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ABSTRACT This paper aims at the trajectory tracking of a quadrotor. A novel fixed-time backstepping
control design scheme is proposed for the quadrotor based on adaptive neural control approach. The
suggested adaptive controller ensures that the quadrotor well tracks the desired trajectory in finite time in
spite of appearance of model uncertainties. Finally, simulation results are given to verify the effectiveness

of the proposed control strategy.

INDEX TERMS Fixed-time adaptive neural control, backstepping, quadcopter, trajectory tracking.

I. INTRODUCTION

Due to its exquisite structure, the quadrotor can flexibly
vertically takeoff and landing. So, the quadrotor is applied
to various engineering fields such as fire rescue, logistics
and transportation, and electric power patrol, and so on.
These tasks inevitably involve the issue of track tracking of
the quadrotor. In addition, the modeling uncertainty and the
strong coupling of nonlinearities pose great challenges for
controlling the four-rotor aircrafts.

In [1] and [2], the authors propose an adaptive fuzzy
trajectory tracking control scheme for a quadrotor. With
respective to nonlinearity, strong coupling and sensitivity to
interference, a double closed-loop auto-disturbance rejection
control scheme is proposed to achieve the target trajectory
tracking. In [3], adaptive neural sliding mode technique is
applied to quadrotor. The proposed control law guarantees
achievement of position tracking and attitude tracking of
the quadrotors. Similar sliding mode-based trajectory track-
ing control schemes are proposed for quad-rotor systems
in [4] and [5], respectively. The work in [6] discusses the
trajectory tracking control of the quadrotor by Type-2 fuzzy
model approach. In [7], the authors propose a direct adaptive
backstepping control strategy. In these works, the dynam-
ics of quadrotor is formulated by the linear approximation
relationship between Euler angle and angular velocity of
the body. When quadrotor flies at a large angle, the linear
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relationship does not meet the requirements of the quadrotor’s
flying. Because of ignoring inherent nonlinearities of quadro-
tor, the designed controllers in light of linear approximation
relationship may not work well. Therefore, some researchers
set up the quadrotor model by considering the nonlinear
relationship between Euler angle and angular velocity. In [8],
the quadrotor system is considered as two interrelated sub-
systems, and a proportional integral-derivative H, controller
is presented. In addition, other control methods, includ-
ing hierarchical control strategy [9], robust output feedback
[10], [11] and integral sliding mode method [12], [13], are
utilized to design the trajectory tracking controller for a
quadrotor.

The aforementioned control strategies just achieve the
asymptotically tracking control. That means the good track-
ing performance is achieved during a process of time vari-
able ¢ tending to infinity. In practice, such an asymptotic
process may not satisfy the requirement of achieving fast
tracking. Therefore, some finite-time trajectory tracking con-
trol strategies are developed. The trajectory tracking prob-
lem of a quadrotor with finite-time convergence is stud-
ied in [14]. The work in [15] proposes a cascaded sliding
mode control(CSMC) method to realize finite-time trajectory
tracking control. The finite-time control strategy proposed
in [16] further considers the effect of state delays in system
models. By using cascade sliding mode control technique,
a finite-time trajectory tracking controller is developed for
quadrotor aircrafts in [17]. The robust finite-time attitude
tracking control is discussed in [18] by using a non-singular
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terminal sliding mode approach. A non-overestimation adap-
tive multi-variable controller is given in [19], which is helpful
to reduce chattering caused by sliding mode. The work in [20]
further considers the case of velocity measurement being
unavailable. A finite-time tracking controller is developed
based on velocity observer. Recently, an adaptive neural
finite-time robust control strategy is presented for quadrotor
with input saturation via backstepping in [21].

Usually, the convergence time estimation of conventional
finite-time control algorithms depends on the initial condi-
tions. But that of fixed-time control algorithms is independent
of the initial conditions and can be predefined by the users.
A fixed-time tracking control scheme is proposed in [22].
The suggested fixed-time sliding mode controller achieves
the trajectory tracking in fixed time. However, in the existing
finite-time or fixed-time control strategies for quadrotors,
the usage of symbol function leads to the corresponding
control laws being non-smooth. In addition, when backstep-
ping is used to construct a finite-time tracking control law,
the designed virtual control signals always contain an error
feedback term with a power exponent less than 1. As a result,
in the next design step the derivative of that item will cause
singularity at the origin.

