting matrices of LQR such that the composite controller can reduce the amplitudes of system con-
trol inputs. In ref. [13], the authors applied MPC to obtain a precise trajectory in the presence of forcible
wind gusts. The MPC approach is useful because of its optimal tracking characteristics [14]. In ref.
[15], the authors empirically compared two control strategies, the nonlinear model predictive controller
(NMPC) and the differential-flatness-based controller, by tracking a wide variety of agile trajectories.
Comparisons were performed in both simulation and real-time environments to systematically evaluate
both methods in terms of their tracking accuracy, robustness, and computational efficiency. The compar-
isons showed the superiority of the NMPC in tracking trajectories, at the cost of higher computation time
and a risk of numerical convergence issues. A saturated adaptive SMC strategy was presented in ref.
[16] for attitude and altitude stabilization of a quadrotor UAV, taking input saturation into consideration.
Compared to conventional control strategies, this approach provided superior tracking performance and
disturbance and uncertainty rejection. An adaptive fuzzy gain-scheduling SMC for attitude regulation
of a quadrotor UAV with parametric uncertainties and external disturbances was considered in ref. [17].
A continuous SMC with exponential convergence, combined with a finite-time sliding mode observer
estimating full states and identifying disturbances, was proposed in ref. [18]. A nonsingular fast terminal
(SMC) was suggested in ref. [19] to avoid singularities and achieve tracking control of a quadrotor with
actuator faults. A robust adaptive nonsingular fast terminal (SMC) was designed in ref. [9] for attitude
and displacement tracking control of a quadrotor subjected to unknown modeling errors.

In ref. [20], a backstepping controller was proposed to control the altitude and attitude of quadrotor
systems. Controller validity was ensured by the Lyapunov function, and simulation results showed a high
precision transient and tracking response. In ref. [21], a backstepping controller for quadrotor tracking
based on a neural network approach was proposed in the presence of uncertainties. A nonlinear controller
combining the SMC technique for the attitude subsystem (inner loop) and the backstepping control
technique for the position loop until desired attitudes are obtained was proposed in ref. [22]. In addition,
an adaptive observer-based fault estimation scheme was considered for takeoff mode. Simulations were
conducted to demonstrate the effectiveness of the designed robust nonlinear controller and the fault
estimation scheme. In ref. [5], a finite-time adaptive integral backstepping fast terminal sliding mode
control (FTSMC) was presented for the purpose of finite-time attitude/position tracking control of a
quadrotor under model uncertainty and external disturbance. In ref. [23], an adaptive control strategy,
based on the modified function approximation technique, was proposed for a manipulator robot with
unknown dynamics. This strategy applies the backstepping control approach and uses state and output
feedback to control the manipulator trajectory.

One of the issues in controlling a dynamical system is handling constraints. Various tools have been
developed for this purpose, including tools for nonlinear systems. Recently, barrier Lyapunov functions
(BLFs) were proposed to handle constraints, driven by the technique of tailoring the Lyapunov function
according to the requirements of the problem. In order to solve the above-mentioned problems, various
control approaches have been proposed. In ref. [24], a BLF-based control method taking output con-
straints into consideration was presented for a quadrotor, and a satisfactory tracking performance was
achieved in steady state. A BLF-based finite-time backstepping control of a quadrotor with full state
constraints was considered in ref. [25]. To prevent constraint violation, [26] used a BLF, which adapts
to infinity when its arguments approach the desired limits. Using a BLF guarantees that these limits
will never be reached. In refs. [27] and [28], a governor method was designed to satisfy the constraints
of uncertain nonlinear systems, in which the input of the closed loop system is the reference signal,
and modification of the reference signal does not violate the state and control constraints. In ref. [29],
BLF-based robust backstepping control was applied to Multi-rotor unmanned aerial vehicles (MUAVs)
to counter external disturbances. Finite-time stabilization using BLF was achieved in ref. [30] in the
presence of parametric uncertainties. The integral BLF was used in conjunction with backstepping and
vision-based control in ref. [31] to restrict drastic attitude motion. In ref. [32], BLF-based backstep-
ping was implemented on a quadrotor and its performance compared to a proportional, integral and
derivative controller (PID) and a SMC. Some recent developments have been made in the design of
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Figure 1. Quadrotor structure, forces, angles, and frames (Parrot Mambo).

SMCs for output-constrained systems. A second-order SMC for an output-constrained system under
external disturbances was developed in ref. [33]. This approach based on BLF and finite-time conver-
gence was attained while the system output remained within the desired constraints. In this paper, we will
apply backstepping control and backstepping constraint control approaches for a UAV quadrotor control
system. The objective is to find a control technique that solves the problem of tracking the reference
trajectory while respecting a set of constraints. Motivated by the statement and challenges presented
above, the main contributions of this paper can be summarized as follows:

« Based on the above methods, BLF is introduced into quadrotor dynamics to solve the problem
of desired trajectory tracking with position and angle symmetric constraints. Using the BLF
method, improved controller performance and outputs were limited within constraints.

« Lyapunov-based analysis is employed to prove that the proposed control design makes the UAV
track the desired trajectory.

o A comparative study between the three methods is conducted, illustrating the advantages of each
technique. The simulation results show that our BLF control algorithm is more effective than the
classical and adaptive backstepping control algorithms.

This paper is organized as follows. In Section 2, the kinematic and dynamic model of the quadrotor
is addressed. Section 3 presents the control objective. Section 4 introduces the backstepping control and
considers parametric uncertainty in the model. In Section 5, we extend the designs based on symmetric
BLFs. A comparison study of the different backstepping approaches is presented in Section 6. Section
6 presents and discusses the results of the numerical simulation. Finally, conclusions and possibilities
for future research are presented in Section 7.

