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ABSTRACT A nonlinear robust and adaptive backstepping control strategy is hierarchically proposed to
solve the trajectory tracking problem of hexacopter UAVs. Due to the under-actuated and coupled properties
of the hexacopter dynamics, the nominal backstepping control approach is fully designed as the main
controller. Considering the model uncertainties and external disturbances perturbing the system stability,
a robust 2" -order linear extended state observer (LESO) with more reliable velocity feedback is devised to
observe and suppress the instabilities, and peaking phenomena in the observation are removed. Usually, large
observer gains are selected to reduce the tracking errors but will amplify the measurement noise. To further
enhance the system robustness, an adaptive switching function based compensator is introduced to eliminate
the observation errors, through which the requirement on large observer gains is relaxed, and high gain
behaviors of the LESO are avoided. Stability analysis proves that the nonlinear control scheme can ensure
the hexacopter UAV asymptotic tracking along the designated trajectory. Comparative simulations under
different controllers are carried out to demonstrate the efficiency and superiority of the proposed control
scheme.

INDEX TERMS Hexacopter UAV, trajectory tracking, robust backstepping control, 2"?-order LESO,

hierarchical compensators.

I. INTRODUCTION

In the last decades, the Unmanned Aerial Vehicles (UAVs)
have achieved significant development. Various types of
UAVs with different structures, favorable performances, and
wide applications keep emerging. The multi-rotor UAV has
attracted great attention recently because of its prominent
advantages in hovering capability, high maneuverability, sim-
ple structure, and reduced costs [1]-[3]. The most representa-
tive one is the quadrotor UAV, which is widely applied in the
aerial photograph, inspection, rescue, cargo transportation,
and precision agriculture, efc., [4], [5]. Note that only four
rotors are mounted in the quadrotor UAV, and limited power
can be provided, which limits its application, especially for
cargo delivery. Nowadays, the design of multi-rotor UAV
with more rotors (e.g., the hexacopter and octocopter UAV) is
fast-growing, and the advantages appear in terms of more lift
and more time on the fly [6]—[8]. However, more rotors bring
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bigger size and higher costs. So the hexacopter UAV appears
to be a compromise, and it is most widely used in the specific
occasions [9]. Nevertheless, it is still a challenge to design
an effective controller ensuring the multi-rotor UAV robust
flight capabilities due to following major reasons [10]-[13]:
(1) The multi-rotor UAV is a typical under-actuated sys-
tem with 6-DOF (degree of freedom) but only four control
inputs; (2) it is a complicated system with strong nonlinear-
ity and coupling characters, where the translational subsys-
tem dynamics and the rotational one interact on each other;
(3) there always exist parameter uncertainties, un-modeled
dynamics and external disturbances degrading the system
stability and control performances. These problems have
attracted special attention from many researchers.

To address the above problems, plentiful control methods
have been presented. Initially, some linear control methods,
including PID [14], LQR [15], and Hoo control [16] have
been adopted for the fundamental flight capabilities of the
multi-rotor UAV. However, these linear approaches are sensi-
tive to the nonlinearities, and the flight performance will be
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degraded when the disturbances occur. In order to improve
the robust control performance, more efforts have been made
on the nonlinear control approaches, such as backstepping
control [17], sliding mode control (SMC) [18], active distur-
bance rejection control (ADRC) [19], fuzzy control and other
intelligent control methods [20]-[22]. The SMC method
is insensitive to the disturbances and is widely applied for
the nonlinear systems [23], [24]. However, the chattering
phenomenon always exists in the control system and brings
challenges for the actuators. The extended SMC methods
have been developed to suppress the chattering. The bound-
ary layer based SMC method is commonly used by intro-
ducing boundary layer into control system to replace the
sign function [25]. The thickness of the boundary layer
contributes to trade-off relationships between the control
accuracy and chattering suppression, and it demonstrates a
limited effect in chattering reduction of SMC method for
the nonlinear under-actuated systems. The other extended
SMC approaches, such as high order SMC [26] and terminal
SMC [27], [28] were extensively applied in the quadrotor
UAV system to overcome the deficiency of chattering phe-
nomenon in SMC. It is noted that the design of the nonlinear
sliding surface in the high order or terminal SMC is cum-
bersome, and the calculation of the coefficients is compli-
cated. Recently, the model-free intelligent control approaches
including the fuzzy control system and the neural networks
have been increasingly used for the multi-rotor UAV to coun-
teract the disturbances and accommodate the control efforts
to the parameter changes [29]-[33]. However, the complex
fuzzy rules and tedious learning process existing in the intel-
ligent control system always require larger computational
efforts.