Based on the above discussion, this paper still focuses
on fixed-time trajectory tracking control of quadrotors.
In control design procedure, the system model uncertainty is
considered. Neural networks are used to model the unknown
nonlinear system functions. Furthermore, a systemic adaptive
neural backstepping fixed-time trajectory tracking control
design process is proposed. By using polynomial interpo-
lation, a novel smooth fixed-time adaptive neural tracking
control law is constructed, which ensures to achieve tra-
jectory tracking control of a quadrotor. Since the proposed
control law is smooth, the problems of controller tremble
and singularity of the derivatives of virtual control signals
are successfully avoided. Based on Lyapunov stability theory,
it is shown that the proposed controller ensures the tracking
errors converge to a small neighborhood around origin in
fixed time, and all the closed-loop signals remain bounded.
At last, a numerical simulation is given to test the availability
of our results.

Il. PROBLEM FORMULATION

A. QUADCOPTER MODEL

To describe the motion of a quadrotor in space, Eg denotes
the earth’s fixed coordinate system, Ep refers to the fixed
coordinate system of the body of quadrotor and e3 is the unit
vector of the z axis of Ep. The rotation matrix R is given by

cOcr cOcyr —s0
R = | s¢sOcyr — cpsyy  spsOsy + copcyr  s¢pch @))
copsOsy + spsir cpsOsyr—sopcyr  cpch

where c¢p = cosp, c0 = cosO, cy = cosy, s¢p = sing,
s0 = sinf, sy = siny, ¢, 6 and ¢ are roll angle, pitch angle
and yaw angle, respectively. Furthermore, the Euler angle is
defined as ® = [¢, 0, ¥]7.
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The position of the center of mass is defined as P =
[x,y, z]T inthe Eg,and V = [u, v, w]T is the velocity vector
of the center of mass relative to Eg. Let U; denote the total
lift, g be the acceleration of gravity, fue = [fucx, fucys f,m]T
be the uncertain resistance of quadrotor during flight and
Tue = [Tuexs Tuey, rm.Z]T refer to uncertainty during the rota-
tion of the quadrotor, which is the rotor gyro torque. Let
Q = [p,q,r]" stand for the angular velocity vector and
J = diag(Jy,Jy, J;) be the diagonal inertia matrix. Three
virtual controllers, i.e., Uy, Uy, Uy, of the position system are
defined as follows.

1

—Uj(cospcosyrsing + sinyrsing)
U, m

1 . .

Uy | = | —Ui(cospsinyrsin® — cosyrsing) )
U. m 1
) —(Ui(cospcost) — mg)
m

Remark 1: With the virtual controllers defined in (2), if the
desired yaw angle v, is given, then the desired lift Uy, roll
angle ¢4 and pitch angle 6, can be given by

Uy = m\/U)% + U} + (U, + g)?
m(Uysinyg — Uycosry)

¢a = arcsin( )
Ui
U U,si
04 = arctan( xCo8Yd + yszm/jd) 3)
U, +¢g

Thus, let X; = [¢,0,¢]7, Y1 = [p,q,r]T and U =
[Us, Us, U417, where Us, Us, and Uy are the roll moment,
pitch moment and yaw moment, respectively. Then, the atti-
tude control system is described as

X| = FiX1, Y1) + A1 Y,
Y| = $1F2(X2) + Bt + S,U 4)

where F1(X1,Y1) = [fi1,fiz, fisl', A1 = diag(l, cosp,
cosp/cost), fi1 = tanb(gsing + rcosp), fio = —rsing,
fi3 = (sing/cos)q, fo1 = qr, frn = pr, f23 = pq,
F(X3) = [f217f229f23]r, T = [Tucx» Tucys ‘L’ch]T, S1 = diag
([T, 10y, 1), U = (U, Us, Un)T, Sy = diag((Jy — J.)/
i, U =IO /Iy, Ux—=Jy)/J) and B = diag(1/Jy, 1/Jy, 1/J7).

