Pre prints.org

Article Not peer-reviewed version

Trajectory Tracking Control for
Quadrotors Using Adaptive Integral
Terminal Sliding Mode under External
Disturbances

Shipeng_ Jiao , Jun Wang : , Yuchen Hua . , Ye Zhuang , Xuetian Yu

Posted Date: 8 January 2024
doi: 10.20944/preprints202401.0614.v1

Keywords: quadrotor UAV;, trajectory tracking control; adaptive estimation; backstepping control; sliding
mode control; dead zone technique; saturation function

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3350508
https://sciprofiles.com/profile/3350723
https://sciprofiles.com/profile/3350724

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2024 do0i:10.20944/preprints202401.0614.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Trajectory Tracking Control for Quadrotors Using
Adaptive Integral Terminal Sliding Mode under
External Disturbances

Shipeng Jiao !, Jun Wang >*, Yuchen Hua 2*, Ye Zhuang ! and Xuetian Yu!

1 State Key Laboratory of Automotive Simulation and Control, Jilin University, Changchun 130025, China;
erenj86757@gmail.com (S.].); zhuangye@jlu.edu.cn (Y.Z.); yuxt22@mails.jlu.edu.cn (X.Y.)

2 Intelligent Game and Decision Lab (IGDL), Academy of Military Sciences, Beijing 100091, China

* Correspondence: wj_xd@foxmail.com (J.W.); hyc12908@ustc.edu.cn (Y.H.)

Abstract: To address the trajectory tracking issue for quadrotors working under the influence of external
disturbances, a control scheme is designed for position and attitude trajectory tracking. Firstly, the quadrotor
dynamic model is derived for control design. Secondly, adaptive integral backstepping control (AIBS) is
employed in the position loop in which adaptive estimation is used to estimate the upper bounds of
disturbances. Subsequently, a new adaptive backstepping fast nonsingular integral terminal sliding mode
control (ABFNITSM) is proposed to follow desired Euler angles. The introduction of fast nonsingular terminal
sliding mode and integral element is to realize fast convergence and accurate tracking. Dead zone technique is
applied to minimize estimation errors. Besides, a saturation function is utilized to eliminate chattering
phenomenon. Finally, simulation experiments are conducted under the Simulink environment. The proposed
control is verified by comparing it with traditional integral terminal sliding mode control (ITSM) and integral
backstepping control (IBS).

Keywords: quadrotor UAV; trajectory tracking control; adaptive estimation; backstepping control;
sliding mode control; dead zone technique; saturation function

1. Introduction

In recent years, quadrotors have been applied in various fields owing to their size, low costs,
and capability of VTOL(vertical takeoff and landing) [1-3]. These considerable attributes and
widespread applications propel significant focus on quadrotors [4-7]. In reality, external
disturbances and measurement errors are inevitably present [8-12]. The key to complete tasks, e.g.,
power line inspection [13], logistics transportation [14], and pesticide spraying [15] depends on the
performance of trajectory tracking. As a result, improving the effectiveness of trajectory tracking
control under the influence of external disturbances holds important theoretical significance and
practical value, which ensures that quadrotors can meet the flight requirements and avoid
uncontrollable crashes.