2. Quadrotor dynamic

The study of how quadrotor movement evolves through space requires knowledge of both its position
and orientation. Its localization requires the choice of at least two references: a global reference frame
(Ry) and a local reference frame (R;) attached to the quadrotor’s center of gravity (Fig. 1). The quadrotor
is a flying robot with six degrees of freedom, three translations (x, y, z), and three rotations (¢, 6, ). The
transition matrix from the reference frame R, to the R; frame is given by the product of three successive
matrices and calculated by:

cOcyr  sOspcyr — sep  sOcpcy + srsd
Ryop = | cOsyr  sOspsy +cycep  sOcopsy — cfrsd (D)
—s0 cOsep clco

where ¢ = cos (.) and s = sin (.). For the quadrotor, a roll and pitch movement equal to 7 is excluded.
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Applying Newton’s law, the dynamics of the quadrotor is given by [34]:

X = %(s@ctpcqb—i—swsqﬁ)Ul

y = l(SGSWW—CWS(P)UI
m

7 = l(mg — U, cBco)
m
. 1 .. .
¢ = T [, — D)0y — 0w, + Us]
v = —[U.—1)0¢+ U]

~

@)

where (x, y, z) denotes the quadrotor’s motion along the x, y, and z axes, respectively, (¢, 6, ) denotes
the roll, pitch, and yaw angles, respectively, m denotes the mass of the quadrotor, and (/,, 1,, I,) denotes
the quadrotor vehicle’s moment of inertia. Quadrotors have four rotors at the ends of their four axes.
These rotors are used to control the machine by acting on their rotational speeds. U, denotes the heave
force of the quadrotor vehicle, and (U,, Us, U;) denotes the moments applied to the center of vehicle’s

mass. U;, U,, Us, U, can be expressed as follows [34]:

U =b (o} + 0} + o} +03)
Uzzbl(a)f—wg—wg—}—wi)
Us =bl (0?4 0} — 0} — )

Uy=d (-} + o} — o} + ?)

W, =Wy + W, — W — W3

3

where / is the distance between the center of mass and the rotation axis of the motors rotor, b represents
the lift coefficient, d represents the torque coeflicient, and (w,, w,, w;, ®,) are the rotational speed of the

rotors. Equation (2) can be rewritten in the state space form as:

X2
a\X4%6 + azxsw, + b U,
Xy
A4%:X¢ + AgXrw, + by Us
X6
axx4 + b3Uy
x=f(x,u)= X3
g — —cxiex3Uy
m

X10
1
_UxUl
m
X12

1
—U,U,
U,
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Figure 2. Control block diagram.
where u=1[U, U, Us, U]" is the input  torques vector, x=[x,...,xp]"=
[, 0,0,0,¢,v,2,2,x,%,y,y]" is the state vector, and
I, — I —J. 1
alzw’ a=—, b =—
I I I
(Iz - Ix) Jr 1
ay=———my, 6= —, b2 —_—
I)w y Iy
. —1) 1 1
a; = , by=—, b,=—
! I oy Tm

U, = cx;5x35%5 — sx1CX5, Uy = €X18X3CX5 + $X15X5

3. Control objective

The control objective of this paper is to design the control input u for the stratospheric UAV described
by (4) in the presence of unknown parameters or state constraints such that:

o The AUV position x, y, and z moves along the desired trajectory x,, y,, and z,, and the trajectory
tracking errors converge to a sufficiently small proximity to zero.

« The output constraint is not violated.

The control strategy of the quadrotor is illustrated in Fig. 2. The quadrotor is an underactuated system.
Four rotors are used to control six degrees of freedom. The control strategy is based on two loops of
control. The first is the internal control loop which controls roll ¢, pitch 6, yaw i, and altitude z as
shown in Fig. 2. The internal control loop uses the reference value to generate the proper control signal.
The second is the external control loop which controls the x and y position. The purpose of the external
control is to calculate the desired roll ¢, and the desired pitch 6, based on the desired position by using
the positions controls u,, u, and the desired yaw v,. The desired position (x,, y4, z,) and the desired yaw
¥, come directly from the user.

4. Backstepping control

In order that this paper be self-contained, the attitude control movements around the x, y, and z axes
and the attitude movement are elaborated in this section. The principle of backstepping is to divide the
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system into several sub-systems in a cascade form. The control laws are then made for each subsystem,
in a decreasing manner, until a global control law for the whole system is generated.

4.1. Control of movement around x axis

Our objective is to establish a command U, that will orient the quadrotor by the angle ¢. Considering
the first subsystem mentioned below:

)‘C] =X,

X = ayxyxe + azxaw, + b, U, (5)

« First iteration: To produce an output that follows a desired trajectory ¢,, we define the trajectory

error
ex] =¢d — X
éx] =¢d - -)'Cl (6)
We consider a positive definite Lyapunov candidate function V,(x):
1
Vl = —32
2
Its time derivative is
Vi= €y (Pa — %)
The state variable x, is then used as an intermediate command to satisfy the Lyapunov condition:
V 2
V] = _k] e o
with k; > 0. For this purpose, we define a virtual command x,,:
Xoa =QPq + ki€,
5C24 =¢d + klé)q (7)

o Second iteration: At this stage, a new error is generated:

€x, =Xoa — X2 = ¢'5d +kie, — ¢> (®)
éxZ :éd - 45 + kléxl (9)

From Egs. (6) and (8), we find
éx| =ex2 - kl ex| (10)