And let X = [x.y.2". Y2 = [wv.wl', Fe =
fucxs fucys fuez — g]T, U = [Uy, U, Uz]T and Ay =
diag(—%, —%, —%). Then, the position control system can
be described by

X =1
YZZAZFMC"'[? (5)

Figure 1 is the control flow chart of this article, where x
stands for system status.

In order to facilitate subsequent research, the following
necessary assumptions and lemmas are introduced.

Assumption 1. Quadcopter is a rigid body.

Assumption 2: Mass and moment of inertia are constant.

Assumption 3: Quadcopter geometric center is consistent
with the center of gravity.
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FIGURE 1.

Lemma 1 [23]: Let 0 < s = &t < 1 with sy, s being two
odd integers, @ = a — b. Then, the following inequality holds

— pa'ts (6)
2271 ¢ s+ 13525 (1 — %) and

aa—a)° < ya'ts
where y; = 1+Y(1
s—1
2= (1 =2°670),
Lemma 2 [24]: For a continuous nonlinear function f(Z)

over a compact set ; C RY, there exists a RBF NN S(Z)W*
such that for a desired level of accuracy § > 0

[@)=S@W* +82),18Z) <35 (N

where W* is the ideal constant weight vector and defined as
W*i=arg min sup {|f(Z)~S@OW* I} ()
WeR ZeQ;
and 6(Z) denotes the approximation error and S(Z) means
the basis function vector of the RBF NNs. For the definite /
(the number of RBF NN nodes and / > 1), W* and S(Z)
have the following form W* = [wi, ws,...,w;]T € R,
SZ) = [512),s5(2),...,5(Z)] with s;(Z) being the
Gaussian function below.

si(Z) = exp |:—

Z - ud)'(Z — i)
: ©)
n
where w; = (w1, k2, ...,uiq]T, i=1,...,1,arethecenters
of the receptive field and #n is the width of the Gaussian
function.
Lemma 3 [25]: For Vo > x > 0, and g > 1, the following

inequality is satisfied:

x(w—x) < —(a)q‘H x4t (10)

qg+1

Lemma 4 [25]: Consider system x = f(x) with the origin
being the equilibrium point. If there exists a continuous radi-
ally unbounded and positive definite function V' (x), such that
V(x) < —aVP(x) — BVi(x) 4+ d for some « > 0, > O,
p>1,0< g < 1,0 < n < 1 and d representing the
constant, then, the point of the system is fixed-time stable and
the settling time function 7T is given by

1 1
T < Tpax = 11
= -1 -0 (1

Lemma 5 [26]: Let a; be positive constants, for 1 < i <
n,neNtand0 < k < 1. Then

O a <> <n' Q. (12)
i=1 i=1 i=1
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Lemma 6 [27]: Fora; > 0,k > l,andn € NT, one has

"1"‘<Z a)t < Zaﬁ-‘ (13)
i=1 i=1
Lemma 7 [28]: Fora, b € R, Ve > 0, we have
eP 1
ab< —|alP +—|b |1 (14)
14 qed
wherep > 1,g>land(p — 1)(g— 1) = 1.

IIl. CONTROL DESIGN AND STABILITY ANALYSIS

A. CONTROL DESIGN OF ATTITUDE SYSTEM

For attitude control system define the error variable as Z; =
X1—0g4 = (261, 201, 2911 Zo = Yi—o = (292, 202, Zy2]”
and Z; = diag(zs1,201,291), Zo = diag(zga. 202, Zy2)s
where O is the desired value of ® and «; € R**! is virtual
controller. Then, the time derivative of Z; is given by

Zi = FiX1, Y1) + A1Y1 — Og (15)
Step 1. Take the Lyapunov function candidate V| as
1 _
Vi = 5leAl 1z, (16)

Differentiating V; yields
Vi=zI AT X, YO+ 2T 24 2 e — 2T AT O, (17)

A virtual control signal is chosen as

=251 _ 1
=—Z"" o+ A — AT RO YD+ ATIO, (18)
where
ZiPi+ZiB 11Zill<e
-7, 2 I Z11= e
and u = i—;,v = j—?andsl > s» > 0 are two odd
numbers, | = —(2— v)ezv 2ppand B = 1)82” 45

o1 = [pgi1, poti1, py11l’ and pp = [,0¢12,,0912u01/f12] are
positive design parameter vectors with their element being
positive constants, and &7 is the given error accuracy.