Nair et al. achieved high-performance tracking for a satellite launch rocket system with time-
varying uncertainties by designing an adaptive PID control in reference [16]. In [17], an online
identification of aerodynamic parameters using the Kalman filter was utilized, followed by
compensating the rotor speed using LOR strategy, resulting in improved control performance for
heading and altitude. Such works generally linearize the nonlinear dynamics of quadrotors, which
leads to approximation errors and performance limitations. In [18], a fuzzy logic system was used to
assess the unmodeled dynamics of the quadrotor. A nonlinear disturbance observer was applied to
compensate for external disturbances and assessment error. In reference [19], the authors proposed a
radical basis function neural network (RBENN) to fix the unknown dynamic problem. To increase
the convergence speed and control precision, a fractional-order backstepping control was introduced.
Sliding mode control is widely applied in practical systems, e.g., robot manipulation [20], linear
motor positioning [21], and underwater robots [22], because of its strong robustness, fast response,
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and low sensitivity to uncertainties and disturbances. Conventional sliding mode (CSM) cannot
guarantee the fast convergence of control system [23-25]. Terminal sliding mode (TSM) was designed
to deal with this situation [26]. Besides, CSM may cause chattering. In [27], a modified second-order
sliding mode control was introduced to address the chatting phenomenon. Omid Mofid et al. planed
a super-twisting terminal sliding mode control considering input-delay, model uncertainty and wind
disturbance for fast response. In [28], the dynamic model was divided into inner loop and outer loop.
Nonsingular terminal sliding mode control (NTSM) was utilized to converge to the desired position
and attitude in finite time. In [29], Hamid Ghadiri et al. proposed a novel adaptive nonsingular
terminal sliding mode control (ANTSM). The control signals’ chattering was eliminated. Adaptive
estimation was applied to compensate for unknown disturbance. In [30], the implementation of
neural network (NN) approximator was to estimate the model uncertainty. Adaptive algorithms
were designed to make up for the approximation error and update the NN weight matrix.
Nonsingular fast terminal sliding mode control (NFTSMC) was presented to guarantee the finite-
time convergence of the quadrotor to its desired trajectory. An NN-NFISMC algorithm was
formulated to provide the system with robustness in the presence of the model uncertainty and
external disturbance. In [31], Mo H et al. took efforts to make comprehensive survey of control
techniques for quadrotors. In this study, adaptive terminal sliding mode is the most appropriate
method for quadrotor tracking control.

To develop a control scheme for full trajectory tracking of 6 DOF quadrotor’s position and
attitude, an adaptive backstepping fast nonsingular integral terminal sliding mode (ABENITSM)
control is proposed to track desired attitude. The position loop is based on adaptive integral
backstepping control. The main contributions of this article can be summarized as follows:

e A new control strategy is introduced for quadrotors under external disturbances.

e  The proposed ABFNITSM control is characterized by strong robustness against nonlinearities
and external disturbances compared to traditional control. Furthermore, it is also in possession
of capabilities of fast response and precise tracking.

e  The implementation of adaptive estimation enables update of controller parameters online,
which simplifies the tuning process. Besides, dead zone technique is employed to compensate
for disturbances.

e A new saturation function, which is differentiable, is utilized to eliminate chattering.

e Lyapunov theory guarantees the stability of the quadrotor trajectory tracking control system.

This article is organized as follows: the derivation of the quadrotor dynamic model is introduced
in section 2. The adaptive backstepping fast nonsingular integral terminal sliding mode for attitude
control and the adaptive integral backstepping for position control are designated in section 3.
Meanwhile, the stability of the control system is proven using Lyapunov theory. In section 4, the
simulation result is presented, followed by the conclusion.

2. Dynamic model of the quadrotor

The quadrotor is an underactuated system. The vector P = (x,y,z)T represents the translational
motion and the vector © = (¢, 0, )T denotes the Euler angle. Figure 1 shows a schematic diagram
of the quadrotor.
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Figure 1. the quadrotor configuration.

This paper adopts the right-hand rule to define body reference frame (BRF) B = {Og, Xy, Vb, Zp}
and inertial reference frame (IRF) E = {Og, X¢, Ve, Ze} to describe the 6DOF rigid-body motion of the
quadrotor. x, y, and z represent longitudinal, lateral, and vertical translational motion respectively.
¢, 6,and Y are roll, pitch, and yaw angle respectively.

According to Newton-Euler principle, the system model can be written:

I0=-0,I0+ 1+ 16+ Tp
F, is the aerodynamic force in the inertial frame.
0
Fo= R% 0 lr 2
Fr

F; is the thrust produced by the i-th motor. R; describes the rotational speed of the motor. k.
represents the lift coefficient of the motor.

