IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received November 4, 2020, accepted November 16, 2020, date of publication November 20, 2020,

date of current version December 10, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3039546

An Online Adaptive Control Strategy for
Trajectory Tracking of Quadrotors
Based on Fuzzy Approximation and
Robust Sliding Mode Algorithm

BOWEN XU AND XINJIANG LU, (Member, IEEE)

State Key Laboratory of High Performance Complex Manufacturing, Central South University, Changsha 410082, China

Corresponding author: Xinjiang Lu (luxj@csu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 51675539, and in part by the Hunan

Provincial Natural Science Foundation of China under Grant 2019JJ20030.

ABSTRACT In this paper, an online adaptive control strategy is proposed for the accurate trajectory
tracking of quadrotor unmanned aerial vehicles (UAVs) under time-varying model uncertainties and external
disturbances. A robust sliding mode controller was developed for the outer-loop position subsystem to
guarantee robust tracking performance even under disturbance. For the inner-loop attitude subsystem,
an online adaptive controller was designed, which integrated the fuzzy and SMC into one unified system.
Critically, its parameters were simultaneously identified and adjusted in real-time. These sub-control systems
were then integrated into a unified closed-loop system. Its uniform stability was then analyzed and strictly
proofed. Case studies demonstrated the effectiveness of our proposed strategy, along with its superior control
performance when compared with several commonly used methods.

INDEX TERMS Quadrotor UAVs, nonlinear control, fuzzy system, sliding mode control, trajectory tracking.

I. INTRODUCTION

Recently, quadrotor unmanned aerial vehicles (UAVs) have
seen increased and extensive use across various areas, includ-
ing the military, agriculture, search and rescue, fire-fighting,
environmental protection, and personal entertainment. The
popularity of UAVs has been due to their security and maneu-
verability. Compared with helicopters and fixed-wings UAVs,
the quadrotor possesses many significant advantages, such
as vertical take-off and landing capacities, strong maneuver-
ability, simple mechanical structure, and low cost. Moreover,
the flexible design performance of both its size and specifi-
cation allows quadrotors to be rapidly adapted to the require-
ments of a given industry [1], [2]. Despite these benefits,
the desirable trajectory tracking performance of the quadrotor
is always affected by uncertain internal and external nonlin-
earities in the actual flight environment. It is difficult to obtain
an accurate model of the system, since the quadrotor is a
typical dynamic nonlinear system with strongly coupled and
underactuated characteristics, along with unexpected model
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uncertainties caused by airframe vibration and air resistance.
Furthermore, wind gusts and payload variation usually lead to
multi-frequency disturbances and chattering during the actual
flight, all of which influence tracking accuracy and flight
stability of the quadrotor. This is especially true for the elec-
tromechanical actuators. With these problems in mind, it has
become greatly important to design an efficient controller
with satisfactory trajectory-tracking accuracy and robust per-
formance for quadrotors under such model uncertainties and
external disturbances [3]-[6].

With regard to these problems, significant amount of
research has been devoted to achieving better performance for
the trajectory tracking of quadrotors. Different strategies have
been proposed, including proportional-integral-derivative
(PID), the backstepping method, sliding mode control, fuzzy
algorithm, and the adaptive control method [7]-[12].

Initially, linear control algorithms such as single loop or
multi-loop PID and linear quadratic regulator (LQR) were
widely applied to control the quadrotor. This was because
they had advantages in both simplicity and practicabil-
ity [13], [14]. These algorithms performed reasonably well
when the aircraft worked in actual operating conditions. For
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instance, a PID cascade control of the quadrotor for trajectory
tracking with small acceleration was proposed in [14]; its
tracking performance was shown to be excellent for low
velocities. However, the fitting effect and control accuracy
of these algorithms for nonlinearities were unsatisfactory.
This was mainly because many of the controllers proposed
in these previous studies were based on models and required
almost a full knowledge of its dynamics. In turn, this led
to a heavy dependence on the model’s accuracy. Additional
work sought to address this limitation by using an increasing
number of nonlinear control methods in quadrotors, which
were somewhat effective [15].