When || Z; ||> &1, putting (18) into (17) shows

Vi=—2IZ oy = 2T 2 e+ 27 (20)
When || Z; ||< €1, we can get
Vi =—2I 70" o1 = 2T 216¥ 2002 =) + 27 25
-Z Zl?’sf" Yoo —1)
< 2170 = ZT 216 2 ;a2 — V) + 2] 2o
~ZI 2 Z1 1P e oo = 1)
_ ZITZM Loy — erzzu Yy + 2822y + 27 2,
—Z{lez" 2002 — v)
—Z{Zi | 21 |7 &7 pa(v = 1)
< -zIz+! —Z{Zﬁ”—lpz + 72722y + 2T 7

—Z{Zlaf"_zsz —v) — Z{Zlef”_z,og(v -1

VOLUME 8, 2020



M. Wang et al.: Fixed-Time Backstepping Control of Quadrotor Trajectory Tracking

IEEE Access

< —Z 22# ! —217"212”7],02 + 618%1),02

+7'7, 1)

with e; = [1, 1, 1]. In summary, one has

2u—1

Vi<=Z[Z7" 0 = Z{ 2 ;o + 2] e8] 02 (22)

Remark 2: In the existing results, to get the finite-time
stability of the closed-loop system, the design virtual control,
i.e., a1, includes the item 22”_1 with 0 < v < 1. In backstep-
ping design process the next step will requlre the derivative

= Qv —DZ{"~ 27, and 2v — 2 < 0.
That means the derlvative of @1 may tend to infinity when 7
approaches to zero. This is called singularity problem of the
derivative of virtual control. To avoid such a problem, here we
construct o as a piecewise function. By using interpolation
method, the designed virtual control signal ¢ is continuous
and differentiable at ||Z;|| = &1.
Step 2. Choose the Lyapunov function candidate V, as

1 T 1 nT N
Vo=V + EZZ Z + 592 B0 (23)

where b = 6 — 6 = [0g2, Bo2, Gy2]" 6 = [é¢2,
092, 0y2]” > 0 is the estimate of 6, = [| W, 12,
I Wg 1200 Wiy 1P = (042, 662, 021" Define 6,0 =
diag(l - Wg, .11 Wa I Wy, ) and fr =
diag(ﬂ(;zl, /39_21, /31;21) with its elements are positive design
parameter.

After a simple calculation, the time derivative of V; is given
by

Vo =Vi+ 212 — 01 26, (24)
Further,
Vo=V, —i—ZZTSle(Xz)—l-ZzTBT +Z2T.§1 U — Zszll —ézTﬂzéz
(25)

Define U(X) = S1F2(X2) + Bt — ;. By Lemma 2 we use
neural networks to approximate U (X) such that

UX) = SZ(X)WZ* + 5 (X) (26)
where W) = [W(Z‘Z, Wiy, szz]T is the weight vector,
82(X) = [8p2(Xp2), 892(Xp2), 8y2(Xy2)]” is the approximate

error vector, $2(X) = diag(S¢2(Xg2), Sp2(Xp2), Sy2(Xy2)) is
the Gaussian radial basis function vector and || 52(X) [|< 2
with 8 > 0 being the accuracy level. Thus,

Vo= Vi + 2T S500WE + 2T 8,00+ 27 51U —67 afly  (27)

Using Young inequality, the following inequalities can be
obtained.