To eliminate this error, the Lyapunov candidate function V; is augmented by another term, which will
address the new error that was introduced earlier:

1
V=3 (e +e) (1)

Vo= ey o0 +enen, (12)
By replacing (9) and (10) in (12), we obtain
V, = e, (e,rz —k exl) + e, ((ﬁd -+ kléx])
=—kie} +e, (s — b+ ki (e, —kiey,) +e) (13)
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From (4), by replacing the expression of ¢ in (13), we obtain

Vo=—kie} + ey, (s — aixixs — asxw, — biUs + ki (e, — kiey,) +e) (14)
In order to satisfy the Lyapunov condition (Vs(ey, e,,) < 0), the following expression is used:
éd—a]x4x6 — azx,w, — byU, + k| (e,C2 — kxlen) +eq =—ke, (15)
with k, > 0. Then,
U, =bll [q’)d — a1 XX — A3 X4, + Ky (e,cz - klexl) +e, + kzen] (16)
so that
Vo=— (kiel, + kel ) <0 a7

By using Lyapunov theory, we conclude that the orientation error dynamics is asymptotically stable,
and that the orientation angle ¢ of the quadrotor follows asymptotically its desired angle.

4.2. Control of movement on y and 7 axes
Following the same procedure, we obtain

U, = _“_kx x_k\'7_x_kx
1 X cxs [g Zd 7(ex 7€y,) — €y, 3€ 3]
1 ..
U; = b_ [@1 — A4XoXs — AeXo W, + k3(eX4 - k3ex3) +e, + k4€x4]
2
1 ...
U, = b [Wd — 7%, X4 + ks(e,, — ksey)) + e, + k6ex(,]
3

Note that U, is not singular because, as previously mentioned, a roll and pitch movement equal to 7 is
excluded.

5. Adaptive backstepping

In this section, a backstepping adaptive control will be applied to a quadrotor system assuming unknown
parameters to ensure robustness. Adaptive backstepping is a technique where the control parameters vary
in real time to adapt to changes in the system dynamics. These changes can be due to modeling errors,
parametric uncertainties, or external disturbances.

5.1. Rotation cgmmand (around x axis)

Leta,, as, and b, be the estimates of a,, as, and b,, respectively. Then, the dynamics (4) becomes
X=x
= (51 +al) X4X6 + ('673 —i—/a}) X4, + (Zl +Z;l) U,

with: 51 =da, _,671,53 =dasj _’6?3, and bl :bl _bl.

« First iteration: The first iteration follows the first iteration as in the regular backstepping above,
that is, Egs. (6) and (7) are the same.

o Second iteration: At this stage, a new error is generated:
ex2:x2d_x2:¢d_¢+klexl (18)

by =0s— ¢ +kié, (19)
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From Egs. (6) and (18), we obtain

e, =e, — ke, (20)

X2

From Egs. (4), (19), and (20), we obtain
éxz = éd - (b. + kxl (e.\'Z - kle)c])

= fb'd — (@ +a)) x4x6 — (@3 + a3) 00,

— (b1 +51) Us + ka (e, — kiey,) 1)

To develop the adaptation law of @, and the control input U,, we make a change of variable, such that
bl Uz = Uz - bl U2. Then

e, = ba — @ +3a) xax6 — (d@3 + @) X400,
— U, +bU, +ky (e, — kiey,) (22)
We choose U, of the following form:
Uz =V _’a\lx4x6 —a3x460r + Q‘b.d +ky (exz - klexl) (23)

where v, is a function that depends on ¢,, and e,, which will be determined later. Substituting U, in (22),
we obtain the following expression:

€, =~ —+ Z]ﬁz — EI.X4.X6 — 53X4(1)r (24)

The Lyapunov candidate function V, is defined as:

1 1
V,= 5 (e2 +¢€) +5 (@ +a; + b)) (25)

where y is a positive constant. The time derivative of V, is
' . . | A ~ ~
Vo=e, e, +e e, +— (alal +asa; + blbl)
14

~ — 1,{,
=€y (exz — kﬂexl) — €, + b] <U2€X2 + ;b])

~ | ~ |
—a, <ex2x4x6 — —a1> — (ex2x4w,. — —a3> (26)
v 14

To satisfy the Lyapunov condition V, < 0, we obtain the following conditions:

V) =€y, + kzexz with k2 >0
il = _vaC‘xz (27)
a) =Y XyXe€x,
’53 = y-x4wrex2
Replacing the expression of v, from (27) in (23), we obtain the following command expression:
U,= ‘ﬁd — A\ XX — Uy X40, + €, + koe,, +k (exz — klexl) (28)

and the derivative of V, becomes

Vo =k — ke 29)

By using Lyapunov theory and LaSalle theorem, we conclude that the orientation error dynamics is
asymptotically stable, and that the orientation angle ¢ of the quadrotor follows asymptotically its desired
angle.
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5.2. Control movement around y and 7 axis
Following the same procedure, the controller of attitude 6 is as follows:
{_]3 = éd —AyXoXg — AeXow, + €3 + k4ex4 + ks (€X4 - kse;q)
Ez = _Vl_jse.x3 (30)
Ay = Y XoXe€y,
36 =YX,w,e,,
The controller of attitude v is as follows:
U“ = &d —a7x2x4 + e+ ks (ex(, - ksexs) + k6e:(f,
53 = _VU4ex6 (31)
@ = yxxe,
The controller of altitude z is as follows:
vl =€y — kxgexg +Zitgt+k (exg - k7€X7)
ZZ = )/Uxe,Cs (32)
b. = bycxicx;

The controller in the x direction can be expressed as follows:

vx = e)(g - klOe)qo +xd + k9 (exm - k9exg)

bo=yUe, (33)
bx == b4 U]
The controller in the y direction can be expressed as follows:
.vy =e,, —kney, + Vi + ki (em - kllex”)
by=yUe., (34)

b, = b,U,

6. Control design of BLF

In this section, control design and analysis are presented for the quadrotor model. We consider the case
where the system model is known. The control design is based on backstepping, employing a BLF
candidate in the first step and quadratic Lyapunov function candidates in the remaining steps.