Backstepping control is an acclaimed nonlinear con-
trol strategy and has received great attention from many
researchers [34]-[36]. Owing to the systematic and recur-
sive design methodology based on Lyapunov theorem, the
backstepping control scheme is well suited for the cou-
pled and under-actuated system with nonlinearities, espe-
cially for the multi-rotor UAV [37]. In [38], the backstep-
ping strategy was applied for the payload dropping control
of a quadrotor helicopter, and the roll angle fluctuated at
the moment of payload dropping. In [39], the backstep-
ping controller was used to force the hexacopter UAV sys-
tem to follow a reference trajectory. Despite the popular-
ity and advantage of the backstepping method, it is sensi-
tive to the disturbances, and control performances will be
degraded when the parameter uncertainties and external per-
turbations occur. To overcome the drawback of the sensitiv-
ity to the uncertainties, further efforts have been made on
the enhanced backstepping approaches [40]-[45], among
which the observers based one has been extensively used.
The robustness of the observers based control stems from the
satisfactory performances of the observer in estimating and
compensating uncertainties and disturbances [46], [47]. Var-
ious forms of disturbance observers have been applied in the
back-stepping and other control schemes. In [48], a sliding
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mode observer based backstepping control was proposed for
the hexacopter to estimate and compensate for the effect of
wind parameters. In [49], an adaptive back-stepping sliding
mode control was developed for the attitude control of a
humanoid robot dual manipulator, and excessive chattering
was avoided by introducing a nonlinear disturbance observer
(NDO) to compensate for uncertainties. In [50], [51], neural
networks(NN)-based observers were applied in the backstep-
ping approach to approximate the uncertainties existing in
the system dynamics. Among the disturbance observers, the
nonlinear extended stated observer originally proposed by
Han [52] is an active way to estimate not only the external
disturbance but also the plant dynamics, through which the
requirement on the accurate model can be relaxed. To make
the ESO more practical to implement, Gao [53] modified it
into a linear version [54]. In [55], a linear ESO was developed
to estimate total uncertainty, and the robust LESO based
output-feedback control was built for the path-following of
the autonomous underwater vehicles. Noting that, (1) most
of the disturbance observers mentioned above were thor-
oughly developed on the position feedback, which is com-
monly obtained by integrating the velocity information of the
system, especially for the multi-rotor UAVs. The long-time
integration errors will influence the position information,
which further degrades estimation accuracy of the observers.
(2) Besides, the observers were thoroughly developed based
on assumptions that the disturbances or the derivative of one
are bounded, and the observation errors are closely related
to the bounds of the disturbances or the derivatives. Indeed,
the relative large observation errors will be induced when the
disturbance changes, which will degrade the robust flight per-
formances of the multi-rotor UAV. To decrease the observa-
tion errors, large control gains are generally selected, but the
measurement noise will be magnified and peaking phenom-
ena will be induced. The high gain behaviors will degrade the
control performance and even deteriorate the system stability.
It is worth mentioning that the adaptive scheme is an efficient
method for motion control [56]-[58], and it exhibits superior
performances in handling bounded uncertainties.

Motivated by the aforementioned works, this paper pro-
poses a nonlinear robust and adaptive backstepping control
scheme for the hexacopter system. The nonlinear control
scheme is hierarchically developed. The nominal backstep-
ping control is fully designed as the main controller to
achieve a fundamental flight performance. Next, the robust
compensator based on the 2"?-order linear extended state
observer with velocity feedback (LESO-VF) is employed in
the backstepping control scheme to estimate and compensate
the uncertainties and external disturbances, through which the
effect of instabilities is suppressed and robust flight capa-
bility is guaranteed. Also, to avoid high gain behaviors of
the LESO, an adaptive switching term based compensator is
introduced to counteract observation errors, and the enhanced
robustness is achieved.

The main contributions
follows:

can be summarized as
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(1) Compared with the neural networks (INNN)-based
observers [30]-[33], [50], [51] and the nonlinear
ESO [59]-[62] requiring the multiple states informa-
tion and complex nonlinear coefficients, the LESO
employed in the control scheme is intuitively designed
based on the state feedback, and the tuning operation
is rather simple since linear observer parameters are
utilized.

(2) Rather than the nonlinear disturbances obser-
vers [45]-[49], [64]-[67] and other ESO [59]-[63]
based on the position feedback, the 2"¢-order LESO
with velocity feedback is developed. In practice,
the velocity information is easily acquired, which
is more accurate and reliable, especially for the
multi-rotor UAVSs. Besides, the initial velocities of the
hexacopter UAV are zero, which are equal to the initial
state values of observers set to be zero without loss
of generality. The peaking phenomenon caused by the
initial errors can be avoided. Therefore, the 21 _order
LESO based on the velocity feedback is likely to be
more practical than that with the position feedback.

(3) Unlike the existing observers [59]-[67] including ESO
based control methods with large observer gains being
usually selected to reduce the bounded tracking errors,
the proposed nonlinear control scheme improves the
robustness by introducing the adaptive switching term
based compensator to eliminate the observation errors,
and the asymptotical tracking performance of the hex-
acopter UAV can be achieved. The requirement on the
large observer gains is relaxed, and high gain behaviors
can be avoided.

The remainder of this paper is organized as follows: Non-
linear model of the hexacopter UAV and the control prob-
lems are formulated in Section II. In Section III, the robust
and adaptive backstepping control scheme is hierarchically
developed, and the Lyapunov analysis ensures the tracking
errors of the hexacopter system asymptotically converge to
zero. Comparative trajectory tracking of the hexacopter UAV
is conducted in the simulation environment in Section IV to
verify the efficiency and superiority of the proposed control
scheme. Finally, conclusions are presented in Section V.

Il. HEXACOPTER MODEL AND PROBLEM STATEMENT

The hexacopter UAV is a nonlinear, coupled and under-
actuated system with 6-DOF but only four actual inputs.
It has arigid symmetrical configuration consisted of six rotors
symmetrically mounted on the airframe, as is shown in Fig. 1.
The motions of the hexacopter UAV are fulfilled by regulating
the six rotors, among which Rotors (1, 3, 5) rotate in the
counter-clockwise (CCW), while Rotors (2, 4, 6) rotate in the
opposite direction to adjust the yaw angle-{1/}. Differentiat-
ing the speed of Rotors (1, 2) and Rotors (4, 5) generates
the pitch-{f} rotation, which contributes the movement in
x- axis direction. Besides, the differential speed of Rotors
(1, 5, 6) and Rotors (2, 3, 4) propels the roll-{¢p} motion,
corresponding to the lateral movement along the y-axis.
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FIGURE 1. Schematic diagram of the hexacopter UAV.