Fr= Z?=1 Fi =k ?:1 Rizr 3)

RE is the transformation matrix from the BRF to the IRF.

cosfcosyp sinfsingcosy —cospsiny cos¢psinbcosy + singsiny
RE =|cosOsiny sinfsingsiny + cos¢pcosyp cos¢psinfsiny —sin¢ cosyp|, (4)
—sin6 sin¢ cos 6 cos ¢ cos

Fg is the gravitational force. Fp represents the force due to air resistance.
X
FD = kF y ’ (5)
v/

[ is the inertia matrix of the quadrotor. Based on the assumptions in Appendix A, I is defined
as follows:

I = diag(Loo Ly 1), (6)

The notation [ ] means the cross-product operator. Based on the vector ©, it defines a skew-
symmetric matrix.

0 -r ¢
Qu=|r 0 —pl, (7)
-9 p O
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T4 denotes the aerodynamic torque produced by motors. d is the distance between the rotation
axis of one motor and the center of gravity. ky is the torque coefficient of one motor during rotation.

(F4 - Fz) U<I>
Ta = (Fl - FB) = Ue s (8)
kny(RT —RZ +R3—R3)| Uy
T stands for the torque caused by the gyroscopic effect. tp reflects the torque owing to air
friction.

p?
Tp = Kp q2 ’ %)
2

Actually, a quadrotor undergoes various problems such as inaccurate parametric (mass and
inertia) measurement, control effectiveness and external disturbances. These throw obstacles in
control design. In order to formulate the control problem, equation (2) is rewritten incorporating
matched/unmatched uncertainties as

(m + Am)P = F, + AF, + Fg + AFg + Fp (10)

I+ADQ = -0, (I +ADQ+ T4 + Aty + T + Tp

where Am € R, Al € R¥3,AF, € R® and At, € R represent uncertainty in mass, inertia and control
effectiveness, respectively. According to lemmal, the above equation can be re-written as:

Q=1"1(—0,00+ 1) + 1t + Dy’
where Dp and D, are lumped uncertainties.
Lemma 1:
(A+BCD)'=A"1—(E+A'BCD)"'A"1BCDA™?, (12)

where A € R™™, B € R™", C € R™P, D € RP*™ and E is unit diagonal matrix.
The relationships between the angular velocity of a quadrotor in BRF and the angular velocity
in IRF are represented as follows:

6l=10 cos —sind
y 0 singsecO cosdpsech

According the small angle approximation principle, the transformation matrix can be

¢ 1 sinptan® cosdptanO]p
| I

r
approximated as the identity matrix.
ol [4
q| = (6} (14)
R

The vector X = [(b, $,6,0, U, ,%,%,Y,Y,2 Z] € R'? denotes the state variables.
The virtual position control inputs are defined as follows:

Uy Frm™1(cos X, sin X3 cos Xg + sin x; sinx;g)
Uy | = [Fym™1(cos x; sin x5 sin x5 — sin x4 cos Xs) |, (15)
U, Frm™cosx; cosx; — g

The equation (13) can be rewritten as follows:
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— )'(1 - _ XZ 5
Xy a;X4Xg + a,%5 + by Uy + dy
)‘(3 X4,
).(4, a3X2X6 + a4X£ + sze + de
XS X6
Xe | _ |asXaXe + agxé + bsUy + dy, (16)
X7 Xg i
Xg a;xg + Uy +dy
Xq X10
X410 agxio + Uy +dy
Xll X12
_).(12_ L dgXq2 + UZ + dz i
where:
_I)?Xl (Iyy - Izz)_
rdq I;)(lkT
a2 I;}}(Izz - IXX)
% 1,1k
ay yy 2T
as Iz_z1 (Ixx - Iyy)
ae -1
I,k
a,|= 231 T ' (17)
ag m™ K
ag m_lkp
b, m™ kg
b, Ioid
-1
b | Iyyd
I I} |

3. Control design

This section is committed to the design of trajectory tracking control and stability analysis.
Taking parametric uncertainties and external disturbances into consideration, a trajectory tracking
control strategy is formulated to ensure quick and accurate tracking of reference commands. To
achieve this goal, a new control is proposed integrating terminal sliding mode, integral element,
backstepping technique and dead zone technique for attitude trajectory tracking. For the sake of
chattering elimination, a new saturation function is designed. Additionally, an online adaptive
estimation technique is introduced to compensate for parametric uncertainties and external
disturbances. Adaptive integral backstepping control is introduced in position loop. Figure 2
illustrates the entire control flow diagram.