6.1. BLF PRELIMINARIES:

To better establish constraint compensation and performance boundaries, and to make the paper more
self-contained, we recall here the following definitions, assumptions, and lemma.

Definition [26]: A BLF is a scalar function V(x), defined with respect to the system x = f(x, ) on
an open region €2 containing the origin, that is, continuous, positive definite, has continuous first-order
partial derivatives at every point of €2, has the property V(x) — 400 as x approaches the boundary
of Q, and satisfies V(x(r)) < b, Vt > 0, along the solution of x = f(x, r) for x(0) €  and some positive
constant b.

A BLF should be symmetric or asymmetric according to the boundary character, which is shown in
Fig. 3.

Assumpt_ion 1. [35]: For any K,, > 0, there exists positive constants Y,,Y,, Y, and Y, satisfying
max{Y,, Yo} <k, such that the desired trajectory y,(t) and its time derivatives satisfy =Y, < y,(t) <Y,
and |y,(0| <Yy, Va0 =Y,, V1 =0. U
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Figure 3. Symmetric (left) and asymmetric (right) barrier Lyapunov function.

Lemma 1. [36]: For any positive constants k,,, ky, let x; ={x, €R, k, <x; <k, } CRand N:=R' x
x1 C R"*'be open sets. Consider the system
n=nhn,1

where n = [w,x;] €N, and h: R, x N— R"! is piecewise continuous with respect to t and locally
Lipschitz with respect to n, uniformly with respect to t, on R, x N. Suppose that there exist functions
U:R' x R, and V,:x; — R, continuously differentiable and positive definite in their respective domains,
such that

Vi(x;) = 00 as x; = —k,, or x; = k,,

rlel)=U@ =pnlel)

where y, and y, are class K™ functions. Let
V(i = Vi) + U(w)
and x,(0) € x,. If the inequality

av
V=—h<—-cV+5b
an

holds in the set n € N and c, b are positive constants, then x,(t) remains in the open set x;, vVt € [0, ool[.

6.2. Control design with a BLF

o First iteration: Denote e, = x| — @y, e, = X3 — Oy, € =X5 — Yy, €, = X7 — Zg, €4y = Xg — Xy, €y, =
Xy1 — yq as the tracking errors, and e,,, = xy — @y, Yi=1, ..., 6 as virtual errors, where «,; is a virtual
control function. By selecting the symmetric BLF

v 11 & +11 &
=—=lo —1lo
BRIt P R )
1 & 1 &
=1 R =1 7
+20g<8§—e?>+20g<8$—e2>
X5 x7
1 & 1 &
-1 2 =1 —Uu 35
+2Og(sé—e§9>+20g<8ﬁ—e§“) 3)

where —é&,;_; and &,;_; are the symmetric constraints on e,,, ,, and each of these can be set independently,
depending on the upper and lower bounds of ¢,, 6,, ¥4, z4, X4, and y,. By taking the derivative of Eq.
(35), we get the following expression:
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V _ eX] e)q eX3 eX3 2535
1_82—2+82—2+82—2
17— € 3 € 5 €
+ Z7€x €19 €y €x1, €1y
2 2 2 2 2 2
& —e, & —ey &€

So, we can have

V. — exl (e,\'z + oy — ¢d) eX3 (e)c4 + oy — 911)
' & — e? * & — e
1 X 3 X3

O V) L enlen + s = )

2 _ 2 2 _ 2
& — e & — el
€y (Cr, T 010 —Xa) | ey (e, + 1 — Ya)
2 2 2 2
& — e en—e;,
Design the virtual controllers «,; as
2 2 i
(0% _kl (81 — exl) €y, + ¢d
2 2 3
oy = —k3 (83 — EXS) €y + 9,1
2 2 h
o = —ks (55 — eXS) e + Y
2 2 .
ag = —k; (87 - €X7) e, + 2
2 2 .
o= —ky (89 - exg) ey + X4

2 2 :
ap = —ky (811 —e )611 + Ya

X11

where k,;_, are positive constants. Equation (38) is substituted into (37) to obtain

v 2 2 2 2 2 2
Vl = —kleXl — k3€x3 — kSEXS — k7€x7 — kgexg — k“exu
+ ex] e)rz exg, ex4 eXs eXﬁ
2 _ 52 2 _ 52 2 _ 52
o eXl &3 6‘){3 [ €X5
€x,€xg €x9€xyy €116y,

+

2 2 2 2 2 2
&7 — €X7 &y — 6){9 & — ex”

When e,,, — 0, there is

6
Vl = — Z kz';le)z(zi—l < 0, Vvt > 0

i=1

Then, V, — 0 when ¢ — co. The second term of V, can be canceled in a later step.
e Second iteration: Define the Lyapunov function candidate as

1 6
V2=V1 + 5 Zeii
i=1
Differentiating Eq. (41), we can obtain
Vz = Vl + e, (bl U, + al(em + 014)(6‘):6 + ag)
+a3(6’x4 + ay)w, — dz) + e, (b,Us

tay(e,, + ar)(ey + ) + agle, +a)w, — )
+ ey (b;Us + a7(ex2 + Olz)(em + oty) — )

