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Abstract: The trajectory tracking control of the quadrotor with model uncertainty and time-varying
interference is studied. The RBF neural network is combined with the global fast terminal sliding
mode (GFTSM) control method to converge tracking errors in finite time. To ensure the stability of
the system, an adaptive law is designed to adjust the weight of the neural network by the Lyapunov
method. The overall novelty of this paper is threefold, 1) Owing to the use of a global fast sliding
mode surface, the proposed controller has no problem with slow convergence near the equilibrium
point inherently existing in the terminal sliding mode control. 2) Benefiting from the novel equivalent
control computation mechanism, the external disturbances and the upper bound of the disturbance
are estimated by the proposed controller, and the unexpected chattering phenomenon is significantly
attenuated. 3) The stability and finite-time convergence of the overall closed-loop system are strictly
proven. The simulation results indicated that the proposed method achieves faster response speed and
smoother control effect than traditional GFTSM.

Keywords: UAV; trajectory tracking control; global fast terminal sliding mode control; neural
network-based method; adaptive control

1. Introduction

Nowadays, multi-rotor unmanned aerial vehicle (UAVs) plays an important role in many
commercial applications, such as air pollution monitoring, rescue missions, precision agriculture,
retail delivery, as well as academic research and military action [1]. The quadrotor is one of the most
widely used classes of UAVs, which has the advantages of hovering, vertical take-off and landing,
simple structure, and low cost. The quadrotor has four actuators and six degrees of freedom, and its
dynamic model has the characteristics of strong coupling, under-actuated and susceptible to external
disturbances [2]. Therefore, the design of high-performance flight controllers for quadrotors is a
challenging task, which has received extensive attention in the academic circle.
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In recent years, significant research has been done on the trajectory-tracking control of quadrotors.
The conventional approach to deal with the nonlinearity is simplifying the model to linear equivalents
by using dynamic inversion, feedback linearization, gain-scheduling, or Taylor’s approximation, etc.
However, these control methods are susceptible to model uncertainties and time-varying
interference [3]. In order to achieve better robustness and anti-interference performance, many
advanced control algorithms have been used to design flight controllers of quadrotors, for instance,
neural network-based optimal mixed H,/H. control [4], terminal sliding mode control [5],
backstepping control [6], adaptive fuzzy quantized control [7] and active disturbance rejection
control [8].

Although these advanced control strategies improved the flight performance of the quadrotor, few
results are concerned with the convergence rate of the system output. In practice, the real-time
performance of the control system is vital to the flight stability of the quadrotor, and the convergence
speed should be one of the key indexes for the flight control system [9]. The control methods
concerned with the convergence rate of system output include Hybrid finite-time control [10],
finite-time adaptive sliding mode tracking control [11], finite-time Lyapunov theory [12], global fast
terminal sliding mode (GFTSM) control [13, 14], etc. The GFTSM control method can make the
system state variables converge to the equilibrium point in a limited time. However, traditional
GFTSM control still has some limitations and challenges. Firstly, accurate model information is
required in the calculation of the equivalent control which restricts GFTSM available to applications.
Especially, some parameters are difficult to obtain because of the complex dynamics of multi-rotor
UAVs. Secondly, the GFTSM control needs the upper bound of the external disturbance, which is
hard to estimate in real applications. Thirdly, the system chattering is inevitable because of the
discontinuous item in the switch control. The chattering will affect the stability of multi-rotor UAVs,
which is not suitable for practical application.

This article focuses on the GFTSM control strategy of quadrotor UAVs based on the RBF neural
network (GFTSM-RBF). This strategy has three important features: 1) The chattering phenomenon of
GFTSM control can be effectively reduced by using a neural network to learn the unknown dynamics
model and the upper bound of disturbance of UAV online. It also reduces the work of dynamics
modeling and parameter identification before controller design. 2) The weights of the neural network
are adjusted online according to the designed adaptive law to ensure the stability of the closed-loop
system. 3) The equivalent control that usually requires precise model information of the system is
computed directly using the RBF neural network. Therefore, the structure of the controller is simplified
and the online calculation is reduced, which makes it affordable for practical applications.