Yy

Desired
Trajectory

Attitude
@, 0, Tracking

Position Nonl inear » Control ler QUAV
Tracking Decoupling
Control ler Equation 4
E _
4.0y !

X, Y,2

Figure 2. Control scheme for the quadrotor.

3.1. Position tracking control design

The adaptive integral backstepping (AIBS) control exhibits good robustness. It combines the
characteristics of integral backstepping control and adaptive estimation to facilitate precise tracking
and stable control. The basic idea of backstepping method is to gradually introduce virtual control
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variables and recursively design control laws to guide the tracking errors from an initial state to zero.
An adaptive law is used to compensate for modeling errors, external disturbances, and measurement
noise. The design process of AIBS is depicted as follows:

X, yd,zd‘ €, €. €, | Integra! e, €, €, Integra! Ux'Uy'Uz QUAV
> Backstepping Backstepping Position
4+ Step1 Step2
7y

Ld_tJ gs'fw'gn

Adaptive
Laws

Figure 3. Block diagram of AIBS.

AIBS control design step 1:

The position tracking error is defined as follows:

— X7d
[ l [X9_X9d l (18)
X11d

where X;4, Xqq, and X;,4 are desired trajectory. The time derivative of equation (18) is:

—X74q — X4
X9 — Xoq X10 — Xoq |, (19)
— X414 — X414

The Lyapunov function is defined as follows for stable system:

le e% + k71—"72
1| = % e +kol§ |, (20)
l,4 ety + ki Ih
where:
I, = [e.dt (€ 7,9,11), (21)

The time derivative of equation (20) is:

It es€; + kI I e7(xg — X7a) + Kk, Iy
€9€g + Kololy €9(X19 — Xog) + Kololy |, (22)
e11€11 + Kyqli1lg e11(X12 — X110) + ky1T1 g

The system virtual control input is selected as follows:

—&7e7 + X7q — Ky
XlOd =| —89€9+Xgq —Kkoly |, (23)
X12d —&11€11 + X114 — K111

where &;, &, and &, are positive constants to be designed.

Substituting (23) into (22) yields:
—&,e5
—%ei [ <o, (24)
—&1ef;
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AIBS control design step 2:
The second tracking error is given by:
€g Xg — Xad
€10| = [X10 ~ X10d|, (25)
e 12 ~ X12d
The Lyapunov function can be defined as follows:
1, e? + k,[7 + e
2| =3 ed+kolZ+e} | (26)
172 el + ki Th +ef;
The time derivative of equation (26) is:
1X2_ e,8, + k,I,T, + egég
1y2 = egég + kgrgl:‘g + eloélo 7 (27)
izz_ e11811 + Ky1 4l + €4284,

Substituting (19), (23), and (25) into (27) generates:

—§,e5 + eg(e; + &)
—&0e5 + eo(eq +€19) |, (28)
511911 + ep(eqq +€42)

To ensure the stability of the position tracking control system, we need to satisfy the following

condition:
e; +ég —&geg
€ +e10 | = [—&0e10| (29)
€11 + €12 —£10e1

where &, &, and &, are the estimation of &, £;,, and &, respectively.
From (29), the corresponding position control law can be derived as follows:

Uy X7q + (E% —1-Kk;)e; — (E7 + EB)eS — asXg + &k, —dy
y| =|Xoa + (85 — 1 —ko)eg — (E9 + 3’;10)910 — agXq1o + §okolg — dy , (30)
X119 + (&1 — 1 —ky1)eg; — (211 + 212)912 —agXqyy + &1k — d,

Proof of stability of position tracking control:

To prove the stability of the system and determine the parametric values of &, €0, and £, &
is taken as an illustration. The Lyapunov function is formulated as follows:

1 1 .
Lex = 5 (67 + koI7 +e§ + -8, (31)

where ag is positive constant, & is the estimation error.
The time derivative of equation (31) is:

Lpx = —§7€5 — §ge3 + €, (eé - aiséa)/ (32)
If the third term on the right-hand side of (32) is set to 0, it can be deduced that:
£ = agel, (33)
Then,
Lpx = =876 — 3ge§ <0, (34)

Therefore, the subsystem is stable.
For the purpose of establishing a complete proof, the Lyapunov function is defined as follows:
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1 1. 1
Lp=_(ef +k,I7 +ef + a—segs + €%+ kold + €2y + a—loegm +e? + ki T +e2, + )
1 <2
P e§12)’
The time derivative of the (36) is:
Lp = —§e5 — §ge} — &oed — Ejpely — §11ef1 — §106, <0, (36)
where &;, &, &, &1, §11, and &, are positive constants.
The stability proof of the position tracking system is now completed.
Adaptive laws:
2 age}
210 = O‘10‘%0 ’ (37)
% 12 ay2€f,
where ag, a4y, and a;, are positive constants under design.
Based on (15), thrust and the desired attitude angle can be calculated as follows:
(FT=mJU§+U;+(UZ+g)2
_ —1 (cosPqUx+sinPqUy 38
i Gd = tan (—Uz+g ) s ( )
_ 1 sinyqUx—cos PgUy
| Wa=tan (cos 04 R v )

3.2. Attitude tracking control design

The previously proposed AIBS control has been effective in position tracking, ensuring the
stability of the position subsystem. In this section, a robust adaptive backstepping fast nonsingular
integral terminal sliding mode control (ABFNITSM) is proposed for attitude tracking. A new
saturation is designed to eliminate chattering. The main objective of this control is to ensure system
stability and achieve fast convergence of the Euler angle to the desired trajectory.

Backstepping ,j;d, 911' y'/d Backstepping

8 e e Fast Fast
_ 17 ¥3" V5 Integral Integral
4@ » Terminal Terminal QUAV
.0, . Sliding Sliding Attitude
¢d d l//d Mode Mode

Step1 Step2
i Y r'y 'y
@0, v dt S 83 S5 [ 4 P

dt Q*1' 0*2’ 0*3
v \ d
Adaptive dt

Laws

Sliding
Surfaces

Figure 4. Block diagram of ABFNITSM.

The saturation function is designed as follows:

eX-1

eX+1’

sat(x) = (39)
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ABFNITSM control design step 1:
The attitude tracking error is defined as follows:
€1 X1 — X1d
€3] = |X3 — Xad|, (40)
€s X5 ~ X5d
where X;4, X3q, and Xsq are desired trajectory. The time derivative of equation (40) is:
‘:31 5:(1 - ):<1d —Xyd
E3[ = [X3 = Xad| = X4 X3d , (41)
esl 1X5 —Xsq
The Lyapunov function is defined as follows:
14)1_ L e%
191 = E e% , (42)
ly1) et
The time derivative of the (42) is
1‘4’1 €1€1] e1(Xz — X14)
lo; | = e3§3 = |es(xq — X3a) |, (43)
Iy esésl  [es(xg — Xsa)
The system virtual control input is selected as follows:
S1+X1a — §1€1
X4d = |s3 + X34 — &3€3), (44)
S5 + Xs5q — &5€5

ABFNITSM control design step 2:
The sliding mode function is chosen as follows:
[é, + f [8¢1|e1|“¢1sat(e1) + 8¢2|e1|“¢25at(e1)]dﬂ
[Ssl l &3 + [ [Bosles|Mo1sat(e;) + 8¢, és|02sat(e;)]dr | (45)
és + f 8¢1|e5|"llﬂsat(e5) + 6¢2|e5|“ll’zsat(e5)]d‘r

where 8,;(*= ¢,6,;;i = 1,2) are positive constants to be designed.
With the sliding function sy to be differentiable and the system to exhibit Hurwitz stability for
sk = 0(k = 1,3,5), the controller parameters aforementioned must satisfy the following condition:

fexp[—(Je;| + 0.25)** — (Je;| + 0.2)%7] + 0.5]