U .
+ ey <g - ZIC(% + ¢a)cley, +04) — 053)

U] . Ul .
+ €x10 ;Ux —op |+ €1y ;U) — Uy
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(36)

(37)

(38)

(39)

(40)

(41)

(42)


https://doi.org/10.1017/S0263574723000735

2952 Adel Khadhraoui et al.

The control law can be written as

m . ex7
Ul = kgeXS - Olg + 2
CX1CX3 &7 — e)ZW
[ . ey
U,= b —ke, +a, — — a,(e,, + ay)(ey, +ag) — as(e,, + o),
1 L 81 en
1 . ey,
Us=— | ke, + a4 — — — ay(e,, + ar)(e,, + o) — agle,, + ar)w,
bz &3 — e;
1| . ey,
U,= b_3 —ksey, +og — P —as(ey, + ar)(ey, +ay)
L x5

U, = ke, + o b
En— —Ri0 10 —
U o g2 —e?

U m k T+ €1
y = 77 | =Kin€x Qo — 5
U, 2 g, —e?

where k,; are positive constants. Equation (43) is substituted into (42) to obtain

12
Vo=—) kel <0
i=1

43)

(44)

By using Barbalat’s lemma, we conclude that the error e,, is asymptotically stable, and that the trajectory

of the quadrotor follows asymptotically its desired trajectory.

Remark 1.

1. U= Z?:lf,- with f; = bw?. b > 0 is a given constant and w; the angular speed resulting of motor

i. The system input is such U, > 0.

2. The axillary control inputs U, and U, are used to calculate the desired roll ¢, and desired pitch
04, then, the roll and pitch will be controlled in U,, Us. The desired roll and pitch are found as

[42], [43]:

¢, = arcsin (U, sin Y, — U, cos ¥,)
U, siny, — Uy cos ¥,
cos @y

6, = arcsin (

(45)

Proposition 1.Consider the closed loop system (4), (38) and (43) under Assumption 1. If the initial

conditions are such that e, (0) € {ex‘. e R lex, | < & }, then the following properties hold.

1. The signals e,(t) remain in the compact set defined by

@ =e, eR%ley, | <Dy lley, I = V2V:0)}

D, =gy V1 —e?2O®

where V, is the overall Lyapunov function candidate obtained from (35) and (41).

2. The output tracking error e,,  (t) converges to zero asymptotically,

2i—1

3. All closed loop signals are bounded.
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Table I. System’s parameters.

Parameters Value

m 0.063 kg

I 58.2857 x 10~°kgm?
I 71.9614 x 10~°kgm?
L 10~*kgm?

g 9.81 m/s?

1 0.0624 m

b 0.0107 Ns?

d 0.78264 x 10~°Nms?
J, 0.1021 x 10~°kgm?

Proof.
« From V, <0, it follows that V,(z) < V,(0)

Ly “o ) vy
f— O —
2 & ‘9;‘—1 —e2 -

X2i—1
Applying the exponential function, the following inequality can be obtained:
|exz,-,|(t)| <&V 1 —e 20
Similarly, from the fact that % ZG e < V,(0), we can show that |le,,, || < +/V(0).

i=1 “xp; —
¢ As can be seen in Eq. (42), V, is negative definite when the control law is (43). Thus, the
system is asymptotically stable. When ¢t — oo, e,, — 0. Based on Lemma 1, ¢,, , remains in
1 — &1, &2i-1[, V1 € [0, 00). Therefore, the constraints will never be violated.
« Since xZ_i*l(t) = exz,',l(t) + nd(t)’ Where Na = (¢d9 9d9 Wd’-xda Ya, Zd)T’ |ex2,;| (t)l = &1 and Z()(t) =<
n4(t) < Y(?), then,

[X2i1] < €24 + Yo(0)

The boundedness of e,, , and n, implies that the state x,;_; is bounded. Together with the fact
that 7,(¢) is bounded from Assumption 1, it is clear, from (38), that the stabilizing functions a»;
are also bounded. O]

7. Simulation results

In this subsection, numerical simulations are performed to illustrate the theoretical results of the previous
sections. The system’s parameter values (IS units) used for simulations are given in Table I.

In the simulation, the desired trajectories for the quadrotor are

x;=0 .ift<3s . 48)
x;=05sin(0.1) if 3<t<30s
ya=0 .z:ft<3s . 49)
v4=0.5sin(0.1)+0.5 if 3<r<30s

=1, ¥;=0

and all the initial values are set to zero.
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Figure 4. Real and reference positions (backstepping).
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Figure 5. Control heave force, roll, pitch, and yaw torque (backstepping).

7.1. Simulation results: Backstepping

In this section, we will present the simulation results of the backstepping method. In this implementation,

the controllers parameters are chosen by trial and error as follows:

ki =55k, =45,k; =52 ky=47,ks=2,ks=1.9

k7 - 27, kg - 14, kg - 28 klO - 13, k“ - 25, k12 - 25

Figure 4 shows the real and desired positions for the backstepping method. Figure 5 displays the control
signals. Figure 6 represents the real and reference trajectories of the quadrotor in 3D. Figures 7 and 8
show the time evolution of the tracking positions and attitude errors.
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Figure 6. Real and reference trajectories of quadrotor in 3D (backstepping).
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Figure 7. Position tracking errors (backstepping).