ZX X)Wy = Z1 $5(X)0,20,, W5

1 3
<5 T $2(X)0,261, 87 (X)Z5 + 74

1 3
3.2 2087 (0%0, +5a (28)

IA
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1 92
5453 (29)

where a is a positive positive parameter.
Substituting (28) and (29) into (27) yields

1
ZT8,X) < —21'z
2 2( )_2a 2 2+

Ve <V iZT T v\ 5 1 7 T3
2= Vi+ L) $2(X)S5 (X)Z202 + 2a22 L +7Z, 51U
,'\T ~ 3 1 2
—6 Brfy + Za+ —ad2  (30)
2 2
Hence, the controller U is designed as
C152u—1 = w1s52v—1-  a—
U=-8'2""p1 =872 ' p, = §7'zy
1<y A [
——8, $2(X)S5 (X)Z0, — —S; 7 31
721 2(X)S5 (X)Z20, PRI (3D
where g1 = [pga1, po21, py21]” and 5o = [pg22, po22,

,Olpzz]T, their elements are positive design parameters.
Then, replacing (31) into (30) shows

Vz < Vl — ZzTZzZM71[32 — 227"2221)—152 — ZZTZl
1 L~ X . 3
5,22 $2X)8; (X) 220> = 03 o + Sa
1 -
+2a82 (32)

The adaptive law 6, is designed as

A —14 —15 1 T T 7 a—I\T
0, = _ﬂz 0;/.1 - ,32 Ov1 + Z(ZQ S2(X)Sz (X)Z2ﬂ2 )

(33)
where 6,1 = [é;g_l,égf_l,é%_lf and 0, =
[92“ N 92“ 117 Bringing (33) into (32) yields
L. 1 s
Vo sVi—Z] 23" oy — 2] 23 or + 0,6

T 3 1 2
46,6, — 71 Zi+Ja+ bl (34
For é;{l 65, by using Lemma 3, one has
6751672 =670, =677 < 10,0 — 16,2 (35)
~ — 2 2 2
where i = [#1, 252 221y, 0,0 = (0,5, 0,5, 051,
O = (0,5, 05 0,517 and Ty = [Op2 — 0p2)* ™", (B2 —

602)** 1, (By2 — 6y2)**~117. By Lemma 1, one gets

01,6, = 616,1 = 615 < Dby — Cobra (36)

where cg = 35(1-2"0~D), 1, = (@2 = 82", B2~
092)?" 71 (Oya — Oy 1 do = (1 =221+ v +
2" =), Do = ldo, do, dol, Co = [co, co, col, Oh2 =
165,635, 65517 and 6,2 = (675, 633, 67517

Thus the following inequality holds.

2/11—

Vo <V —Z] 7, — 232" pp — [ifu2 — Cobia

~Zlzi+C (37
where C = (16,2 4+ Do6y2 + %a + %aé%.
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B. STABILITY ANALYSIS OF ATTITUDE SYSTEM
At present stage, we summarize the above discussion to give
the following theorem.

Theorem 1: Consider attitude control system (4) under the
Assumptions 1-3. Then controller (31) associated with the
virtual control signal (18) and adaptive law (33) will ensure
the following conclusions hold.

1). The tracking error converges to a small neighborhood
of the origin point in fixed time;

2). All the closed-loop signals remain bounded.

Proof: To prove Theorem 1, consider the Lyapunov
function as below.

(PSR S G
Vo==Z{Z1+ =2, 2, + =0, p26» (38)
2 2 2
Let o, = min{,ijzﬂ, ﬂe_zﬂ’ ,31;5}. Then,
2u —1

) —152
i = ~(=3 =02 pul(2 B) "0
152 —152
+Q2 B 0y + 2B 0,51 (39)
By using Lemma 6, one has

_ 1. -
— il < —%(592/329; "

where a;,, = (%)2“,0,”31_”.
Similarly,

- 1oy -

—Coba < —av(50; $262)" (40)
where p,, = min{ﬂﬁ’,ﬁ&”,ﬁﬁ}, a, = ¢o2'ppm. And
let pop = min(2*py11, 2* pg11, 2 py 11, 2# P12, 2% Po12,
2% py12, ay) and p; = min(2” pp11, 2" pg11, 2" py 11, 2¥ pg12,
2" pg12, 2" py 12, ay).