As a commonly used nonlinear algorithm, the backstep-
ping algorithm allows for online control performance by
using a reverse design method [10], [11]. However, the strict
requirement on the model’s structure remains a large restric-
tion for this algorithm. Due to its outstanding properties of
fast responsivity, disturbance insensitivity, and independent
features in the model’s structure [16], many researchers have
concentrated their studies on using and introducing the slid-
ing mode control (SMC) into quadrotor control. By design-
ing different sliding equations, the SMC converges to a
uniform, asymptotical stability at exponential speed. Impor-
tantly, this approach has been effective in trajectory tracking
and random disturbance response [9], [17]-[19]. In [17], a
robust second order sliding mode controller (SOSM) was
proposed with good transient performance on the altitude
tracking of the quadrotor. When combined with the SMC,
the limitations of the backstepping method were overcome.
In [9], a backstepping sliding mode controller (Integral
BS-SMC) was designed to improve the system’s robustness
against external disturbances. However, there were still sev-
eral defects in the actual application of the SMC, includ-
ing convergence time, the robust term, and high frequency
chattering [20]-[23]. Several solutions, such as super twisting
algorithm (STA) [24], have been proposed to address such
defects [25]-[27], and strong robustness was introduced to
overcome both internal and external parametric perturbations.
In [24], STA was applied to a quadrotor to ensure robustness
against bounded disturbances and its finite time convergence
was proved by means of a majorant curve. Two different kinds
of two-sliding mode control algorithms were proposed in [26]
by bounding the model dynamics with positive functions.
This approach led to a reduction in the chattering effect.
However, the STA had some shortcomings related to the
strength of disturbances. For instance, the traditional linear
STA cannot deal with strong disturbance near the origin,
while the nonlinear STA is not able to endure a linearly grow-
ing perturbation the introduction of discontinuous. Besides,
the introduction of robust terms also triggered high-frequency
dynamic system errors, which was extremely dangerous for
the electromechanical actuators.

Since the built-in gyroscope of the quadrotor is highly
sensitive to the attitude acceleration variable of the air-
frame, real-time calculations are often necessary to overcome
the system dynamics and environmental changes. In this
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context, an increasing number of intelligent control strate-
gies have attracted considerable research interest and have
been introduced into the trajectory tracking system of the
quadrotor [18], [28], [29], [39], [40]. This is especially true
for hybrid controllers combined with fuzzy control algo-
rithm. By introducing human experience into the controlling
process, these intelligent algorithms guarantee an accurate
approximation to the model’s uncertainties [30]-[34]. When
combined with an adaptive strategy, the intelligent control
system allowed for real-time regulation of system parameters
according to its actual state [35]-[37]. In [18], an adaptive
fuzzy gain-scheduling sliding mode control (AFGS-SMC)
was proposed for unmanned quadrotors; this was done to
regulate attitude parametric uncertainties. In [31], a hierarchi-
cal control strategy was proposed for positional and attitude
tracing of quadrotors. This approach was based on the double-
loop integral sliding mode control (IntSMC) along with the
adaptive radical basis function neural networks (RBFNNs).
In [37], a nonlinear adaptive controller was proposed for
orientation and translation tracking of the quadrotor using the
adaptive nonsingular fast terminal SMC (ANFT-SMC).

Despite these advances, there remain several limitations
in these past works: (1) A consideration of system-wide
perspective is lacked, and only parts of the control loop were
studied, i.e., the altitude subsystem or the attitude subsystem.
(2) There are few studies on considering both internal uncer-
tainty and external disturbances. (3) When time-varying and
nonlinear dynamics of the system is very strong, only using
online modeling or online control is often difficult to achieve
a satisfactory performance.

Aiming to these challenges, in combination with the advan-
tages of both adaptive fuzzy control and a robust second
order sliding mode algorithm, we propose a novel online
adaptive control strategy for quadrotor UAVs in trajectory
tracking against dynamic model uncertainties and external
disturbances. The virtual variable method was used to effec-
tively decouple the relationship between the inner-loop atti-
tude control and the outer-loop position control. Detailed
contributions of this paper are highlighted as follows:

« Based on the first-order tracking error, a robust sliding
mode controller was proposed for the outer-loop posi-
tion subsystem to alleviate external disturbances and
guarantee robust tracking performance.

o An adaptive nonlinear sliding mode controller was
designed for the attitude subsystems by integrating the
fuzzy system and robust sliding mode control into a
unified framework, in which the parameters were simul-
taneously identified and adjusted in real-time.