7.2. Simulation results: Adaptive backstepping

2955

In this section, we will present the simulation results of the adaptive backstepping method. The

parameters are chosen as follows:

ki =211,k =179, ky =211,ky =179
k5 - 201’k6 = 171, k7 :27, kg = 14
kg = 291,k10 = 131, kll = 57, k12 =45

Similarly, Figs. 9-13 show the real and desired positions, control signals, 3D trajectories, position

errors, and attitude errors, respectively, for the adaptive backstepping method.
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Figure 8. Attitude tracking errors (backstepping).
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Figure 9. Real and reference position (adaptive).

7.3. Simulation results: BLF control

In this section, we will present the simulation results of the BLF backstepping method. In the
implementation, the parameters are chosen as follows:

T T
:ﬁ 82:E 83:
84:3 85:5 8625

&
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Figures 14—18 show the time evolution of the real and desired positions, control signals, 3D
trajectories, position errors, and attitude errors, respectively, for the BLF method.

7.4. Results and comments

Figures 6, 11, and 16 show that the quadrotor is able to reach the desired position using the different
methods and strategies. Figures 7, 8, 12, 13, 17, and 18 show the errors between the real and reference
state variables. The position and attitude errors converge within a small proximity to zero.

Figures 5, 10, and 15 show the control forces U, and control torques U,, U;, and U, needed for
tracking stabilization of these different methods. Figure 10 indicates that these control inputs perform
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Figure 12. Position tracking errors (adaptive).
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Figure 13. Attitude tracking errors (adaptive).

sufficiently in driving the quadrotor along the desired trajectory under internal parameter uncertain-
ties. The tracking performance of the classical backstepping-based controller is quite similar to that of
the adaptive controller. However, less force is required in the BLF control method to ensure trajectory
tracking. For example, for heave force to stabilize the quadrotor, 0.6 N is needed using BLF control,
as compared to 0.8 N for the adaptive controller and 0.9 N for the classical backstepping controller.
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Figure 15. Control heave force, roll, pitch, and yaw torques (BLF).

Figures 4, 9, and 14 show the time evolution of the state variables x, y, and z. We can see that the inertial
position converges to the desired positions x,, y,, and z,. Using the adaptive or BLF method, we can
eliminate the error at position x in the classical backstepping method. From the simulation results, it is
evident that asymptotic tracking performance was achieved. Figures 4, 9, and 14 show that the quadrotor
can track the desired trajectory using backstepping or BLF methods. Using BLF, the trajectory of the
quadrotor converges to the desired value within 5 seconds.
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Figure 16. Real and reference trajectories of quadrotor in 3D (BLF).
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Figure 17. Position errors (BLF).

Figures 17 and 18 illustrate that the BLF controller offered good tracking performance, with the
actual positions and angles of the quadrotor always within the constraint range (0 0.5), and tracking
error falling strictly within the error constraints. Figures 17 and 18 indicate that the constraints are
never violated. The response time of the step response (Figs. 4, 9, and 14) is less than 5 seconds, and the
error approaches zero asymptotically. Table II show the values of the performance criteria of the root
mean square errors between real and reference states. For example, in the 2nd column of the table, the
quadratic error in the x-position is 78¢*m for the backstepping method, 8.6405¢*m for the adaptive
method, and 8.4716¢~*m for the BLF method. At the 5th column, the root mean square errors of the roll
angle ¢ for the classical backstepping method are 0.3445deg, and for the adaptive method the error is
1.6405¢*deg, while the error for the BLF method is 5.227¢ ?deg. The BLF control strategy achieves
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Table I1. Root mean square errors between real and reference states.

Strategy e, e, e. ey ey ey
Backstepping  78¢~* 1.9203¢*  4.4152¢=° 0.3445 01,037 6.4722¢712
Adaptive 8.6405¢~* 15¢7* 4.4042¢°  6.6111e™*  0.0182 5.9191e7"
BLF 8.4716e~* 16e™* 0.2692¢* 52278 5227¢ 8 52677
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Figure 18. Attitude errors (BLF).

the requirement: it has a smaller root mean square errors and no boundary violations. However, with
the backstepping and adaptive controllers, the boundary of the position and angle tracking errors are
violated.

For example, in contrast to the control effects of backstepping controller (Fig. 8) and adaptive
controller (Fig. 13), the BLF controller (Fig. 18) will not cause oscillation of the pitch angle.

Due to the constraint boundary, the BLF controller is more complex as well as computationally more
complicated than traditional backstepping or adaptive methods. However, when the constraint boundary
is taken into account, the motion position and angle range of the quadrotor are limited to a reasonable
range.

8. Conclusion

Backstepping techniques are employed in this paper to develop a tracking controller for an underactu-
ated quadrotor UAV. Two backstepping control approaches, a classical and an adaptative controller, are
presented, such that the tracking error converges to zero. A BLF-based backstepping control scheme
is proposed for quadrotors with full-state constraints. The BLF is constructed in each step of the
backstepping design to guarantee that the full-state variables of the quadrotor system are constrained.
Lyapunov-based analysis is utilized to prove that asymptotic tracking is achieved with minimal assump-
tion of UAV roll and pitch angles. Simulation results are provided to demonstrate the effectiveness of
the proposed method. The simulation results show that the BLF control algorithm is more effective than
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the classical and adaptive backstepping control algorithms. For future research, we will consider the
implementation of backstepping methods on a real quadrotor system and design of a robust controller
to counteract parametric uncertainties and disturbances.

Author contributions. A. Khadhraoui, A. Zouaoui, and M. Saad conceived and designed the study. A. Khadhraoui and A.
Zouaoui data gathering, simulation, and analyses. A. Khadhraoui and M. Saad wrote the article.

Financial support. This research was supported by the Natural Sciences and Engineering Research Council (NSERC) of Canada
under grants RGPIN-2018-04916.

Competing interests. The authors declare no conflicts of interest exist.

