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Abstract: Given external disturbances and system uncertainties, a nonsingular fast terminal sliding mode control
(NFTSMC) method integrated a nonlinear disturbance observer (NDO) is put forward for quadrotor aircraft. First, a
NDO i1s proposed to estimate the actual values of uncertainties and disturbances. Second, the NF'TSM controller based
on the reaching law is designed for the attitude subsystem (inner loop), and the control strategy can ensure Euler angles’
fast convergence and stability of the attitude subsystem. Moreover, the NFTSMC strategy combined with backstepping
is proposed for the position subsystem (outer loop) , which can ensure subsystem tracking performance. Finally,
comparative simulations show the trajectory tracking performance of the proposed method is superior to that of the
traditional sliding mode control (SMC) and the SM integral backstepping control under uncertainties and disturbances.
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0 Introduction

During the past decade, quadrotor unmanned
aerial vehicles (UAVs) have attracted extensive re-
search interest of many scientists all over the world.
Compared with conventional aircraft, the quadro-
tors have many unique advantages, such as low
cost, easy operation, hover control and so on.
Therefore, the quadrotors are used to accomplish
various tasks, such as military surveillance, agricul-
tural investigation, and payload transport''*. In
practice, they are susceptible to external disturbanc-
es, which is easy to cause a relatively large discrep-
ancy in attitude calculations. Consequently, the ef-
fective control is bound to decrease. Therefore, the

influence of external disturbances on flight control
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stability should be concerned and solved in the de-
sign of controllers.

Various advanced control methods are proposed
not only to stabilize the control system but also to im-
prove system tracking performance, such as back-
stepping control”, sliding mode control (SMC)"**/,

1797 ete. As we all

adaptive control'”, fuzzy contro
know, SMC is regarded as an effective technique
that results in a high degree of robustness to tackle
system uncertainties and external disturbances. Mu

1.""" studied an integral SMC to weaken the im-

et a
pact on the bounded external disturbances and mod-
el uncertainties. Wang et al.'* used a terminal SMC
strategy for controlling the quadcopter rotation and

translation subsystem considering external distur-
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bances. A hierarchical SMC strategy was proposed
to copy with continuous disturbance and parameter

1", Zhang et al.'" designed

uncertainty by Li et a
an improved robust controller for the sliding mode
and the controller not only stabilized the quadcopter
system, but also performed well against time-vary-
ing disturbances.

However, the above approaches only utilize
the robustness of SMC to tackle system uncertain-
ties and unknown external disturbances. To improve
robustness, an observer is usually used to suppress
and compensate for unknown system uncertainties
and external disturbances. For example, Nuradeen

et al.l™

used a method—combining SMC with a ro-
bust disturbance observer to stabilize the system and
track the command trajectory. Additionally, Shi et
al.""" proposed an attenuation-control strategy based
on a generalized extended state observer, which can
meet the high-precision control target. Benallegue et
al.""" presented a high-order SMC based on distur-
bance observer strategy that is capable of dealing the
effect of external disturbances.

Further, the backstepping technology is excel-
lent for dealing with under-actuated nonlinear sys-
tems. Due to the under-actuated subsystem in the
quadrotor system, the backstepping technology is
widely adopted in the design of controllers. Chen et
al. ""*" applied the backstepping technology to the
quadrotor position loop. Shao et al."”"' studied a sta-
ble trajectory tracking strategy combining the ex-
tended state and the backstepping technology to
tackle the quadrotor system involving external
disturbances and parameter uncertainties. Djamel et
al.”” designed an optimal control method for a
quadrotor’ s attitude control based on the backstep-
ping and nonlinear approach.

Inspired by the above approaches, we propose
a nonsingular fast terminal sliding mode control
(NFTSMC) combined with a nonlinear disturbance
observe (NDO) for a quadrotor subjected to system
uncertainties and external disturbances. The main in-
novations of this paper are summarized as follows:

(1) The designed observer can efficiently esti-

mate the actual values of compound unknown distur-

bances. Compared with Ref. [21], it does not re-
quire the condition that the time derivative of the dis-
turbance needs to be close to zero.