The rest of the paper is arranged as follows. In Section 2, the dynamics model of a quadrotor UAV
is briefly described, and a novel GFTSM-RBF controller design for trajectory tracking of the UAV is
proposed. Simulation results and performance analysis are shown in Section 3. The work of this paper
1s summarized in the last section.

2. Method

2.1. Model formulation

The coordinate system and schematic of the quadrotor are shown in Figure 1. The body frame of
the quadrotor {B} is attached to the center of mass and {E} is the reference frame. According to the
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direction of rotation, the rotors of the quadrotor can be divided into two groups, namely (1,3) and (2,4).
These two sets of rotors produce lift force F1,..., F4 and neutralize the counter-torque. The rotation
of the body is controlled by the speed difference between rotors. The rolling motion of the quadrotor is
accomplished by changing the speed of rotor 2 or 4. The pitching motion of the quadrotor is achieved
by adjusting the speed of rotor 1 or 3. The yaw rotation of the quadrotor is accomplished by the reverse
moment difference between the two pairs of rotors (1,3) and (2,4). The vertical motion is performed
by increasing or decreasing the total speed of the rotors [15].

Figure 1. The schematic diagram of the quadrotor.

Assuming that the fuselage structure and rotors of the quadrotor are rigid, the rotational and
translation movement of the quadcopter can be obtained as follows [16]:

(.]5 = 9[/'/61] + QaQQ, + b2U¢
é = q}&ag + ¢a4Qr + b4U9
l;b' = 9¢>a5 + b6U¢

mi = (sd)sw + C¢SQC¢,) U, 2D

my = (—s,,;,cl,, + c¢sgs¢) U,

mi =mg — (ch¢) U,

where ¢, 6 and y represent the Euler angles (i.e., roll, pitch, and yaw angles). x, y and z are the positions
of the center of gravity of the quadrotor, g is the gravity, m is the total mass of the quadrotor, /, is the
inertia of the rotor. Q, = Q4 + Q3 — Q, — Q4. g; and b;(i = 1,...,6) are constants, which given by,
ar = (L-L)/L.ay = L/ a3 = (I = 1) /1, ay = L/, a5 = (I, = L) /I, by = 1/I,, by = 1/I,,
be = 1/I.. U, is the total thrust, Us, Uy, U, are the torques in the ¢, 6 and ¢ direction of rotation,
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respectively. The control allocation is:

U =b(Q+Q3+0Q%+ Q)

Uy = bl (Q} - @)

Uy = bl (Q} - @3)

Uy =c(-Q+ Q2 - Q3+ Q)
where [ is the distance of the rotors on the diagonal. b is the lift coefficient. ¢ is the drag coefficient.
Qy, ...,y is the rotational speed of each propeller.

Based on the model Eq (2.1) and taking the lumped disturbance into account, the quadrotor
equations are formulated as

X = f(X,U) + d(X, U) (2.2)

where X = [¢, $,0,0,y,0, 2,2, x,%,y,y]" € R'? is the state vector, U = [U¢, Uy, Uy, Uy, Uy, UZ]T e R®
is the input, f(X, U) is nonlinear functions, d(X, U) = [d,,d,, ..., ds]" is the lumped disturbance vector
on each degree of freedom of the quadrotor. Equation (2.2) can be expended as follows:

X=X

Xy = X4Xeaq + X4Cl29r + b2U1 + dl
fC3 = X4

X4 = XpXeaz + X048, + byUy + ds
fC5 = X6

Xe¢ = XpXaas + b6U3 + d3 (23)
X7 = Xg

xg = Uy + dy

Xg = X0

X10=Us+ d5

X1 = X2

X1 =Ug + d6

where Uy, Us, Ug are the position’s virtual control:

Uy = (Sy, Sxs + Cy, SxiCxs) Ui /m
Us = (=84,Cxs + Cyy Sxs Sx5) Us/m 2.4)
U6 = g - (CX5CX1) Ut/m

To simplify the design of controller, it is assumed that the vehicle does not pass through singularities
(—m/2<¢p<n/2,—n/2 <O <nm/2and — 7 <Y < m).