Ethical standards. Not applicable.

References

(1]
[2]
[3]
[4]
[5]
[6]
[7]

[8]
[9]

[10]
(11]
[12]
[13]
[14]
[15]

[16]
(17]

[18]
[19]
[20]
(21]
[22]

(23]

D. Lee, H. J. Kim and S. Sastry, “Feedback linearization vs. adaptive sliding mode control for a quadrotor helicopter,” Int
J. Cont. Autom. Syst. 7(3), 419-428 (2009).

C. Chung-Cheng and C. Yen-Ting, “Feedback linearized optimal control design for quadrotor with multi-performances,”
IEEE Access 9, 26674-26695 (2021).

M. Hossny, A. El-Badawy and R. Hassan. “Fuzzy Model Predictive Control of a Quadrotor Unmanned Aerial Vehicle,”
In: Proceedings ofinternational Conference on Unmanned Aircraft Systems, Athens, Greece (2020) pp. 1-4.

K. Mueller, M. Fennel and F. G. Trommer. “Model Predictive Control for Vision-Based Quadrotor Guidance,”
In: Proceedings of IEEE/ION Position,Location and Navigation Symposium, Portland, OR, USA (2020) pp. 50-61.

J. Wang, K. Alattas, Y. Bouteraa, O. Mofid and S. Mobayen, “Adaptive finite-time backstepping control tracker for quadrotor
UAV with model uncertainty and external disturbance,” Aerosp. Sci. Technol. 133, 108088 (2023).

Y. Liu, B. Jiang, J. Lu, J. Cao and G. Lu, “Event-triggered sliding mode control for attitude stabilization of a rigid spacecraft,”
IEEE Trans. Syst., Man, Cybern. Syst. 50(9), 3290-3299 (2020).

H. Khebbache, “Fault Tolerance via the Backstepping Method of Nonlinear Systems: Quadrotor-like UAV System
Application,” In: Master’s Degree Project (University Ferhat Abbas of Setif (UFAS), Algeria, 2018).

M. S. Mahmoud and M. Saad, “Robust adaptive multilevel control of a quadrotor,” IEEE Access 8, 167684—167692 (2020).
M. Labbadi and M. Cherkaoui, “Robust adaptive nonsingular fast terminal sliding-mode tracking control for an uncertain
quadrotor UAV subjected to disturbances,” ISA Trans. 99, 290-304 (2020).

A. Das, F. Lewis and K. Subbaro, “A modified backstepping control of quadrotor,” J. Itell. Robot. Syst. 56(1-2), 127-151
(2009).

J. Liu, W. Gai, J. Zhang and Y. Li, ““A nonlinear adaptive backstepping with ESO for the quadrotor trajectory tracking control
in the multiple disturbances,” Int. J. Control, Autom. Syst. 17(11), 2754-2768 (2019).

L. Martins, C. Cardeira and P. Oliveira, “Feedback linearization with zero dynamics stabilization for quadrotor control,”
J. Intell. Robotic Syst. 101(1), 1-al7 (2021).

K. Alexis, G. Nikolakopoulos and A. Tzes, “Model predictive quadrotor control: Attitude, altitude and position experimental
studies,” IET Control Theory Appl. 6(12), 1812-1827 (2012).

J. Yang and W. X. Zheng, “Offset-free nonlinear MPC for mismatched disturbance attenuation with application to a static
var compensator,” IEEE Trans. Circuits Syst. I, Exp. Briefs 61(1), 49-53 (2014).

S. Sihao, R. Angel, F. Philipp, K. Elia and D. Scaramuzza, “A comparative study of nonlinear mpc and differential-flatness-
based control for quadrotor agile flight,” IEEE Trans. Robot., 1-17 (2022).

N. Gupta and M. Kothari, “Modeling and control of inverted flight of a variable-pitch quadrotor,” (2017).

Y. Yang and Y. Yan, “Attitude regulation for unmanned quadrotors using adaptive fuzzy gain-scheduling sliding mode
control,” Aerosp. Sci. Technol. 54, 208-217 (2016).

H. Rios, R. Falcén, O. A. Gonzdlez and A. Dzul, “Continuous sliding mode control strategies for quadrotor robust tracking:
Real-time application,” IEEE Trans. Ind. Electron. 66(2), 1264-1272 (2019).

Z.Hou, P. Lu and Z. Tu, “Nonsingular terminal sliding mode control for a quadrotor UAV with a total rotor failure,” Aerosp.
Sci. Technol. 98, 105716 (2020).

M. Basri, M. Abidin and N. Subha, “Simulation of backstepping-based nonlinear control for quadrotor helicopter,” Appl.
Model. Simul. 2(1), 34-40 (2018).

M. Wang, B. Chen and C. Lin, “Fixed-timeBackstepping control of quadrotor trajectory tracking based on neural network,”
IEEE Access 8, 177092-177099 (2020).

C. Fuyang, J. Ronggiang, Z. Kangkang, J. Bin and T. Gang, “Robust backstepping sliding-mode control and observer-based
fault estimation for a quadrotor UAV,” IEEE Trans. Ind. Electron. 63(8), 5044-5056 (2016).

B. Brahmi, M. Saad, C. El-Bayeh, M. Rahman and A. Brahmi, “Novel adaptive backstepping control for uncertain
manipulator robots using state and output feedback,” Robotica 40(5), 1326-1344 (2022).

https://doi.org/10.1017/50263574723000735 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574723000735

[24]

[25]

[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]
[37]

[38]

[39]

[40]
[41]
[42]
[43]
[44]

[45]

Robotica 2963

Y. Wei, C. Li, Y. Sun and G. Ma, “Backstepping Approach for Controlling a Quadrotor Using Barrier Lyapunov Functions,”
In: Proceedings of the 2017 Chinese Control Conference(2017) pp. 6235-6239.