Then, it follows immediately from using Lemma 5 and
Lemma 6 to (37) that

. 1 1
Vo < —pul3' G2 2 431G 2 D)
1. - 1 1
+50:6:0)"1 = p(GZ{ 20)" + (52, 22"
1~ =
+(5626200)"1+ C

1 1 ) T
—Ph(zleZ1 + =217, + 592,329;)“

<
- 2
1 1 1~ -
—PGZ D+ 52 2+ 0a07) + C
=—pmVy —pVy+C (41)

where g, = min{3' " pp,, pp}.
Thus, the fixed-time stability of the attitude system is
derived from Lemma 4.

C. CONTROL DESIGN OF POSITION SYSTEM

For position control system, define error & = X, —
Xo = & 61,611, & = Y2 —ar =[5, §0, 8],
§1 = diag(§x1, §y1, §21), 62 = diag(§x2, §y2, §22).

177096

By following the same line used in the design procedure of
the attitude control system, the virtual controller ar € R3*L
controller U and adaptive law Dy € R¥*! of the position
system can be constructed as follows.

ay = —512”_1/\1 +A 4+ X, (42)
where
s _JEBI+ER & l<e
Ar=1""Zo) (43)
=& A &= e
and pn = i—;’ v o= i—f, s1 > s > 0 are two odd num-
bers, i = —(2 — V)ng_zf\z, B = —(v — 1)8%”‘4A2,

A = [pxit, pyis 21117, A2 = [px12, py12, pz1217 with their
elements being positive design parameters and & being the
given error accuracy.

2pu—1

r Y 2v—17 1
U:_EQ )Ll_sz )LZ_E‘&_EI

s 08T R
7 &) $2(X)S; (X)6202  (44)

where &1 = [px21, py21, p2117 s ko = [px22, py22, P21, fits
elements are positive constants, @ is a positive parameter and
$2(X) = diag(Sx2(Xx2), $y2(Xy2), S2(X72)) is the Gaussian
radial basis function matrix. =~~~ A
Define ¥, = 9, — %2 = [Dy2, D42, D)7, where O, =
[Dg2, Do, Dy2l” > 0 is the estimate of 9, = [|| W |2,
Wy 120 W IPIT = [0, 9,021, and o =
diag(,Bx_zl, ,By_zl, ;‘3;21) is a matrix, which elements are positive
design parameters.
X 1A 1A 1 ~ - -~
D2 == Dt — 15 D + 52 (& 50087 0y D'
(45)

3 A2n—1 32pu—1 32pu—1 3
where 0,1 = [0 00,971 and 9y =
32v—1 Q2v—1 QJ2v—I4T
[ﬁxl ’ﬁyl ’ﬁzl "

D. STABILITY ANALYSIS OF POSITION SYSTEM
Theorem 2: Consider position control system (5) under the
Assumptions 1-3. Then controller (44) associated with the
virtual control signal (42) and adaptive law (45) will ensure
the following conclusions hold.

1). The tracking error converges to a small neighborhood
of the origin point in fixed time;

2). All the closed-loop signals remain bounded.

Proof: The process of control design and stability anal-

ysis of the position control system is as the same as the one
of the attitude system. So, it is omitted here.

IV. SIMULATION
In this section, we will perform simulation study to verify the
effectiveness of the proposed control scheme. The parameters
of quadrotor are give by Table 1.

The desired trajectory (the corresponding length unit is
meter) is shown by the mathematical equations: [x4 = 0,
yvi = 0,zg = t, (0 —205)]; [xqg = ( — 20)cosh,

VOLUME 8, 2020
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ya = (t — 20)sinf, zg = 20, (20 — 30s)]; [xg = 10 + rcost,
va = 11 + rsint, zg = 20 — (t — 30), (30 — 4595)]; [xg =
10 + rcos(45), ya = 11 + rsin(45), zg = —t, (45 — 50s)],
where 6 = 7> 7 = 1. The desired yaw angle is ¥4 = 0. That
means the quadrotor will first rise vertically for 20 seconds
to reach a height, then maintain this height and flies at a
certain angle between x and y axes for 10 seconds, and then
makes a descent spiral, finally, drop vertically to the ground.
In simulation, the initial values are: x(0) = (0, ..., 0)" and
éz(O) = 0. The controller parameters are u = 1.01, v = 0.99
n=60v; =0 90 = 0and w; (i = 1,..,1)is v2
and @ = a = 1. The centers of neural network are chosen
as —2; —1;0; 1; 2, to construct the basis vector functions of
RBF NNs. Simulation results are shown by Fig.s (2) — (5),
the quadcopter perfectly tracks the desired trajectory of the
X, y and z axes, and from Fig.s (6) — (8) we can see that he
various attitude angles of the quadcopter are also well tracked
to the desired attitude angles, and the sudden change caused
by the trajectory change point can also be tracked faster.