(2) Compared with the sliding mode control in-
tegral backstepping (IBS-SMC) “**' | the classical
SMC " | the proposed NFTSM controller shows
great advantages on a quadrotor system, such as ac-
curate tracking performance, fast convergence and
ability of avoiding the singularity problems.

(3) The robustness of a quadrotor system is
strong by introducing NDO design. Meanwhile,
Gaussian white noises can be effectively suppressed.

The rest of the paper is organized as follows.
The disturbed model of quadrotors is introduced in
Section 1. Then, NDO is used to estimate the un-
certainties and disturbances in Section 2. Further, a
backstepping NFTSMC based on the reaching law
for the attitude and the position subsystems is con-
structed in Section 3. Some contrast results are
shown in Section 4. Finally, some conclusions are

drawn in Section 5.

1 Problem Formulation

1.1 Dynamic model of quadrotors

The structure of a quadrotor is illustrated in
Fig.1. Let us employ two reference frames: The ax-
es of the inertial coordinate are denoted as
(0., 7., y., 2.) and the axes of the body coordinate
are denoted as (O, x,,y;,,2,). The vector 5=
[ 2, v, 2 ]" denotes the position subsystem in the iner-
tial coordinate. The vector £=[ ¢, 0, ¢ ]" expresses
Euler angles in the inertial coordinate and the three
Euler angles are roll (—=n/2< ¢ <w/2 )rad, pitch

(—n/2<<0<7/2)rad and yaw ( — < ¢ <_n)rad.

F,

Fig.1 A quadrotor’s structure
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The vector @ =[ p, q,r]" denotes the angular ve-
locities in the body coordinate, that is, roll, pitch,
and yaw, respectively.

The dynamic model of a quadrotor is described

in the form"”

¢= a0y — a,p + U,
6= a3q5¢*a4<9.+ U,
g.l;za\rﬂ.qﬁ.—asg/}-l- U,
F=(C,S,C,+ 8,S,)Us— ara
§=(CyS,C,—$,8,)Us— asy

2=C,CU,— g— as2
where g is the gravitational force; U,, U,, and U,
represent the control input for the three attitude an-
gle channels, U, is the control input for the position
subsystem, and U,, U,, Uj, U, satisly the relation-
ships as follows
U,= k(2] —07)/I,
U,= lk(Q; —Q7)/I,
Us=Ik(Q; +0QF — 027 — 07 )/1.
U, =k(Q}+ 0, + 07+ 07)/m
where 2,(i=1, 2, 3, 4) is the speed of the ith rotor;
I=diag(1,, 1, 1.) denotes the moment of the iner-
tial. a(i=1,---,9) in Eq.(1) is some known con-

stants, and their detailed expressions are as follows

I—1, 7, IL—1,

a,— i ,azvaa:s: I
x - Y
-]0 I.r - I)' ‘/¢
ay=——7,d5— y Ao —
1, I I

7, J, J

a; — ,Ag — a9 —

m m m

where m is the total mass of a quadrotor; J,,J,,J,,

J.,J, and J. are corresponding drag coefficients.
1.2 Disturbed quadrotor dynamic model

Considering system’s uncertainties and exter-
nal disturbances as an integration item, we name d,,
d;. Eq.(1) can be decomposed into the following

forms

X, =X

X =f(X.)+ U +d, o)
. 2
X, =X,

X,=f(X,)+ V,+d,

where i=1,2,3; j=4,5,6.

X1 |¢ Xl |2
X12 — 6 XlS - y
_Xm SZJ Xlﬁ Z

vl vl [(CeSiCit8,8,)U,
R TR 1)
Vol LU C,C,U,

f(le.) andf<X2j> are nonlinear terms, and the

concrete expressions are as follows

S(Xa)| [ — and
F(Xn)|=| asdd — aid
F(Xo)| | ast¢ — asd
f(X2) —a, 3
S(Xa)|=| —ay
F(xa)] L8

Assumption 1 For each subsystem, the
lumped uncertainties d; d; are not measurable and
unknown, and differentiable with bounded deriva-
tives, 1. e.
ld|<D,,|d|<D;,t>0

For some positive constants D,, D;, i=1,2,3,j=
4,5,6.