Furthermore, the vertical movement along the z-axis is real-
ized by changing the speed of all the rotors collectively.

The hexacopter dynamic model is established via the
Newton-Euler formulism. Two coordinate systems, including
the inertial reference frame (Z - frame) and the body-fixed one
(B - frame) are built respectively, as is depicted in Fig. 1. The
hexacopter dynamics can be described as

P=v
@ | .
Translation my = —mge; + TB (O)Fr +Fy )
0 © ® =R (©®)w
Rotation Jo=-woxJo+T;+T,+Ty

where P = [x, y, z]7 is the Euclidean position in Z - frame;
0 = [¢,0, w]T denotes the three Euler angles; e, =
[0,0, 117 represents a vector along the z-axis; (—w X Jw)
yields the gyroscopic effect, with @ € 93 being the angular
velocity, and J = diag [Ix,ly,lz] e R33 i the inertia
matrix.

T% (®) and R% (®) are the translation matrices from the
B - frame to the 7 - frame, expressed as

_Cg Cy S$pSeCy — CpSyr CHSHCy S¢Sy
T% ®)= CoSy  SpSOSy FCHCy  CySoSy —SpCyr
—S0 S$Co ChHCo
= ’ ’ @
1 Splo Coly
REL@©)=[0 ¢ —5¢
_O S¢/C9 C¢/C(9
where sy = sin(:), ¢y = cos(-), ty = tan(:). In the

cases where hexacopter performs rotations of low amplitude,
R% (®) is very close to an identity matrix.

Fy = [0,0, u1]T and Ty = [uz, u3, u4]T are the control
forces and torques in B - frame, where u;_4 can be developed
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as
uy=F1+F +F;+Fs+Fs+Fg
1 1 1 1
uy = ——Fil+ §F21+F3l+ §F4l — —Fsl — Fglg

2 2
3
3 3 3 3
Uz = —%Fll — %le + %Fd + %Fsl

ug = Cq (—Qf + 95 - Q5 + 9 - 9 + %)

where the force F; generated by i-th rotor is approximated as
F; = KI,QI.Z, K, € M denotes the thrust coefficient of the
propeller, C; € R is the drag coefficient, and ; represents
the speed of Rotor- i.

I'; represents the gyroscopic impact owing to the propeller
orientation change expressed as

6
T,=) J(0xe)Q 4)
i=1
where J,. € T denotes the rotational inertia of the propeller,
Q=Q; — U+ —Q+ Q5 — Q.

F; and T'; are the whole disturbances w, including param-
eter uncertainties and external disturbances, such as parame-
ter changes, asymmetric structures, payload variation, rotor
fluctuation, and aerodynamic drags, etc, denoted as

T

Fd:WP: [Wx,Wy,WZ] (5)

l“d =W = [W,/), wo, W,/,]

Consequently, combining Egs. (1-5) yields the dynamic
model of the hexacopter UAV as

. 1
X = (C¢Secw + s¢s¢) aul + wy
. 1
[T @) (V= (cpsosy —spcy) —u1 +wy
Translation | m
I=—-g+ (C¢69) ] + wy
s=ii (M) Lroqs Ly
= — = —uy+w
L)L
. .. (L—I Jo. - 1
T © 6=y <u)+—r¢9+—u3+we
Rotation I, I I
v (I =1 1
v =0¢ + —us +wy
I I

(6)

To facilitate control design, the dynamic model of the
hexacopter system considering the whole disturbances can be
represented in the nonlinear state equation as follows

X=Gu+fX)+wy (7

where u, X and wy are the control inputs, states, and whole
disturbances vector developed as follows

u = [uy, uy, uz, uz, u3, us)’ e RO 8
X = [x1, %2, %3, %4, X5, %" =[x,y,2,0,0,¥1" eR® (9)
wg = [wi,wa, ..., w6]T:[wx, Wy, Wz, We, Wo, w,/,]T eRe
(10)
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and the functions f(X) and G are described accordingly as

0 1000 0 0
0 0100 00

0 0010 00

FOO= bjar—aé [* “=l000 85 0 0
iras +asd 0000 by 0

0¢a5 000 0 0 b3

(11)

respectively, among which a1 = (I, — I,)/1;, a2 = J, /I,
a3 = (I; — Ix)/ly, as = ]r/Iy, as = (I, — Iy)/IZa by =1/,
by =1/I;,b3 =1/I,.

The control objective is to ensure the hexacopter UAV
a robust trajectory tracking performance against the param-
eter uncertainties and external disturbances. Due to the
under-actuated property of the hexacopter system, it is impos-
sible to regulate the 6-DOF outputs by only four control
inputs uj_4. Considering the coupled relationship between
the translational and rotational dynamics, the positional trans-
lation can be controlled indirectly by rotations, and two aux-
iliary control inputs are selected as {¢4, 6;7}. More specifi-
cally, the total lift forces together with the attitudes yield the
component forces along the {x, y, z} axis, which contributes
the positional movements of the hexacopter UAV. To fulfill
the specified trajectory tracking, the corresponding attitudes
of the hexacopter UAV are needed. To solve the desired
attitudes, the following equations are deduced from (6) as

1
uy = (cos ¢g sin; cos Yrg + sin g sin ¥g) —u;
m
. . . 1
uy = (coS @y sin Oy sin Yy — sin g cos Yg) n—1u1 12)