N1 -

|rn¢2]| 21 (1 +Mp) ™"

[ne1| _ [exp[—(les| +0.25)* — (les| +0.2)*7] + 0.5 (46)
Moz 291 (1 + M) ™! ,

24’1 exp[—(les| + 0.25)1* — (Jeg| + 0.2)°7] + 0.5
w2 27]1];1(1 + T]qn)_l

The time derivative of equation (45) is:

€3 + 8g1les|M01sat(e;) + Sg,|€5|M025at(€3) |, (47)
€5 + Oy1les|MV1sat(es) + 6z |€5| M2 sat(es)

[él [€; + 8¢1leq[M%1sat(e;) + 84l€ [1925at(é,)

To ensure system stability, the following Lyapunov function is defined as follows:

l¢2 L e% + S%
192 = E e% + S% ’ (48)
ly2 eZ + s

The time derivative of equation (48) is:
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-14)2 e +5:5;
1ez = [esé3 + 5383, (49)
_11|J2 ez€s + S5Sg
Substituting (44) into (49) derives:
lp2 —&ef +5.(5; +ep)
loz | = [—83€5 +53(55 +e3)|, (50)
Iz ) —&se? + s5($5 + e5)

With the intention of system stability, the second term on the right-hand side of equation (50) is
expected to be equal to zero.
$1+e
S3+e;
S5+ es

=0, (51)

Neglecting the uncertainty term (i.e,, Dy = 0) and substituting (47) into (51), the equivalent
control input is calculated as follows:

U¢o bfl(ild — A1X4Xe — 32X% - 5¢1|91|n¢153t(91) - 5¢2|é1|%253t(é1) —e)
Ugo | = | bz" (R34 — a2X,Xe — a4X5 — 8gy |e3|M015at(e3) — 892 |€3|M025at(e3) — €3) |, (52)
Uyo b3' (Xsq — a3X,Xy — agX — Sy |es|MWisat(es) — 8yzlés|MV2sat(es) — es)

Then, the reaching law is selected as follows:

— | b2 (Pe1S3 + Pezlssl®®sat(ss) + (Qos + Qozlxsl + Qoslxal)sat(ss)) |, (53)
b3 (py1Ss + py2lss|®¥sat(ss) + (Qqn + Qyalxs| + Q¢3|X6|)Sat(55))

where p,; and o, are controller parameters that need to be designed and are greater than zero. Q.

Up1 b1 (py151 + Pgzls1|®®sat(s;) + (Qqn + Qgalxa| + Q¢3|X2|)Sat(51))
Ug1 | =
Uyt

is the estimation of the parameters related to uncertainties, which is updated by the following
adaptive estimation algorithm (*€ {&, 6, ¥},i € {1,2},j € {1,2,3}):

Adaptive estimation algorithm:

Q41

;thZ Agyls]

EY A(1>2|51||X1|
Qosl | agals x|
Qo1 Agqlss|
Qo2 | = [Lozlssllxsl | (54)
693 Agslss|xsl
S A¢1|55|
il oy, lsslixs|
QIIJZ _A¢3|55||X6|_
[Qys3]

where A,;(*€ {¢,6,},i € {1,2,3}) are positive constants that need to be confirmed.
Dead zone technique:

In practical applications, the sliding variables s;, s3, and s5 often encounter chattering due to
measurement noise, leading to overestimation of Q. To alleviate this issue, dead-zone technique is
used to adjust the adaptive law.
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Q {A¢1|S1| [sil <8
[s1| > 8
Q {A¢2|51||X1| Is;| <6
Isi| > &
Q {A¢3|51||X2| Isi| <8
Isi| > &
Q {A91|53| s3] <6
[s3| > 6
FY s3||x s3| <6
! B, { ozls3lIxsl, :Sz: =0 (55)
Q {A93|53||X4| s3] <6
|ss| > &
6 _ {A¢1|Ss|; Iss| <&
w1 0, |ss| > 6
6 _ {A¢2|55||X5|' Iss| <&
vz 0, |ss| > 6
6!113 _ {A¢3|55”X6(!: Iss| <&
) Iss| > 8