Remark 1 The disturbance for the system
cannot be infinite, which means that the disturbance
is bounded. It is unreasonable to only consider the
constant disturbance in the system, that is, the de-
rivative of the disturbance converges to zero, so the
bounded derivative of the external disturbance is log-

ical and reasonable™.

1.3 Control strategy

The main control objectives of this paper are to
design a control strategy combining NFTSMC and
NDO, which can ensure the stability and tracking
performance of a quadrotor system subjected to sys-
tem uncertainties and external disturbances. A NDO
is utilized to estimate lumped uncertainty, which
compensate for lumped uncertainty. Then, via divid-
ing a quadrotor system into two subsystems: Atti-
tude and position, the controllers of the two subsys-
tems are given. Based on that, the precise tracking
and stability of the system are realized. The control

diagram is shown in Fig.2.



222 Transactions of Nanjing University of Aeronautics and Astronautics Vol. 39
[y oz | any system, x: R"—R", starting at C, differential
Desired . Position b0, Attitude ; ;
signals 4 controller controller inequality
7 N V(I(Z))<*(9V(I(l))+w
%% 9,5,% % [Quadrotor 6,6, 0,6,y for all 2> 0 with 2(0) € C is satisfied with w >0, a
Observerje——— d . U, U,U, . . s
6, 4, 6, 6, y, y [ GYRAMICS fixed positive constant, and ¢, a positive and tun-
External dis““bancedT P able parameter. In a sufficiently large time, all tra-

Fig.2 Control block diagram

2 Nonlinear Disturbance Observer

Design

In this section, a NDO is designed to estimate
the actual value of the lumped uncertainty. For both
subsystems of the position and the attitude, NDO
can take the same form

Zi=—LZ— L[ LXy+[(Xu)+ U]
di=27+ L, X,
: (3)
Z=—1,2,— LI L,Xy+ f(X5)+ V,]
dj-: Z,+ L, X,
where Z,, Z; are the states of NDOj L,, L, the ob-
server gains; and c?,-, a7] the estimation of lumped un-
certainties.

Define the estimation errors of NDO as

di=d,—d, (4)

Substituting Egs. (2—4) into the derivative of

d;, we obtain
di=7+LX,=
—L.Z,— L L X+ f(Xu)+ U |+ LXs=

—L(Z+ LX)+ Ld=—L(d—d)=
—L.d, (5)
Then, the derivative of cz,
d=—1Ld—d (6)
Hence, we obtain
d,=—L,d — d, (7)
Lemma 1 For smooth multivariate dynamic

systems, V is assumed to be a strictly positive and
continuously differentiable Lyapunov function. Let
CCR" be an arbitrarily given set of initial conditions
for a connected and compact dynamic system. Fur-

ther, suppose that along the trajectory system of

jectories of the dynamic system are bounded starting
in C for a sufficiently large time "’
Theorem 1 If the system (2) satisfies As-
sumption 1, the observer gains L, L, are selected
as appropriate positive numbers. The disturbance es-
timations d, d, of Eq.(3) can asymptotically track

the actual lumped uncertainties d,, d; of the sys-

tem"*".
Proof Select the first Lyapunov candidate
function as follows
N
VJ,ZZE d; (8)

i
o
= o

i(z 1)J2+D2<
o)t 2

2 1} -, )
2—@4—Jw+pf 9)
Similarly, one obtains

V,,<Z

According to Lemma 1, the proof of Theorem
1 has been finished.

)d} + D} (10)

3 Controller Design

In this section, to control the system better,
the double loop control method is adopted to deal

with the underactuated property.
3.1 Attitude subsystem controller design

The NFTSMC method is proposed owing to
its advantage of fast convergence of Euler angles.

Firstly, attitude tracking errors are defined as fol-



No. 2 ZHAO lJing, et al. Nonsingular Fast Terminal Sliding Mode Control Based on Nonlinear Disturbance:--- 223

lows: en=¢— s e2=0—04,e5=¢ — ¢ . The
NFTSM surface is designed as

si=e+ e sen(e) (11)
where i=1,2,3; 1,>0; 1 <Ty<<2.