1
u; = —g + (cos ¢4 cos6y) —up
m

where the control inputs uy , , for the movements along
{x,y, z} can be fully acquired in (41) in Section III, and the
designated 14 is prior known, which implies that there exist
three unknown terms {u;, ¢4, 6,4} to be calculated in (12). The
transfer function from uy y ; to {11, ¢4, 64} can be solved as

uj :m\/u§+u§+(u1+g)2

Uy Sin Y — uy cos Y

¢q = arcsin

(13)
w3 + (uz + )

uxcosw~|—uysinw>
Uz + 8

6,4 = arctan <

IIl. ROBUST AND ADAPTIVE CONTROL DESIGN

In this section, the derivation of the proposed control scheme
for the hexacopter UAV is progressively developed as fol-
lows: (1) The nominal backstepping strategy is initially
designed as the main controller for the fundamental flight
trajectory tracking. (2) To ensure the hexacopter UAV a robust
flight capability, the LESO based robust compensator with
different states (position and velocity) feedback is introduced
to observe and compensate for the parameter uncertainties
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Robust and adaptive backstepping control scheme
(GEETEEEL) ( B @ B
{ i Zd} - Robust w
Eia compensator (28) weye | [Transfer| B T/ slational [t wis
> function >
Subsystem
. ' (13) 2
Reference | Xu §"§ e Nominal [Pen! Control o | Sk X -
trajectory | + controller (21) inputs (41) -
| U4 | U4 | Rotational
Adaptive Uy “| Subsystem |[«—1w, .
{6060 v4} compensator (39) H -
exacopter dynamics
k J N J
FIGURE 2. Control architecture of the proposed control scheme for the hexacopter UAV.
and external disturbances. (3) To further improve the robust- Choose the Lyapunov function as
ness, a switching term based adaptive compensator is coop- 1 1
eratively employed to compensate for the observation errors V (e, e2) = - elTel + —egeg (19)

generated by the LESO. Considering the under-actuated and
coupled properties, the hexacopter dynamics is decomposed
into the translational and rotational subsystems, the relation-
ship between which is established through (13). The overall
control scheme is illustrated in Fig. 2, and detailed descrip-
tions of each control effort are hierarchically exhibited in
following subsections.

A. NOMINAL BACKSTEPPING CONTROL SYSTEM

The backstepping control is an acclaimed nonlinear control
strategy, and its advantage lies in design flexibility because of
the recursive utilization of Lyapunov functions. The stability
of the total control system can be guaranteed by the final
actual control law generated by the systematic and recursive
design methodology.

In this subsection, the nominal backstepping control is
designed as the main controller for the hexacopter system
to achieve the fundamental flight tracking performance. The
design of the nominal main controller is presented as follows:

Step I: Define the tracking error e = {eji, e, ...,
e16)T € NO as follows

e1=X,-X (14)
Taking the derivative of (14) yields
é1=Xgs-X (15)
Then, we take a virtual control input X S RO for X as
X, =X, +ke (16)

where ky = diag(ky1, k12, ..., ki6) € 9’%;;6 is a positive
diagonal control gain matrix.

Step II: Define the deviation of the virtual control from its
desired value as

e=X-X,=X-Xs—ke, (17)
Differentiating (17) yields
er=X—-X,=Gu+fX)+wyg—Xy—kie; (18)
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2 2
Taking the derivative of (19) yields

V (e1.e)
= elTé1+egé2
= elT (Xd—X)+eg (Gu+f (X)—i—wd—Xd—klel)
= elT (—ex—kiey) + eg (Gu—l—f (X)+wd—CXd—k1é1)
(20)

Step III: Assuming the whole disturbances in (7) are well
known, the practical nominal control input can be achieved
as

u =ty =G"" (Xa+kier—f X)—wa+e1—kres) (21)

where ky = diag(kay, ko, ..., ko) € S}igxﬁ is a positive
diagonal control gain matrix.
Substituting (21) into (20) yields

1% (e1,e2) = —elTklel — egkzez
6
=Y —kuei; — kze3; < 0 (22)

i=1

B. ROBUST LINEAR EXTENDED STATE

OBSERVER (LESO) COMPENSATOR

The analysis above is developed assuming that the hexacopter
UAV is anominal model, i.e., disturbances existing in the hex-
acopter dynamics are prior known. Indeed, parameter uncer-
tainties and external disturbances perturbing the hexacopter
system are unknown factors, which may result in performance
degradation and unexpected instabilities. Here, the 3" -order
LESO based on position feedback and the 2"¢-order LESO
based on velocity feedback are contrastively introduced as
robust compensators to suppress the effects of the parameter
uncertainties and external disturbances on the hexacopter
system.
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1) 3RD_ORDER LESO BASED ON POSITION FEEDBACK
To facilitate the observer design, the 3" _order extended state
dynamic model from (7) can be achieved as

X = Ax + B1[Gu + f(X)] + Bawy (23)
X O6x6 16x6 O6x6
where, x = X e N8 A = O6x6 Osx6 I | €
Wy O6x6 O6x6 O6x6
O6x6 O6x6
mng‘S,Bl = | Ie¢xe | € m]gXé,Bz = | O¢xs | € 9?18)(6,

O x6 I¢xs
andwy € 9O denotes the derivative of the whole disturbances
Wd.
By the system (23), the 3"¢-order LESO for the hexacopter
UAV is designed as

X =A%+ B [Gu +f(X)] + K (x — X) (24)

where ¥ = [X, X, w,]7 are observations of the extended
ko1 /e Osxe Osxe

ko2/&* Ogx6 Osxs
ko3/€* Osxe Osxs
trol gain matrix, where ko1 = diag(kyy, k12, ..., k1), ko2 =
diag(ky1, k2o, ..., koe), ko3 = diag(ksi, k3a, . .., k3e),with
koi—3 € %gx e and ¢ € MT being designed for staying
positive definite diagonal matrix.

Remark 1: The control gain matrix K implies that the
position information is needed in the feedback control loop.