In order to track the position reference signal, the desired total thrust U, and the attitude angles
(x14, X34) can be achieved through Eq (2.4) as follows:

Xi4 = arctan (cos g, Lot lacon s )ZSJZ_U — )
_ Uy cos x5+Us sin x53
X3q = arctan (—U(,—g (2.5)

Uy = m\JU + U2+ (Us + g
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2.2. Controller design

The goal of this section is to propose the GFTSM-RBF control and use it to design a closed-loop
controller for the quadrotor to track the desired trajectoryxig, X34, Xsq4, X74, Xoa> X114- The structure of
the controller is presented in Figure 2. The altitude of the quadcopter is controlled by the total thrust
U, , and the rotation movement is controlled by U, U,, Us. The desired angles of roll x;, , pitch x3,
and U, is achieved through Eq (2.5). The desired yaw xs, is used to control the heading through the
yaw controller.

X; Xg Xy
X,
Xs
X 7d X 9d '\.lld v
virtual " v
X< YAW "
controller —
[;4 l/v_; l/’d » l}rl
Xy ROLL " quadrotor
C/‘r[
Eq. (2.5) ]
X3y U
PITCH —

B o

Figure 2. The structure of quadrotor flight controller designed by GFTSM-RBF control
algorithm.

The controller integrates the GFTSM control and the adaptive RBF neural network in the frame of
Lyapunov theory, as shown in Figure 3. There are four steps to compute the control as shown in
Figure 4. The design steps are as follows:

Step 1. The tracking errors of the quadrotor are defined as
e =Xy — X, (i=1,...,6,k=2i-1) (2.6)
Thus, the derivative of the error are
& = X — Xpa = X2i — Xpa (2.7)
And the second time derivative of errors are as follows

é; = Xoj — Xpa (2.8)
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Step 2. Based on the GFTSM control theory [18], the sliding mode surfaces of the quadrotor

position and attitude tracking control system is designed as:

. .
S; = ¢; + a;e; +ﬁi€?’/ !

(2.9)

where, @; and 3; are positive constants. ¢g; and r;(g; < r;) are odd integers. The time derivative of the

sliding surfaces are

qilri—1 .
i €
qi/ri—1
i

S‘,‘ = €, + (l’[é,' +ﬁ[%€
= Xoi — Xpa + @i +,3ir—je é;
Step 3. The Lyapunov candidate functions are designed as follows
Vis = SiS‘i
The derivative of Lyapunov candidate functions are obtained

s .
Vi = 3;5

According to Eq (2.11), the control law of the quadrotor can be designed as

Ui=U“+U"(i=1,...,6)

where,
U = Qs = 6is" (i = 1,...,6)

and,
qu = é (—dl — X4XeQy — X420, + X1y — @164 _ﬂlzel
Us! = L (~dy - x2x6a3 — 22049, + 3 — a2y — oL}
U = (—d3 — XoXaas + ¥sg — @383 —ﬁs%eg’””_l@)
Uy = —dy + ¥74 — asey —ﬂ43—:eZ4/r“_lé4
Uy = —ds + Joq — aseés —ﬁ5’f—§e§5/r5_1é5
U = —do + %114 — aebs —,86;’—2626/’6_1%

ri—1.
q1 q1/m é

Q@ q2/r-1.

e

)

(2.10)

(2.11)

(2.12)

)

where, U;? is equivalent control and U™ is the switch control. 4; and 6; are positive parameters. Take

Eq (2.12) into Eq (2.10), the derivative of s; are

Sl = b2 (—/1151 — 51Si]1/r1)
S‘z = b4 E—/lzsz — 52S32/r2§

5’3 = b6 —/l3S3 — 53S§3/r3
S‘4 = —/1454 - 54SZ4/r4
5’5 = —/15S5 - 55S35/r5

.S"(, = _/16S6 - 66S26/r6

Step 4. Adaptive RBF design: The control law U; is difficult to calculate because U;? contains the
dynamic model and the disturbance term of the system. To obtain the control law, the RBF neural
network is used to estimate the U;”. Suppose a neural network with hidden layers [17] is adopted:

0 =W, h;(x).(i=1,....6)
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where x; = [s;, xia]”, (k = 2j — 1) is the input of the neural network, W,- = [Wit, Wi, - .., win]” is the
weights of the neural networks, h; (x;) = [k, hp, -+, h;,]7 is the radial basis function and given by:

2
bei = eil)
hijj=exp|-————1.(G=12,...,n)
ij
where o7; is j th standard deviation. ¢;; is the j th center vector.
In addition, the adaptive law of Wi is

W, =L, (2.13)
m
The final design of control law is
U;=U"+U" (i=1,...,6) (2.14)

Substitute Eq (2.14) into Eq (2.10), then the derivative of the sliding surface variable is

§1= by (=disy = 650" + O3 - UY)

.5"2 = b4 (—/12S2 - 62S;2/r2 + U;q - U;q)

o— _ _ q3/13 Fred _ rred

i3 = b (~ s 5jrs3 F U0 ) (2.15)
S4 = —AyS4 — 54534 Y+ U4q — U4q

S‘S = —/15S5 — 555‘(5]5”5 + 0?] - U;q

Se = —AgSg — 56Sgé/r6 + qu - qu

adaptive
law

e the global
fast sliding
surface
variables

switch
control

Figure 3. The structure of the global fast terminal sliding mode (GFTSM) control based on
the adaptive RBF neural network.
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Parameters setting

v

Obtain the trajectory tracking
error e; and é; (Eq 2.6)

4

Compute the sliding surface
(Eq2.9)

!

Compute the weights of the
RBF-NN (Eq 2.13)

!

Compute the output of the
GFTSM-RBF (Eq 2.14)

Figure 4. The brief flow chart of the GFTSM-RBF control strategy.

Theorem 2.1. Considering the quadrotor UAV dynamics (Eq (2.3)) subject to lumped disturbance,
there exists a set of control gains such that the proposed GFTSM (Eq (2.14)) for the quadrotor UAV can
ensure that all signals in the closed-loop control system are bounded and the finite-time convergence
of all the outputs to the designated trajectory can be guaranteed.

Proof. Assume that the equivalent control U; can be estimated by the RBF neural network, and the
minimum estimation error is &; > 0. The equivalent control U;? becomes

U:q = Wih,' (x,-) + &;
where W, is an ideal value of W,». Hence, the estimation error of U f" is

U - U = Wih; (x;) - Wik (x)) — & = Wih; (x) — &

1

where W, = W, — W, is the error of weight vector, and submit it to Eq (2.15).

S1 = by (—/115'1 - ((51SL1]1/V1 + Wihi (x;) — 5)
$2 = by (—/lzsz - 52S32/r2 + Wih; (x;) - 8)
§3 = bg (—Agsg, — 83527 + Wih; (x;) - 8)
§4 = —Ay4S4 — &;sZ“m +Wh;(x;) — ¢
§5 = —Ass5 — (%s?h5 + Wih;(x) - &
§6 = —AgSe — 66sg"/r6 +Wh; (x;) — &

(2.16)
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The following Lyapunov function is used

1 1 ~7~
V= o+ —W, W,
2 2n
The time derivative of V" is
. 1 .74
V= s+ =W, Wi (2.17)
n

Take Eqs (2.13) and (2.16) into Eq (2.17), the derivative of the sliding surface variable can be written
as (take i = 1 for example).

VIW‘v =518 + }IWITVA‘G

=s51b, (—/llsl - 61s'1“/r1 +W;h; (x;) - 81) + %WITVAV]

= —byy 57— bysy 51+ 1 Wk () — s1byey + LW W,
= —bodist = bos(! (51 + <2 )+ W] (subahy (e + 1)

qy/ry
51

A

1
n

= —bz/lls% - bzsql/rl+l ((51 + -2 )

-
1 Sfln/ 1

If6, > |81 / s’fl/ "|, then V}** < 0, which means s, and W, converge to zero.
Define a Lyapunov candidate function

1
Ve = Eef (2.18)
Submit s; = 0 and Eqgs (2.9)—(2.18), the derivative of Eq (2.18) are obtained.
Ve = eie = —aie? — et <0 (2.19)

According to Eq (2.19), e; converges to zero too. Equation (2.16) can be rewritten as (take i = 1 for
example):
.S"l :—/1151—5/15‘[111/7'1 (220)

where, | = A1b,, 6] = (b251 4 e )

=
$I1m

By solving Eq (2.20), the corllvergence time of s; from 51(0) # 0 to s1(z;) = 0 is obtained:

- " n /1'151(())(”—‘“)/‘“ +0
ST A ri—q1) &
<" _In A,510)1790)/41 +bys,
= A(r—q1) b6y

Table 1. The main physical parameters of the quadrotor used in the simulation.