An improved double power reaching law is pro-

posed as
_Zkl a _2/3961' od el
2, =——|s,| sgn(s,)+——|s,| sen(s,)
’ 1+ef“ﬂ‘ & 1+67‘J‘ ‘ ¢
(12)
where A=|s|—1, a>1, 0<<p<<1, k>0,

k>0, ¢, >0 and ¢, > 0. Then the control laws are
given by Egs.(13—15).

U *Zkl ‘
= —|s
] 146 l

— 2k,e,
1+ e

a

sgn(s, )+

B

b
/1]}/

‘(1—y>

B o'

sgn(s,)— él}

alé¢+a2¢+¢yd_folsl_d’1 (13)

— 2k,
U, :|:‘ S2

“san(s,)+
1+ ¢, 2 P8I

- 2&262 od
1+ e,

B

S2

. 1. a»
sgn(s,)— é, 7‘62‘ —
Ay

a3¢.g!'l+a4(9.+(§d*[0252*622 (14)

72/31 a
UBZ{W‘SS sgn(s;)+

- 2&26;“&

e ‘.\'_g‘ﬂsgn(sg)* e:| és
3

Asy
as0¢ + asd + G — psss — d; (15)
Theorem 2 Given the lumped uncertainty in

the attitude subsystem, if NFTSM controllers (13—

15) are applied to system (2) under Assumption 1,

the closed loop subsystem could guarantee the fast

convergence and the stability.
Proof The roll angle is taken as an example,
and the lumped uncertainty is ;. The Lyapunov

function is designed as

1
VIZES?JF Va, (16)

Substituting Eq.(16) into the derivative of V,

we obtain

. . (y—1) ..
V1:51§:1+ V‘/]:‘sl(élﬁLxl}”él‘ ! <a1(9¢17

Clz(f’+ U —d — qbd))Jcmla?lé
izkl ‘ , (a+1) M‘ ) ‘(,34»1)7
e Lo 1

2 1 7 1 2 2
101.3';([4 2)df+2D{<p1S]

1) - 1

where 0, = min{20,, 2L, — 1}.

The result of Theorem 2 comes from Lemma
1. Therefore, the control laws (13—15) are de-
signed to ensure tracking performance of the attitude
subsystem.
3.2 Position subsystem controller design

A backstepping NFTSM scheme is proposed for
the position subsystem in this section. Here we take
position as an example to introduce the design pro-
cess.

The position tracking error is

e =1 —xy (18)

The time derivative of x and it follows that

§=d—T,=a,— I, (19)
where «; is a virtual control input.

The first Lyapunov function is defined as

1 .
szgsf (20)
The derivative of V, is as follows
V2:€1€.1:€1<(1171.”,j> (21)

a; i1s designed as
=5, —ce,t Iy, (22)
where s, denotes the sliding surface and ¢ is a con-
stant.
Then, the NFTSM surface s, is designed as

s, =€ + "01‘ € ‘Psgn(el )+ v, € ‘[lsgn(é] ) (23)
where v,, v, are positive constants, and p, g (¢g<<
p) the positive odd numbers.

The time derivative of Eq.(23) follows that
(A .
(& —1,)(24)

‘P

1
s4=el+v1p‘sl el—l—vzq‘el

The second Lyapunov function is defined as

1
V3: V2+E.\i (25)

The derivative of Eq.(25) obtains
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V3: Vz +osisi=—cel T i
.§4|:é1 + vlp‘ €1

.

TN E— )J(zes)

. q
€

léHrvzq
By substituting Eq.(3) in Eq.(26), we get
VSI—CS%#»«SQSL+S4|:€'1+7/1p‘€1 1é1+

"

¢—1

ug—mi+@—aﬂ 27)

'Uzq‘ él
The virtual control input U, can be defined as

p—1, 1 =)
€ ‘51‘ -

Ul.:<_€1_é1_'01p‘€1

V24
Tsi+ and —d, + 7, (28)
Similarly, the y, z position tracking errors are
defined as

€=y Yu (29)
&=z 2y (30)

Virtual control inputs @,, a; are designed as
@y =85 — € Y4 (31)
a3 =55 — ce;+ 2, (32)