« These sub-control systems were then integrated into a
unified closed-loop system and the uniform stability
of overall system was theoretical analyzed and strictly
proved.

o Case studies demonstrated the effectiveness of our pro-
posed strategy, along with its superior control perfor-
mance when compared with several commonly used
methods.
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FIGURE 1. Coordinate systems for quadrotor UAVs.

The rest of this paper is organized as follows: Section 2
presents the dynamic model of the quadrotor and the control
problem existing in the quadrotor UAVs. Section 3 proposes
the online adaptive control strategy, while Section 4 describes
the use of several comparison and trajectory tracking sim-
ulations to verify the effectiveness and robustness of the
elaborated control strategy.

Il. MODELING AND PROBLEM DESCRIPTION

Assumed that the quadrotor UAV is rigid, and the centroid
of mass is concentrated in the geometric center. As shown
in Fig.1, the body-frame coordinate system and the geo-
graphic coordinate system are defined for the modeling pro-
cess. The body-frame coordinate system (b system) is affixed
and connected with the centroid, while the coordinate sys-
tem rotates following the rotation of the quadrotor. In the
geographic coordinate system, i.e. the inertial/ navigation
coordinate system (named n system), the x-axis refers to the
North (N), the y-axis to the East (E), and the z-axis to the earth
(G). Suppose that 6, ¢, i represent the pitch, roll, and yaw
angles in the body-frame coordinate, respectively, and x, y, z
represent the position of the centroid in the inertial coordinate
system.

According to Newton mechanics and the Newton-
Lagrange equation, dynamic equations of the quadrotor with
respect to the inertial coordinates can be generally expressed
as [4]-[6], [12]

Gob ks Ly Kil g
= — —_— — a) J—
I, L,
. L= .. 1 I . K>l .
§=""x U -t 224
Iy ¢1ﬂ + Iy 3 Iy Pwsum ]y
L LI Kl
- b+ Uy — =2
¥ 2 @0 + I 4 I,

2-1)

U
§= L (cospsinfcosyr + singsiny) — — Kaxx
m m

U 1
y= 21 (cospsin@sinyr — singcosyr) — —Kuyy
m m

.U 1 i
7= —-cos¢pcosd — g — —Ky;2
m m

where / represents the distance from centroid to propeller
shaft, wg,,, = —w| + Wy — w3 + w4, d is the resistance
coefficient, b is the lifting coefficient, w;(i = 1, 2, 3, 4) repre-
sents the angular velocity of each propeller, I, is the inertial
moment of propeller. Iy, Iy, I, are the moment of inertia. g
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denotes the acceleration of gravity, Ky, Kay, K,, represent
the rotation resistance coefficient matrix of each propeller.
X, v, z are the translational velocity of the quadrotor in the
inertial coordinate system. U represents the control input of
four independent control channels (altitude, roll, pitch, and
yaw).

In the actual flight, the lift of the quadrotor is mainly
produced by the rotation of propellers. Firstly, according to
the gravity of the aircraft, the rotation speed of each propeller
is obtained by reverse calculation, so that the aircraft obtains
the basic lift through four propellers to offset its own gravity.
Then, based on the basic thrust, the controller mainly focuses
on the incremental and decremental adjustment, which means
that speed of four motors is adjusted according to the devia-
tion between the target point and current position.

As shown in Eq. (2-1), the rotational information <}5, 5, w
is related to U,, Uz, Uy, respectively; similarly, the position
acceleration X, y, 7 is related to Uy, m, ¢, ¥, 6. The follow-
ing practical problems may result in the model and control
difficulties: (1) different forms of wind gusts in the actual
flight environment, i.e., abrupt, high-frequency, whirlwind
etc., which will influence the robustness of the controller; (2)
the airframe vibration caused by external factors such as air
resistance, which may result in model uncertainties.