Subtracting (24) from (23) yields

states X, K = € RI8x18 jg the con-

é=Ae+ Bywy (25)
where EheTObservation errors pf the di§turbance observer are
e = X, X, wl" = [X —X,X — X, wqg —wal" € 0’5,
A = A — K. The candidate control gains ko1, ko2 and
ko3 are chosen appropriately to let A satisfy the Hurwitz

_ 18
stability criterions, i.e., ‘)\118 —A| = J[+x) = 0.
i=1

A; is the matrix eigenvalue of A and meets 0 < A <
A<ji,j=1,2,...,18).
Then, the solution of (25) can be achieved as

t
e (t)=exp (At) e (0)+ / exp (A (t—0)) Bowadl  (26)
0

Assuming that the derivative of disturbances is constrained in
areasonable domain such that sup; ¢ o) IWall < My, we can
obtain the solution of (25) as

- t -
le®Il < |exp (Ar)e ()] + H /0 exp (A (1 — 0)) BzwddZH

pM,,
< Blle (@)l exp (A1) + (I —exp (—A12))

Al
Py _ @7)

< Blle@l +

where B € R, According to the analysis above, it can be
obtained that the observation errors of the 3" -order LESO is

bounded in a compact set, i.e., XH , H)}” ,wall < M.
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Remark 2: The control gain matrix K in (24) governs the
approximation rate of observations X to the real extended
states X. The larger k,,(p = 1,2,3;r = 1,2,...,6) and
smaller in K contributes to a faster and higher-precision con-
vergence. However, the overlarge control gains will magnify
the measurement noise in the estimated states and induce the
peaking phenomena, and then the system is likely to be unsta-
ble [68]. Therefore, the effects of the parameter uncertainties
and external disturbances on the system cannot be sufficiently
suppressed in practice only by the LESO compensation.

2) 2ND_ORDER LESO BASED ON VELOCITY FEEDBACK
Similar to the 3"?-order LESO (24), the decreased 21d _order
LESO for the hexacopter UAV is designed as

x=A'% +Bj[Gu+fX)]+L(x - %) (28)
where x = [f( ,wqlT € M2 are observations of the dynamic
states x = [X, wa]T, A’ = Osx6 Iox6 e N2 g =

Osx6 Oox6

Ioxe 126 loi/p Osxs | . .
e RXO L = is the control gain
|:06><6i| 102/ p* Ogxs g
matrix of the observer, where lp| = diag (11, l12, ..., Li6),

loo = diag (I1, b, ..., lyg) withlp1—3 € 5)%&6 and p € gnt
being designed for staying positive definite diagonal matrix.

Remark 3: The control gain matrix L implies that only the
velocity is needed in the feedback control loop. Therefore,
the integral errors of the velocity for time can be avoided.
Generally, the UAV starts taking-off in 0-velocity equal to the
initial states of the LESO, and the initial errors fed back into
the LESO are 0. Therefore, the peaking phenomenon can be
avoided.

Similar to the stability analysis of the 3"¢-order LESO, we
can obtain the observation errors of the 2"¢-order LESO as

x =A'% + Byig 29)

where § = [X, w417 = [X — X, wg — wglT e %124 =

’ / Ogx6
A" —L,B, = |: Toe '
is converged into a compact set || x (1)l < My, i.e., X|,
Iwall < My. The larger [, (9 =1,2;r=1,2,...,6) and
smaller p in L contribute to a higher-precision convergence.

Therefore, combining with (21) and (28), the linear
extended state observer based backstepping controller can be
obtained as

€ R12%6 The observation error ¥

u=G" (Xd +kieg —f X)—wqg+e —kzez) 30)

3) STABILITY OF THE ROBUST CONTROL SYSTEM

Lemma 1 (Petros and Jing [69]): In view of V : [0, c0) € N,
the solution of the inequality 1% < —aV4+f,Vt >1>0is
as follows:

t
V(1) < e 20V (1) + / e =Oryde (31

]

where, « is an arbitrary constant.
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Theorem 1: Consider the dynamic system (7) perturbed
by the parameter uncertainties and external disturbances,
the proposed robust backstepping control scheme (30) with
the compensation of the disturbances can ensure that the
system outputs of the hexacopter UAV converge to the desig-
nated flight trajectory, i.e., e and e, are bounded in a compact
set.

Proof: Choose the following Lyapunov function

6

1 T 1 T 1 2 2
Vi = zel el + §e2 e) = 3 Z (eli + e2i> (32)

i=
Taking the derivative of (32) and combining (18,30) yields
Vi=eléei+elér
=e] (Xq—X)+el (Gu+f X)+wq —Xg—kiey)
=e| (—ex —kie))+e) (Gu+f (X)+wa — Xy—kiéy)

= —eITklel — e;kzez + egwd
6
_ 2 2 ~
=Y —kuiei; — kaie3; + eaiba (33)
i=1
From Young’s inequality, we can obtain that

6
. 1 1.
Vi < Z —k]ie%l- — kzie%l- + Ee%i + sz21i
i=1

6
1 |
<> —kuei; — (kzz- - 5) 3t 5 IWal? - (34)
i=1

Let x = min {kl,-, koi — %}, we
can rewrite (34) as

. 1
Vi < =2V, +-M? (35)
27X
From Lemma 1, we can obtain the solution of (35) as

1 t
Vi) < e—ZK(t—lo)V1 (t0) + 5]\4)2(6—2Kt/ eZKZdE
fo
Ze—2f<t

_ e—2K(t—t0)V] (o) + X <e2’” _ ez""’)
4k
M2
= OV (1) + X (1-e=0)  36)
K

From the above analyses, we can obtain

M2
lim V, (r) < =% (37)
t—00 Vg

which indicates that V() is convergent, and the trajectory
tracking errors are bounded. More specifically, a superior
disturbance observation capability of the LESO contributes
better trajectory tracking performances, but with the large
observer gains being employed.