figure
Track trajectory
Desired trajectory

ol
10
— NS
5N 10
— 5

y&yd/m o o

FIGURE 2. Tracking situation.
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4 5 10 15 20 25 30 35 40 45 50
t/s

FIGURE 3. Tracking curve along Z axis.

figure

y&yd/m
£

4 5 10 15 20 25 30 35 40 45 50
t/s

FIGURE 4. Tracking curve along Y axis.
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figure
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FIGURE 5. Tracking curve along X axis.
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FIGURE 6. Yaw angle curve.
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FIGURE 7. Pitch angle curve.
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FIGURE 8. Roll angle curve.

Remark 3: In the control design, the gyro torque pro-
duced by gyroscopic effect is considered as the uncertain
factors, which is usually determined by the motor speed .
In simulation its form is taken as 7, = ZlewiJ,zQ X e3,
where J,; is an element of the inertial diagonal array J, =
diag(Jyx, Jry, Jrz) of each rotor. Therefore, in order to calcu-
late the specific form of gyro torque in simulation, as done
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in [29] the rotor speed is given by.

M1 1 1 N
i %CT 0 —5lcr 1Co
| 1
ZD'22 -Cr %ZCT 0 _ZCQ
Sl=|1 1 1
3 ~cr 0 Sicr 4G
i AI‘C 1lC 0 1C
L4 T T 49 ]
Ui
U
X Us (46)
Uy

where @; (i = 1,2, 3,4) are desired rotor speed, Cr is the
lift coefficient of the rotor, Cy is the anti-torque coefficient,
1 is the distance from the motor to the center of mass. And the
form of fi,c is fue = —Caq | V | V, where Cyy, = 0.504i-Cy,
pair 1s air density and Cy; is the drag coefficient. Besides,
in order to avoid the trouble of deriving the desired roll angle,

TABLE 1. Parameters.

Parameter Value Unit

Jx 4.6235 % 10~3 kgm
Jy 4.6235 %1073 kgm
J. 6.2546 * 103 kgm
Jrz 6.0354 « 10~° kgm
Cr 4.0298 x 1075

Co 3.531%10~7

l

NONNN

g 9.806 m/s?
m 0.5 kg
Pair 1.29 kg/m3
Cla 5.623 % 10~4

Pe11
Po11
P11
Pzxll
Py11
Pz11
Pp12
Po12
P12
Px12
Py12
Pz12
Pp21
PO21
P21
Px21
Py21
Pz21
Pp22
Po22
P22
P22
Py22
Pz22
BzZ
By2
Bz2
B2
Bo2
By2

N 0T TWWWWWWRMNNMNPNMNDWWWWWWNNDNDNDNN
_— . == S W
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pitch angle and Yaw angle, we introduce a filter to track their
derivatives.

Ao lii=a
=1 )
62 = =256 — 257°(¢1 — u(1))

where ] and ¢ are state variables, s is a positive constant
and u(?) is the input signal.

V. CONCLUSION

In this research, we address the problem of trajectory tracking
control of a quadrotor. Based on adaptive neural control
approach a fixed-time backstepping control design proces is
proposed for the quadrotor. The proposed adaptive neural
controller ensures that the quadrotor achieves the trajectory
tracking issue in finite time. Particularly, the design vir-
tual control signals avoid the derivative singularity problem.
At last, a numerical simulation is used to verify the effective-
ness of the proposed control scheme.

APPENDIX. PARAMETERS
See Table 1.
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