As the control loops shown in Fig. 2, when tracking the tar-
get trajectory, the outer-loop position controller will call the
corresponding algorithm based on the input target trajectory
and the real position information to control the quadrotor’s
angle. This transfers the output regular velocity deviation to
the inner-loop attitude controller. The inner-loop then adjusts
the attitude of the aircraft according to this deviation, after
which it transfers the thrust information to the final executive
units.

A. POSITION SUBSYSTEM

According to reference [34], the following two virtual vari-
ables Uy and Uy are introduced to decouple the relationship
between the inner- and outer-loop control systems.

U, = Uji(cospsinfcosyr + singsinyr)
Uy = Ui (cospsindsiny — singcosiyr) (2-2)
U, = Ujcospcosd

Then we have

0 = arctan ((chosw + Uysimp)/UZ) (2-3)
o = arctan((cos@(stimp — Uycos1//)/UZ)) (2-4)

Suppose that the model uncertainties in X, y, z dimen-
sions are [23] i (¢, x,X), x2 (£, v,9), x3 (¢, 2, Z). There are
many random uncertainties in actual flight environment,
and the prior empirical knowledge is difficult to obtain in
real-time. The typical example is wind gusts, which has
high-frequency or multi-frequency characteristics [4]. Here
we suppose that y (t) = [y (¢), y2 (t), y3 (t)] denotes the
external disturbances caused by external disturbances in X,
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FIGURE 3. The entire framework of the elaborated control strategy for quadrotor UAV.

y, z directions. The state variables in position X, y, z can be
rewritten as

mi = Uy — KaxX + x1 (¢, x, X) + y1(2)

my = Uy — Kayj’ + x2(t, 5, ) + ¥ (1)

mz = U, — KgzZ —mg + x3 (t,2,2) + y3(t)

(2-5)

In the outer-loop translation altitude subsystems and with
the predefined target position (x4, Y4, Z4), the virtual control
variables Uy, Uy and U, are calculated by Eq. (2-5). Then
we can get the attitude angles ¢, 6 and U; directly through
Egs. (2-2), (2-3) and (2-5), which are regarded as the target
angles of the inner-loop attitude subsystem.

B. ATTITUDE SUBSYSTEM

According to the dynamic attitude expression in Eq. (2-1), the
attitude equation can be expressed as [28], [41]

Dg(t) =f (t.q.q) + U(t) + (1)
f.q.9=C{@q+&t.q.9

(2-6)
(2-7)
where g = (¢, 9, W)T.r(t) isa3 x 1 dimensional matrix, and

represents the disturbance to the built-in gyroscope. D, C(g),
U(t) represent

I, 0 0 U
D=|0 I, 0|, U@®n=|"Us
L0 0 [ Us
0 0 (I,—L)6
C@=|UL-L)Y 0o 0
i 0 (I —1) ¢ 0
215330

&(t, q, @) denote nonlinear model uncertainties, including
the vibration and the ignorance structure of the airframe,
which is inspired by the following two parts: (1) In actual
flight, the air resistance of the propellers is almost basically
in direct proportion to square of rotor speed [28]. (2) In
the modeling process, the rotation resistance terms (e.g.,
Iréwmm/lx,qu'bwmm/ly) of attitude subsystem is always
ignored to simplify the subsystem during the modelling
process, which influences the modeling accuracy and even
results in severe distortion to physical devices.

IIl. CONTROL DESIGN
To address the problem described above, we propose a combi-

natorial, nonlinear control strategy for trajectory tracking in
quadrotors when dealing with dynamic model uncertainties
and external disturbances. As shown in Fig. 3, for the outer-
loop position subsystem, a robust sliding mode controller
was established to realize the horizontal position, in which
the integration of first-order tracking error was introduced
to enhance the robustness against external disturbances. For
the inner-loop attitude subsystem, an adaptive fuzzy sliding
mode controller was designed in combination with both the
fuzzy algorithm and SMC, in which an improved STA was
designed to guarantee the robustness of the system to external
disturbances. These sub-control systems were then integrated
into a unified closed-loop system.

Moreover, according to Fig.3, when carrying out control
of the position subsystem, the chattering caused by control
switching of attitude subsystem can be regarded as external
disturbance, and the integration of first-order tracking error
was introduced to enhance the robustness against external
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FIGURE 4. Proposed structure of the robust sliding mode controller.

disturbances. When carrying out control of the attitude,
the chattering caused by control switching of position sub-
system is also regarded as external disturbance, and the fuzzy
and super twisting algorithm were introduced to guarantee the
robustness to disturbance. In this way, the chattering caused
by control switching is suppressed.