163508

C. ADAPTIVE SWITCHING FUNCTION COMPENSATOR
It is noted that the observation errors of the LESO are
bounded, and there is a trade-off between the control gains
and the tracking performances. The larger observer gains
will decrease the bounded observation errors, but at the cost
of a degradation of the system stability. Therefore, further
improvements on the tracking accuracy with moderate con-
trol gains are needed. Here, an adaptive law is employed to
estimate the bounded observation errors of the LESO, based
on which a switching function is introduced to compensate
for the observation errors of the disturbance observer. There-
fore, the requirement of large control gains in the LESO is
relaxed, and high gain behavior of the LESO can be avoided.
Define w = [, wz,...,w6]T € MO as the upper
bound of the observation errors w; generated by the LESO,
expressed as follows

i=1,2,...,6. (38)

[wail < @y,

To compensate for the observation errors w; and further
improve the system robustness, a switching function based
adaptive compensator is designed as

Uge = —Wsign (e2) (39)

where, sign(ey) = diag[sign(es1), sign(ezy), ..., sign(ex)] €
M6%6 denotes the diagonal matrix of the switching functions
to compensate for observation errors of the LESO, and the
term @ = [, @2, ..., @6]! is tuned online by the follow-
ing adaptive control law

w;=vileyl, i=1,2,...,6. (40)
to estimate the bound @ . y; € R is the control parameter of
the adaptive compensator.

Based on the analysis above, the hybrid compensators
(consisting of the robust 2"?-order LESO and the adaptive
switching function) based control scheme for the hexacopter
UAV can be achieved as

u=G~! (Xd—i-klé] —f (X)—wg+e|—krey — wsign (62))
(41)

D. STABILITY ANALYSIS OF ROBUST AND ADAPTIVE
BACKSTEPPING CONTROL SYSTEM
Theorem 2: Consider the dynamic system (7) perturbed by the
parameter uncertainties and external disturbances, the pro-
posed integrated backstepping control scheme (41) with the
disturbance rejection and the adaptive compensation can
ensure that the system outputs of the hexacopter UAV con-
verge asymptotically to the designated flight trajectory.
Proof: Define the estimation error of the adaptive
tuner (40) as ¥ = w — w, and choose the following
Lyapunov function expressed as

1 1 1
Vy = EelTel + EezTez + zﬁTyflz“v (42)

where y = diag[y1, y2, ..., Y6l € Eﬁg'x ¢ 18 a diagonal matrix.
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Taking the derivative of (42) and combing (18,40,41) yield

Vi =eley+eler+w’y o

= e{ (Xd —X)+eg (Gu+f X)+wy —Xd _klel)

—H%Ty*lfv
= el (—ex—kie))+e} (Gu+f (X)+wa—X,—kié1)
+wly e
= —elTklel —eszzeg +egﬁid —egz%sign (e2)
- (w—fv)T y &
6
= Z —kie3;—kaied; - exivvai— i leai| — i |eail
i=1
+ @ |eai
6
< Y —kiieq;—kaiex— (@i —|Wwail) leail <0 43)
i=1

Therefore, V> (t) < V, (0) can be obtained, which indi-
cates that ej; and ep; are bounded. Define function as

6
w (f)=Zk1iei- + kyie3; + (@i — Wail) leail <—Va (1)
=1

(44)

From the mathematical theory, we can obtain that ej;(¢)
and ep;(¢) are uniformly continuous. Therefore, W (¢) is also
uniformly continuous. Integrating (44) on both sides yields

t
/ W (t)dt = V2(0) = V2 (1) (45)
0

Since V; (0) is bounded, and V; (¢) is non-increasing and
bounded, the following result can be achieved

t
/ W(t)dt < o0 (46)
0

Using the Barbalat Lemma [70], [71], we can obtain
Iim W) = 0, ie, lime;(t) = 0, limey (1) =
[—)OO. - . t—)OO t—00
0, t11m @; (t) = 0 which indicates that the proposed control

—00
scheme can ensure the hexacopter UAV the asymptotical
convergence of the system outputs to the designated flight
trajectory, even when the parameter uncertainties and external
disturbances occur. This completes the proof.

IV. RESULTS AND DISCUSSION

In this section, to demonstrate the performance and
superiority of the proposed control scheme in achieving
high-precision tracking, enhanced anti-disturbance capability
and feasible control inputs, trajectory tracking flight tests
of the hexacopter UAV are carried out in the simulation
environment, where parameter uncertainties and external dis-
turbances are introduced. Comparative flight controllers are
employed for the trajectory tracking control of the hexacopter
UAV system. The performances of system outputs and control
inputs are contrastively presented to validate the efficiency
and superiority of the proposed controller. The physical and
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TABLE 1. Parameters of the hexacopter UAV.

Symbol  Quantity Value

mass of the body 1.5kg
/ length of the arm 0.275m
g gravitational acceleration 9.81 m/s
I, moment of inertia around x-axis  3.259 x 102 kg m’
I, moment of inertia around y-axis  3.259 x 102 kg m’
L moment of inertia around z-axis ~ 6.059 x 10 kg m?
K, thrust coefficient 1.131 x 107° Ns?
Cy drag coefficient 1.523 x 107 Nms>
Jy propeller inertia coefficient 9.90 x 10~ kg m”

TABLE 2. Parameters of the proposed controller.