where § > 0 represents the threshold for the deviation caused by influencing factors (such as sensor
noise, uncertainty in estimation and inertia delay of the motor). In this article, § is set to 0.3.
Adding the equivalent input and the convergence control input together yields the total control
input:
Uy Ugpo + Uyt
Ug [ =|Ueo + U1 [, (56)
Uy Uyo + Uya
Proof of stability of attitude tracking control:

The Lyapunov function is defined as follows:
[ehestenin )
ed +s5+ Xhi- 1A Qom |, (57)

e +SS +Zn 1_Q11m

ly
lg| =
ly

NIH

Q represents the estimation error. The time derivative of equation (57) is given as follows:

. . 1 =~ %
l¢ 6161 + Slsl + Zl3=1A_Q¢lQ¢1
Ig | =383 + 5355 + Xi- 1A Qeerm , (58)
i ~
hd es€s + S5S5 + Zn:1mQ¢ann
Substituting (44), (47 ), and (56) into (58) produces:
—§ef — P¢1S1 — Pozlsi 70T — Dy lsy |
—&e3 — pe153 Pezls3|70*! — Pgls3| | <0, 59)
—E5eZ — py1SE — Pyalss| OV — Dy ss]

where:

Dy Qg1 + Qp2lx1| + Qgslx2l
®g | = [ Qo1 + Qozlx3| + Qezlxal |, (60)
@y, Qy1 + Quzlxs| + Qyslxel

Based on the provided information and equations, the stability of system is proven.
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4. Results

This section presents simulation results to validate the performance of the proposed control.
During simulation tests, the initial position and attitude are set to [0,0,0]” m and [0,0,0]" rad,
respectively. The static parameters and control system parameters are listed in Table 1 and Table 2

respectively.
Table 1. Static Parameters of the quadrotor.
Parameter Value Meaning
m 0.56kg the mass of the quadrotor
g 9.8m/s? gravitational acceleration
d 0.3m distance between the center of gravity and rotation axis of
one motor
L 35x107° kg - m2 moment of inertia about x-axis
Lyy 35 x 107> kg m? moment of inertia about x-axis
1,, 70%x107° kg - m? moment of inertia about x-axis
kg 42x107 force coefficient during one motor rotation
kym 3.8%x 1072 torque coefficient during one motor rotation
kg 56x 107 drag coefficient due to air resistance
Kkt 56x107* drag torque coefficient due to air resistance

Table 2. Control system parameters

Parameter Value
k7, ko, k11 0.01
&89 &y 4.25
g, A10, A12 2.5
Op1, 001, Oyt 28.5, 50, 28.5
D2 02, Oy 6,6,12
Q17 Q617 Qui 3
Q2 Qo2 Qo 2.5
O¢, 00, Ty 1.7

The proposed control is compared with the integral backstepping control and integral terminal
sliding mode. The simulations are performed with external disturbances caused by wind gusts or
other factors.

The external disturbances are assumed to follow Gaussian distribution. The "Random Number"
block in Simulink is utilized to generate random numbers with a mean of 0 and a standard deviation
of 10 as disturbances. The sampling time is set to 2s. To ensure that the disturbances in the position
loop stay within the range of -1.5 to 1.5 rad/s? and that the disturbances in the attitude loop stay
within the range of -2 to 2 rad/s*, the generated random numbers should be multiplied by
appropriate scaling factors.

4.1. Casel

In this case, the quadrotor is demanded to track a simple rectangle trajectory. External
disturbances are taken into account. A 3D trajectory plot provides a visual representation of the
tracking performance of a control (Figure 5). It allows for a comprehensive view of how well the
control is able to follow the desired trajectory in 3D space. The simulation results are presented in
Figures 6-11. To provide a more intuitive representation of the control performance, error curves for
the x, y, z directions and Euler angles are plotted.