And the sliding surface s, s are defined as
S5:€2+v3‘ 52‘Psgn(ez)+ m‘ éz‘qsgn(éﬂ (33)
S¢— €3 + 'Ug‘ &3 ‘psgn( €3 )+ 'Ug‘ 53 "Isgn( 53 ) (34)

The virtual control input U, U, can be defined

as

[Sp)

p—1, 1. 11—
& ‘52’ _
Uyq

Tz.$5+agy_623+yd (35)

U),:(iszi égi 'U3p

U;:(—eg—e'g—ugp]eg\“‘ég)i\é:g]l*"
Usq

risstasi+g—ds+ %, (36)

Theorem 3 For the quadrotor’s position sub-
system (2), given the design of NFTSM surface
(23) combined with the backstepping technology
and the estimated value of the lumped uncertainty
obtained from observer (3) , the designed control
laws (28, 35, 36) can stabilize the position subsys-
tem.

Proof Take x position for an example. The
lumped uncertainty is denoted as d, and we select
the Lyapunov function

=V, +V, (37)

Substituting Eq.(27) into the derivative of V4,

we obtain

V4: Vg + J4Cj4: _CE? + AVESH +

‘(pf (g—1)

1)
sfétoplal” atugla]” (U~

a;x+d,— .fd)} -+ J@ =—cel— 5t +

cz4czl’4<*c's?* rl.s'f(L4;>cif+;D§<

—&,V,+ D} (38)
where 8, = min{ 2¢, 2¢,, 2L, — 1}.

Similarly, the result of Theorem 3 can be ob-
tained from Lemma 1. Therefore, the stability and
tracking performance of the position subsystem are
ensured under the control laws (28, 35, 36).

As mentioned above, the yaw angle ¢ could
track the given desired value ¢, based on the atti-
tude controllers. Therefore, 4,, ¢, and U, can be
calculated from Eqs.(28, 35, 36) with the ¢ consid-

ered as known. The solutions are as follows

U,=JU+U;+U?
.| U,sing, — U,cos¢,
¢ .= arcsin :
Jurtuituor | By
( U, cos¢, + U,sing,
f,— arctan :
U:
Remark 2 It is worth noting that the yaw

command ¢, should satisfy ¢,&(—n/2,n/2 ), such
that the solvability of U, is guaranteed. Further, the
condition also accords with the range of a yaw angle
in practice.

Remark 3 To reduce the chatting characteris-
tic of SMC, we substitute sat(s)for sgn(s)in this
paper. The sat(s) function is defined as follows

sgn(s) |s|=A
sat(s)=9 g
" |s|<a

where A is a positive constant.
4 Simulation and Discussion

4.1 Parameter selection

To fully verify the efficiency and superiority of
the proposed control technology, the closed-loop
quadrotor system under NFTSMC
(13—15) and (28, 35, 36) and Eq.(3) are tested

by simulations.

controllers

Quadrotor parameters The physical param-
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eters of a quadrotor are chosen in Table 1.

Observer parameters The nonlinear observer
gains are chosen as: L,=L;=15(i=1,2,3; j=
4,5,6).

Controller parameters The attitude subsys-
tem: A,=0.0001, y=1.1, a=1.02, p=0.9,
k=15, k=12, c,.=12, c,=14, py=p,=
©02=5; the position subsystem: c=3, p=75, ¢=
3, i=v;=v;=20, V,;=UV,=Us=05, T,=1;

T, =2>5.

Table 1 Parameter setting of quadrotors

Symbol Value Symbol Value
1.1,/
m/k 2 o 1.25
& (Nes?erad ')
l/ 0.2 L/ 2.5
" ’ (Nes?erad ') ’
2 —2 ‘11"/}”‘/1/
t/(Nes?erad?) 1.15X 1077 - 0.01
(Neserad ')
, ; Ty Jo J,/
k/(Nes?erad ?) 2.98x 106 77777 0.012
(Neserad ')

4.2 Simulation results
The desired position trajectory is set as
[xé,,y(,,zd} =[sinz, cos¢,3¢]m

The desired signal of the yaw angle is set as

T L.
g[/[,:g rad, and the initial states are xo = y, = 2o =

Om, ¢o=0,= ¢,=0. The objective of the simula-
tion results is to compare and confirm the advantag-
es of the proposed approach compared with the dif-
ferent approaches. Three simulation scenarios will
be set to verify the effectiveness of the algorithm.
4.2.1 Scenario 1: Trajectory tracking under
ideal case

In this scenario, we focus on the stability and
performance of the proposed strategy without distur-
bances. To demonstrate the capabilities of the pro-
vided controllers, they were compared with SM in-
tegral backstepping control "™ (IBS-SMC) and con-
ventional SMC "' (SMC) approaches.