Symbol  Quantity Value
ki Control gains in the diag(2,2,2,5,5,5)
k> main controller (21) diag(2,2,2,3,3,3)
Lo, Control gains in the diag(3,3,3,5,5,5)
1, diag(1,1,1,1,1,1)
o robust compensator (28) 0.2
Control gains in the .
4 adaptive compensator (39) diag(2,2,2,2,2,2)
@ 4 — ®) 4 __
— Practical disturbances — Practical disturbances
7 |l= LESO-PF ---LESO-VF 7 |l= LESO-PF ---LESO-VF
£ MY 2 MAANN
ES ) _ £ -9 - |
Peaking o) Peaking
4 phenomenon|, = 2e 4 phenomenon|, o365
0 10 20 30 40 0 10 20 30 40
© o e @10 —
— Practical disturbances — Practical disturbances
= LESO-PF ---LESO-VF —0.75 ~—— LESO-PF ---LESO-VF
» @
E-2 E
§I = S
3 =0.25 Peaking o
-4 1 =03s 0 pheno enonl =03
0 10 20 30 40 0 10 20 30 40
© I
— Practical disturbances : — Practical disturbances
5_0'25 — LESO-PF ---LESO-VF E 0.5 1= LESO-PF ---LESO-VF
£05 ST N
¥ . eaking | =029
0.75 _ o | Peaking -03 0.5 phenomenon
4.0 phenomenon| ;=03 -1.0
0 10 20 30 40 0 10 20 30 40
Time [s]

FIGURE 3. Comparative performances of the LESOs in estimating the
whole disturbances perturbing the hexacopter UAV.

control parameters of the hexacopter UAV system are listed
in Tables 1 [72] and 2, respectively.

In order to demonstrate the flight performances, perturbed
by the parameter uncertainties and external disturbances
(shown in Fig. 3), the hexacopter UAV is commanded to
track along the reference trajectory made up of the spatial
segment polyline, as is shown in Fig. 4. The initial state
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FIGURE 4. 3-D trajectory tracking under different control strategies.

condition of the hexacopter UAV system is set as Xg =
[x0, Y0, 20, $0, 60, Yol” = [0.5,—0.5,0,0.1, 0.1, 0.1]7.
Remark 4: The proper selection of the control parameters
in the hexacopter system affects the tracking precision and
the control inputs, and there is a trade-off between them.
An increase of the control gains k|, in the main controller
contributes higher tracking accuracy, but overshoots of the
control inputs may occur. To avoid high gain behaviors of
the observer, relative smaller observer gains L are selected.
By increasing control gains y in the adaptive compensator,
robust tracking performances will be enhanced, but the ampli-
tude of control inputs increases. Note that the attitude control
is prerequisite for the trajectory tracking because of the sys-
tem under-actuation, larger control gains of the attitude sub-
system are generally selected than those of the positional one.
Overall, control parameters are adjusted until no significant
improvements in the tracking performances can be seen.

A. PERFORMANCE COMPARISON OF 2NP-ORDER

AND 3RP-ORDER LESOs

The performances of the 2" -order and 3’¢-order LESOs in
estimating parameter uncertainties and external disturbances
perturbing the hexacopter UAV system are comparatively
demonstrated in this subsection. The aerodynamic drag and
wind perturbations acting on the translational subsystem are
set as a series of sine and cosine functions, and the altitudi-
nal z motion undergoes external load changes, as is shown
in Fig. 3(a-c). The rotational subsystem is mainly subjected
to model uncertainties, such as the asymmetric structure and
rotor fluctuations, as is shown in Fig. 3(d-f). The practical
whole disturbances w, can be expressed as

wg = 0.5 + 0.1sin(2¢)

wy = 1.5sint
wp = —0.5 4 0.1 cos(2¢)

wp {wy = 1.5cost » We wy = 0.3 +0.1sin
(0.5¢) cos(0.5¢)
47)
163510

Fig. 3 shows the tracking performance of the observer’s
estimations wy to their real disturbance values w,. To avoid
the high gain behaviors of the LESOs, the moderate observer
gains rather than the large ones are selected, which results
that the observations lag behind the real disturbances about
0.26-0.30 s. Besides, peaking phenomena exist in the obser-
vations of the 3’¢-order LESO due to the initial errors
between real position states and initial values in the observer,
while that of the 2"-order LESO can be avoided owing to
zero-initial velocity errors. Therefore, the 21d_grder LESO
with velocity feedback (LESO-VF) has a better observation
capability than the 3"?-order LESO with position feedback
(LESO-PF).

Remark 5: Without loss of generality, all the initial states
of the 2"?-order and 3"-order LESOs are set to be zero. But
in practice, the initial positions of the hexacopter dynamics
are always different, while the initial velocities are zero at
the beginning of the flight. The peaking phenomena in the
observation of the 3"-order LESO are induced by the ini-
tial position errors, and that of the 27d_order LESO can be
avoided, as is shown in Fig. 3. It is noted that there is not
peaking phenomenon in the observation of disturbances in
channel-z because the initial z-position is equal to that of
the observer, i.e. the initial error is zero. Besides, the posi-
tion information is commonly obtained through integrating
the velocity for time, and the integration error will degrade
observation performances. The velocity information is more
accurate and reliable. Therefore, the 2"¢-order LESO based
on the velocity feedback is likely to be more practical than
the 3"-order one with the position feedback.

B. PERFORMANCE COMPARISON OF THE

DIFFERENT FLIGHT CONTROLLERS

For the sake of comparison study, three flight controllers,
i.e., the backstepping controller (BSC) [36], the active distur-
bance rejection control (ADRC) [63], and the proposed robust
and adaptive backstepping control (RABSC) (41) are con-
trastively investigated and applied in the trajectory tracking
control.