Parameter Value Parameter Value
g(m/s?) 9.81 L(kg - m?) 0.0013
m(kg) 0.468 I.(kg - m?) 0.0028
I.(kg - m?) 0.0075 I(m) 0.25
I(kg - m?) 0.0075 Q,(rad/s) 1
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3. Results

The simulation results given in this section verify the effectiveness and performance of the proposed
controller. Table 1 lists the main physical parameters of the quadrotor used in the simulation. The
proposed flight controllers parameters are set as: @y = 4.5,6, = 14,91 =3,ry = 7,00 = 02,4 =
10, ay = 8.2,ﬁ2 = 2-5,612 = 35, r, = 7.5,0’2 = 0.2,/12 = 20,7]1 = 105, m = 145,1’1 = 5, Cc =
[-2.6,-1.2,0,-1.2,-2.6]

In the simulation flight, the quadrotor tracked 3d trajectory under the external interference and
parameter uncertainties. The initial state values of the quadrotor are [0, 0, O]rad and [0, O, Olm. The
disturbance terms are set as d; = d, = d; = 0.2sin(41), d, = ds = dg = 0.06cos(41). Seven seconds after
the simulation started, the quadrotor weight was suddenly reduced by 30%. Comparative simulations
with the conventional GFTSM control method proposed in [19] are also given.

The simulation results of the proposed controller are shown in Figures 5-10. As shown in Figure 5,
the 3D flight trajectory demonstrated that the proposed controller has succeeded following the 3D
flight trajectory in finite time, but the traditional GFTSM has steady-state error since the parameter
perturbation. Figure 6 shows the time evolution of position variables (x,y and z). It can be seen that
the abrupt change of z variable due to the mass variation was overcome by the GFTSM-RBF controller
within 2 seconds, but GFTSM failed. Figure 7 shows the tracking errors of position variables. It can
be observed that the proposed GFTSM-RBF achieves better position tracking than traditional GFTSM.
Figures 8 and 9 shows the trajectory tracking of attitude angles(¢, 8 and ¢). It can be observed that both
of the two control systems can track the attitude references accurately, but the GFTSM-RBF controller
has a faster tracking speed and smoother yaw angle . Figure 10 presents the control inputs of the two
control approaches. As expected, GFTSM exhibits chattering in the control input, and the GFTSM-
RBF nearly eliminates the chattering. As a result, the GFTSM-RBF method presents a faster tracking
speed and greater robustness against sustained time-varying disturbances and parametric uncertainties.

= GFTSM-RBF
—==—=GFTSM
= = reference

25

e m——
o
-
—
-~

15

z(m)

0.5

1 ~ B -7777)7(77(7777- 2

) /“"/""’/""'/'""’ 0.5 1

y(m) 0 .05 ()

Figure 5. The 3D trajectory tracking of the quadrotor.
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Figure 6. The position components of the two obtained trajectories.
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Figure 7. The position tracking errors of the two control method.
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Figure 8. The trajectory tracking of attitude angle with GFTSM-RBF.
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Figure 9. The trajectory tracking of attitude angle with GFTSM.
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Figure 10. The control input of quadrotor.

4. Conclusions

This paper presents an adaptive GFTSM-NN controller to realize 3D trajectory tracking for the
quadrotor with unknown disturbance and dynamic uncertainty. Global fast terminal sliding surfaces
are designed for finite-time convergence of all the outputs of quadrotor. The equivalent control of the
GFTSM controller is estimated by the RBF-NN. Adaptive laws are developed to compute the weights
of RBF-NN. The quadrotor’s closed-loop stability and finite-time convergence is guaranteed through
the Lyapunov theory and subsequent analysis demonstrated in this paper. Finally, a comparison of
the proposed control technique is presented with the conventional GFTSM. The results demonstrate
that the GFTSM-NN achieves faster response speed, more robust to dynamic uncertainty, and lower
chattering than the GFTSM. In future work, the proposed GFTSM-RBF approach will be validated
by a real quadrotor UAV to perform the trajectory-tracking task. Also, control input constraints will
be considered.
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