H. Zhongjun, C. Qiang, H. Yi and C. Cong, “Barrier Lyapunov Function Based Finite-Time Backstepping Control of
Quadrotor with Full State Constraints,” In: Proceedings of the 37th Chinese Control Conference, Wuhan, China (July 25-27,
2018).

T. K. Peng, G. S. Sam and T. E. Hock, “Barrier Lyapunov Functions for the control of output-constrained nonlinear systems,”
Automatica 45(4), 918-927 (2009).

S. I. Han, J. Y. Cheong and J. M. Lee, “Barrier Lyapunov function based sliding mode control for guaranteed tracking
performance of robot manipulator,” Math. Prob. Eng. 2013, 1-9 (2013).

A. Rauh and L. Senkel, “Interval Methods for Robust Sliding Mode Control Synthesis of High-temperature Fuel Cells with
State and Input Constraints,” In: Variable-Structure Approaches. Springer (2016), pp. 53-85.

C. Fu, W. Hong, H. Lu, L. Zhang, X. Guo and Y. Tian, “Adaptive robust backstepping attitude control for a multi-rotor
unmanned aerial vehicle with time-varying output constraints,” Aerosp. Sci. Technol. 78, 593-603 (2018).

T. Jiang, D. Lin and T. Song, “Finite-time backstepping control for quadrotors with disturbances and input constraints,”
IEEE Access 6, 62037-62049 (2018).

N. Liu, X. Shao, J. Li and W. Zhang, “Attitude restricted back-stepping anti-disturbance control for vision based quadrotors
with visibility constraint,” ISA Trans. 100, 109-125 (2020).

A. T. Nguyen, N. Xuan-Mung and S. K. Hong, “Quadcopter adaptive trajectory tracking control: A new approach via
backstepping technique,” Appl. Sci. 9(18), 3873 (2019).

D. Shihong, H. P.Ju and C. Chih-Chiang, “Second-order sliding mode controller design with output constraint,” Automatica,
112(Art no. 108704) (2020).

S. Francesco, “Quadrotor Control: Modeling, Nonlinear Control Design, and Simulation,” In: Master’s Degree
Project,Stockholm, Sweden (June 2015).

T. Hu, Z. Lin and B. Chen, “An analysis and design method for linear systems subject to actuator saturation and disturbance,”
Automatica 38(2), 351-359 (2020).

W. Li and J.-]. E. Slotine, Applied Nonlinear Control. Englewood Cliffs, NJ: Prentice Hall, vol. 199 (1991).

Y. Zhang, W. Wang, P. Huang and Z. Jiang, “Monocular vision-based sense and avoid of UAV using nonlinear model
predictive control,” Robotica 37(9), 1582-1594 (2019).

0. Garcia, E. Rojo-Rodriguez, A. Sanchez, D. Saucedo and A. Munoz-Vazquez, “Robust geometric navigation of a quadrotor
UAV on SE(3,” Robotica 38(6), 1019-1040 (2020).

V. K. Tripathi, A. K. Kamath, L. Behera, N. K. Verma and S. Nahavandi, “Finite-time super twisting sliding mode controller
based on higher-order sliding mode observer for real-time trajectory tracking of a quadrator,” [ET Cont. Theory Appl 14(16),
2359-2371 (2020).

A. Villanueva, L. Luque-Vega, L. Gonzélez-Jiménez and C. Arellano-Muro, “Robust multimode flight framework based on
sliding mode control for a rotary UAV,” Robotica 39(4), 699-717 (2021).

S. Xiangyu, S. Guanghui, Y. Weiran, L. Jianxing and W. Ligang, “Adaptive sliding mode control for quadrotor UAVs with
input saturation,” IEEE/ASME Trans. Mechatron. 27(3), 1498-1509 (2022).

H. Ye, H. Jiang, S. Ma, B. Tang and L. Wahab, “Linear model predictive control of automatic parking path tracking with
soft constraints,” Int. J. Adv. Robot. Syst. 16(3), 172988141985220 (2019).

C. K. Wong and Y. Y. Lee, “Lane-based traffic signal simulation and optimization for preventing overflow,” Mathematics
8(1368), 1368 (2020).

W. Qin, “Unit sliding mode control for disturbed crowd dynamics system based on integral barrier Lyapunov function,”
IEEE Access 8, 257-264 (2020).

C. Dong, Y. Liu and Q. Wang, “Barrier Lyapunov function based adaptive finite-time control for hypersonic flight vehicles
with state constraints,” ISA Trans. 96, 163—-176 (2020).

Cite this article: A. Khadhraoui, A. Zouaoui and M. Saad (2023). “Barrier Lyapunov function and adaptive backstepping-based
control of a quadrotor UAV”, Robotica 41, 2941-2963. https://doi.org/10.1017/S0263574723000735

https://doi.org/10.1017/50263574723000735 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574723000735
https://doi.org/10.1017/S0263574723000735

	
	Introduction
	Quadrotor dynamic
	Control objective
	Backstepping control
	Control of movement around x axis
	Control of movement on around x and z axis

	Adaptive backstepping
	Rotation command (around x axis)
	Control movement around y and z

	Control design of BLF
	BLF PRELIMINARIES:
	Control design with a BLF
	Simulation results
	Simulation results: Backstepping
	Simulation results: Adaptive backstepping
	Simulation results: BLF control
	Results and comments
	Conclusion