Perturbed by the parameter uncertainties and external dis-
turbances exhibited in Fig. 3, the trajectory tracking perfor-
mances of the hexacopter UAV under the different controllers
are contrastively demonstrated, as shown in Figs. 4 and 5.
It is shown that the BSC is unable to stabilize the perturbed
hexacopter system, while the ADRC with the 3" -order LESO
ensure the hexacopter UAV satisfactory tracking performance
along the reference trajectory, but experiences chattering
caused by the peaking phenomena in the initial stage. Also,
the proposed control approach achieves an enhanced robust
flight capability with higher precision trajectory tracking,
owing to the cooperative efforts of the robust and adaptive
compensators in estimating and compensating the distur-
bances. The performance indices RMSE (root-mean-square
error) of flight controllers in the trajectory tracking are quan-
titatively summarized in Table 3.
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FIGURE 5. Comparative performances in positional trajectory tracking
under different control strategies.

TABLE 3. The output performance indices under different controllers.

Method RMSE of x[m] RMSEofy[m] RMSE ofz[m]
BSC 0.1790 0.1723 0.3388
ADRC 0.1546 0.1683 0.0584
RABSC 0.0671 0.0697 0.0219
@ o6 ® o6
= — ] == nd| — 0] == [Ound
503 —r—T 1 T3 ]
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FIGURE 6. Comparative performances in positional trajectory tracking
under different control strategies.

The corresponding control inputs are comparatively
depicted in Figs. 6-8. In terms of the carrying capacity and
working efficiency of the actuators, limitations on domains
of control signals are set as u; : [0, 33.4]N, up : [-3, 3]N -
m, us [—2.6,2.6]N - m and ug4 [—0.22,0.22]IN - m
respectively. It can be seen that ADRC can promise the

VOLUME 7, 2019

® 35 ®) 4
[—ADRC ---RABsC| [—ADRC ---RABSC
.25 72
2 ey Z 0 =
35 20 § I 005>
J —2 : Or—*ﬁ*_..
17 -0.05L
5 10 1 20 -4 20 [ 2
0 10 20 30 40 0 10 20 30 40
(©) D510
[—ADRC ---RABSC] [—ADRC ---RaBsC]|
B 0.05
: = -E
Em 0 0052 1 of - 4 ~o
) o Em—t | 005 ANl
-0.05 -0.03/
-4 25 [ 30 ~0.10 30 [ 40
0 10 20 30 40 0 10 20 30 40
Time [s]

FIGURE 7. The contrast of control inputs generated by ADRC and the
proposed control scheme.
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FIGURE 8. The contrast of propeller rotation speed under ADRC and the
proposed control scheme.

vehicle a robust flight capability, but experiences oscillat-
ing attitudes and results in serious chattering inputs in the
beginning stage, as is shown in Fig. 6(a-c), Figs. 7 and 8
respectively. The undesired chattering control inputs will
consume the limited energy, wear the integrated mechanism,
and activate unstable dynamics. Contrastively, the proposed
controller has achieved an enhanced robust performance with
feasible control inputs being promised, even though some
minor chattering occurred. The input performance indices
ISCS (integral of squared of control signal: sum [u]_4(n)
A2]/m) of robust controllers are quantitatively summarized
in Table 4. These demonstrate the efficiency and superiority
of the proposed control scheme in the enhanced robustness
and feasible control inputs acquisition.

Remark 6: The ESO adopted in ADRC is developed based
on the position feedback, and peaking phenomena induce
serious chattering in control inputs, as is shown in Fig. 7.
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TABLE 4. The input performance indices under robust controllers.

Method ISCS of u; ISCS ofu,  ISCS of us ISCS of uy
ADRC 329.17 0.0343 0.0319 4.1263e-04
RABSC 326.61 0.0043 0.0055 3.5610e-04

In contrast, the proposed control scheme employs a 2"?-order
LESO with velocity feedback, peaking phenomena can be
avoided. A modified switching gain @; = y;(|ez;| — §@;) and
a saturation function are adopted in the adaptive compensator,
which is further introduced to compensate for the observation
errors w, rather than whole disturbances w4, only minor chat-
tering exists in the control inputs due to the under-actuation
property of the hexacopter UAV.

V. CONCLUSION AND FUTURE WORKS

In this paper, the nonlinear robust and adaptive backstep-
ping control scheme is hierarchically developed for the
robust trajectory tracking control of the hexacopter UAV
system. Considering the under-actuated and coupled prop-
erties of the hexacopter system, the nominal backstepping
controller is firstly employed as the main controller to
achieve the fundamental flight performance. By integrating
the robust and adaptive compensators with the backstepping
based main controller, the proposed control scheme enhances
the robustness of the hexacopter system against the distur-
bances. More specifically, the 2"¢-order linear extended state
observer (LESO) based robust compensator with moderate
observer gains is introduced to estimate the parameter uncer-
tainties and external disturbances, and the effect of which
is restrained to some extent. Also, the adaptive switching
function based compensator is cooperatively designed to
compensate for the observation errors, through which high
gain behaviors of the LESO can be avoided, and robust-
ness of the control system against instabilities has been
greatly improved. The Lyapunov analysis is used to ensure
the trajectory tracking errors of the hexacopter UAV system
asymptotically converge to zero. Comparative simulations
under different controllers are carried out to demonstrate the
efficiency and superiority of the proposed control scheme
in the enhanced robust capability. The future works will
concentrate on the investigation of the finite-time stability of
control systems, and experiments will be conducted on the
real hexacopter UAV to verify the feasibility of the presented
control strategy.
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