The tracking responses of attitude angles in
Scenario 1 are presented in Fig. 3, and the actual
yaw angle is nearly fully tracked the desired signal.
Here, the NFTSMC is compared with IBS-SMC
and SMC approaches. According to Fig.3, IBS-
SMC and SMC performance is worse than that of
the NFTSMC. Further, Fig.4 shows that the track-
ing errors of the attitude subsystem in NFTSMC
are relatively smaller than that in IBS-SMC and
SMC.

40 25y 70
7¢,1 20 _ed
30 ---¢ (NFTSMC) ‘ ----0 NFTSMC) 60 ===
20 ---- ¢ (IBS-SMC) 15 _ ---- 6 (IBS-SMC) 50l
10 v b (SMC) 10f e @ (SMC) i
@ g N @ 5 v ; . : « 6 40 -
= ol A3 0 S sof — v
-10 skl ----y (NFTSMC)
-20 “10 20¢ ~y (IBS-SMC)
-30 -15 10+ ,//(SMC)
_40 1 1 1 1 1 1 1 1 1 _20 1 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1 1
0 5 1015 20 25 30 35 40 45 50 0 5 1015 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time /s Time /s Time / s
(a) Roll tracking (b) Pitch tracking (¢) Yaw tracking
Fig.3 Attitude tracking in Scenario 1
40 20 60
30k ---"NFTSMC sob -~ NFTSMC
20 - IBS-SMC - IBS-SMC
“““““ SMC 0 [ o fiomn S Sy flomey Fiomn Fipr) 40 - SMC
~ 10 = T i ~
() i o e 30 d
Z () B gt g g pus s gunewd] T —10 = 2
&)‘ _10 i N% Q}s 20 ,
-20 ---NFTSMC 10 3l
20+ -~ IBS-SMC
30+ -30 e SMC 0 Pz
_40 L L 1 1 1 1 1 L L _40 L Il L 1 1 Il 1 L 1 _10 1 1 1 1 1 L L L 1
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time /s Time /s Time /s
(a) Roll tracking error (b) Pitch tracking error (c) Yaw tracking error

Fig.4 Attitude tracking errors in Scenario 1
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In Scenario 1, for the position subsystem, sim-
ulation results for the backstepping NFTSM control-
ler are shown in Figs.5—7. The tracking responses
of x, y,z in Fig.5 show satisfactory tracking perfor-
mances, and illustrate that the proposed strategy can

accurately and effectively ensure the desired position

signals. Here, the NFTSMC is compared with IBS-
SMC and SMC. According to Figs.5,7, the conver-
gence speed of NFTSMC of position tracking is rela-
tively faster than those of IBS-SMC and SMC. Fur-
ther, position errors in NFTSMC are less than that
in IBS-SMC and SMC in Fig.6.