The desired trajectory are defined as follows:
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Figure 5. 3D position trajectory tracking.
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Figure 6. longitudinal translational motion tracking.
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Figure 7. lateral translational motion tracking.
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Figure 8. vertical translational motion tracking.
T
-, 0<x<40
Xsq = { 3 SRS (61)
0, 40 <x< 80
5405t 0<t<20
or = 15 20<t<40 (62)
7d 7115 - 0.5(t—40) 40 <t< 60
5 60<t<80
5 0<t<?20
_ ) 5405(t—-20) 20<t<40
Xod = 15 40<t<60 ’ (63)
15—-0.5(t—60) 60<t<80
X114 = 11, (64)

Due to that the initial position and attitude are set to 0, the quadrotor attempts to approach the
desired trajectory quickly, which results in excessively large desired roll and pitch angles during the
initial stages of the simulation, leading to significant tracking errors.

The results demonstrate that both controllers track the desired position and attitude in the
presence of disturbances in Figure 5 and Figures 9-11, while the proposed controller behaves
excellently. Even when there is a sudden change in the yaw angle, the proposed controller still rapidly
reacts and tracks the new trajectory in Figure 11. Through comparison, it is evident that the proposed
controller exhibits better performance.
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Figure 9. roll angle tracking.
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Figure 11. yaw angle tracking.

Finally, by comparing with IBS-ITSM, the proposed controller possesses better performance. The
square trajectory used in this case is relatively simple. In the next case, a more complex trajectory will
be employed to further demonstrate the supremacy of the proposed controller.

4.2. Case2

In this scenario, the quadrotor is required to track a sophisticated trajectory under the influence
of external disturbances. The simulation results are presented in Figure 12-18.
The desired trajectories are defined as follows:

3 (65)

T 0o<t<40
Xs5d = 4
0, 40 <t <80

X7q = 10 cos(0.5t), (66)

Xgq = 105sin(0.5t), (67)
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Xlld = 10 + O-St, (68)

From Figures 1318, it can be observed that the tracking performance of the IBS-ITSM control is
not ideal, exhibiting relatively large fluctuations in the presence of disturbances. In contrast, the
proposed controller successfully tracked the desired trajectory and attitude faster and more
accurately, demonstrating the robustness and superiority of the proposed controller.

—Reference
—IBS
50
—Proposed
40
_ 30
E
2
10-
0~ 10
o e 0
10 R
10 -10
X [m] Y [m]
Figure 12. 3D position trajectory tracking.
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Figure 13. longitudinal translational motion tracking.
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Figure 16. roll angle tracking.
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Figure 18. yaw angle tracking.

5. Conclusion

In this paper, the quadrotor dynamic model considering parameter uncertainty and external
disturbances is derived with the Newton-Euler equation. An AIBS control is proposed in position
loop. The desired attitude is derived by decoupling equations based on the desired position.
Furthermore, a new ABFNITSM control is proposed for the attitude tracking, utilizing integral
element, backstepping, adaptive estimation technique and dead-zone technique based on terminal
sliding mode control. A saturation function is introduced to eliminate chattering. The Lyapunov
theory is employed to verify the stability of the control system. Finally, the proposed AIBS-
ABFNITSM control has better performance and good robustness against external random
disturbances through comparing it with IBS-ITSM.

6. Future work

Future work includes validating the performance of the AIBS-ABFNITSM control scheme in
trajectory tracking tasks on an actual quadrotor. Considering the limitations of Euler angles,
exploring the application of quaternions in quadrotor’s attitude trajectory tracking control is worth
investigating.
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Appendix A

Appendix A.1. Assumptions

e  The quadrotor structure is symmetric.

e  The geometric center of the quadrotor coincides with its center of gravity.

e  The forces and torques caused by air friction are proportional to the quadrotor’s velocity and the
square of the quadrotor’s angular velocity, respectively.

e  External disturbances enter the system in the form of acceleration.

e  The forces and moments generated by the motors are proportional to the square of the motor
speeds.
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