1.5 1.5 160
— %, - x (IBS-SMC) — s — y(IBS-SMC) 10l —
1.0 1.0 --- z (NFTSMC)
g 05 g o5 120 - z (IBS-SMC)
5 & 3 of 3 100} -z (SMC)
g 00 £ 00 £ 8of
2 -0s5 2 05 g 601
= Ay e 40+
-1.0 -1.0f ¥ 20+
—- x (NFTSMC) - x (SMC) ——— y (NFTSMC) -~ y (SMC)
_1'50 5 10 15 20 25 30 35 40 45 50 _1'50 5 10 15 20 25 30 35 40 45 50 00 5 10 15 20 25 30 35 40 45 50
Time / s Time / s Time / s
(a) x tracking (b) y tracking (c) z tracking
Fig.5 Position tracking in Scenario 1
0.10 1.0 0.5
---NFTSMC 08t --—NFTSMC : ---NFTSMC
-~ IBS-SMC : -~ IBS-SMC 04¢ -~ IBS-SMC
0.05F
g ; g 04
8 Py ¥ 0.2
0.00 P---ms 0.0k ]
-0.2F - . .
_0'05 1 1 1 1 1 1 1 L 1 _0‘4 L 1 1 1 1 1 1 L 1 _0‘1 1 1 1 1 1 1 1 1 1
0 5 1015 20 25 30 35 40 45 50 0 5 1015 20 25 30 35 40 45 50 0 5 1015 20 25 30 35 40 45 50
Time /s Time /s Time /s
(a) x tracking error (b) y tracking error (c) z tracking error
Fig.6  Position tracking errors in Scenario 1
d, 1.5+ 1.5sin(0.5¢)
150 .
£ ds|=| 1.5+ 1.5sin(0.5¢) | N
~ 100
g ds 1.5
£ 50 . . .
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Fig.7 Position trajectory tracking in Scenario 1

4.2.2 Scenario 2: Trajectory tracking under
stochastic disturbance
This scenario 1s set to validate the performance
and characterizations of the control strategy in this
paper under stochastic disturbances. The lumped un-
certainties are considered as a “gust of wind” pro-
posed in Ref.[15], then the similar form given by
d, 2.5sint
d,|=|sin(0.17) | Nem
d; sin (0.1z7)

the lumped uncertainty estimation curves of the atti-
tude and position subsystems. According to the sim-
ulation results, NDO can ensure that the lumped un-
certainty estimates quickly and accurately converge
to the actual value. When the lumped uncertainties
change, NDO can still track the change trend of the
upper lumped uncertainties in real time, which
proves the effectiveness of NDO for the estimation
of lumped uncertainties. Furthermore, the attitude
tracking trajectories are given in Fig.9. The tracking
responses of roll, pitch and yaw angles under the
lumped uncertainty also have good tracking of the at-
titude reference trajectory. It is clear from Figs.10,
12 that the proposed backstepping NFTSMC con-
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Fig.10 Position tracking in Scenario 2

troller with the quadrotor provides an excellent
tracking of trajectories with a very small error of
tracking. Corresponding signal inputs are depicted in
Fig.11.

In Scenario 2, the proposed NFTSMC with

5o 500
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Control inputs in Scenario 2
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Fig.12 Position trajectory tracking in Scenario 2

reaching law for attitude subsystem and the back-
stepping NFTSMC for position subsystem are able
to provide a high level of accuracy and robustness
against the lumped uncertainty.
4.2.3 Scenario 3: Trajectory tracking under
random disturbances
In addition to the influence of stochastic distur-
bances considered, the influence of Gaussian ran-
dom disturbances on the quadrotor dynamics is also

considered in this scenario. Gaussian random distur-

bances are displayed in Fig.13.
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(b) Applied to position system

Fig.13 Gaussian random disturbances
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The tracking performances are presented in
Figs.14—16, which are shown the responses of the
states and controllers with disturbances and Gauss-
ian white noises applied. It is shown that the pro-
posed approach demonstrates good performance.
Fig.16 illustrates the trajectories of control inputs. It
can be found that the NFTSM controller can track
the desired signals faster even when there is random
disturbance.In Fig.17, the 3D trajectories of the pro-

posed controller are presented.

= 20

S b —¢, ¢
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Fig.14 Attitude tracking in Scenario 3
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Fig.17 Position trajectory tracking in Scenario 3

5 Conclusions

A strategy of NFSMC based on a NDO is de-
signed for quadrotors considering external distur-
bances and system uncertainties. A model for a
quadrotor system considering the lumped uncertain-
ty is proposed. Next, a NDO is constructed to esti-
mate the actual values of the lumped uncertainties.
Then, NFTSMC combining the reaching law is
proposed for the attitude subsystem and a backstep-
ping NFTSMC strategy is proposed for the position
subsystem. The comparative study established be-
tween IBS-SMC, SMC and the proposed controller
highlighted the merits of the aforementioned control
schemes. Furthermore, simulation results also indi-
cated its superior performance coping with the
lumped uncertainty. Based on existing work **" |
we will further carry out the fault prediction work

for actuator faults.
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