A. POSITION CONTROLLER DESIGN
As described in (2-5), by introducing three virtual variables

Uy, Uy and Uy, the translational movement equations can be
simplified as [25]

mix = Uy — Kgek + 81(2, x, X) (3-1)
my = Uy — Kayy + 82(1, y, ) (3-2)
mZ = U, — Kg.z —mg + 83(t, 2, 2) (3-3)

where 8; (r,x,x) = x1(t,x, %) + yi(0), 820, y,y) =
X2 (t, 9, 9) +¥a(t), 83 (t,2,2) = x3 (¢, 2, 2) + y3(2).

Although the model uncertainties and disturbances are
unpredictable in actual flight and could not be known as
a prior, the effects of those factors can be alleviated by
the proposed control item. Therefore, a robust sliding mode
controller was constructed to realize the accurate and stable
movement in three dimensions, which is shown in Fig. 4.

Here, we take the x direction as an example to illustrate
the controller design process. In this controller, virtual vari-
ables are designed to ensure that the system is asymptotically
bounded, so the control output not only suppresses distur-
bances, but also realizes the asymptotic tracking on reference
signals.

By defining two state variables x|, xp, Eq. (3-1) can be
rewritten as the following state-space form:

X1 =x
1K 1 (3-4)
Xy = —Uy — —x3 + —81(t, X1, x2)

m m m

where U, = Uj(cos¢sinfcosyr + singsinyr); x1, xo represent
velocity and acceleration in x-direction respectively, which
are used to describe the system’s motion state in x direction.

Inspired by the backstepping technique, we introduce
the virtual variable B and the first-order tracking error
fé e1x(t)dt, to ensure the tracking robustness.

t
B =X —10/ eix(v)dt —Jieix, Jo, J1 > 0 (3-5)
0
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Define two error variables ey, €2, and set

€lx = X1 — X1d

(3-6)
e =x2— f
Then we have the sliding surface:
Sx = Cxelx +exx (3-7)

where ¢, is the convergence parameter.
Moreover, from Eq. (3-6)

) 1 Kax 1
e = —Uy — —x2 + —81(t, x1, x2)
m m m

—X14 +J1€1x +Joerx  (3-8)

where Jo, J1> 0. Define the following exponential approach
law to improve the robustness of the translational control
system

Sy = —p18ign (sy) — p2sy, Wwhere p1, 02> 0 (3-9)

Define the Lyapunov function
L)
V= ESX

and set the robust control law:

(3-10)

t
Uy =Kaxx2+m <5é1d+cx (Jlelx+JO/ ely (r)dr—ezx>
0

—(J1e1x+Joern+p1sign (sx)+p25:))  (3-11)
Then the differential of Eq. (3-10) is
V= SySy = 8y (cxéi1x + e2x)
) 1 Kax
= sx [cx (2 —x19) + —Ux — X2
m m
1 . .
+;31(I, X1,X2) — X1g +J1€1 + J0€1]
N
= —pi Isx| — p2s? + Zx& (t, x1,x2)
u
< —pasy = lsel (o1 = =) (3-12)

where 6} is the upper bound of disturbance 41 (, x1, x2).

Clearly, when p; > %Lf, p2> 0, V< 0, the sliding surface
s — 0 and the translation subsystem is asymptotically stable.
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Similarly, control inputs in y and z directions can be
obtained and expressed as

t
Uy = Kayy2 +m(yra + cy(J3ery +J2/ ely (1) dt — ezy)
0

—(J3é1y + J2e1y) — p3sign (sy) + pasy) (3-13)

t
U; = Kayzo + m(Zig + cy(Jsery + J4/ ez (1) dt — e)
0
—(Jsei; + Jaeir) — pssign (sz) + pesz) +mg  (3-14)

B. ATTITUDE CONTROLLER DESIGN

For the attitude sub-control system, an online adaptive fuzzy
sliding mode controller was elaborated for attitude tracking
accuracy. As shown in Fig. 5, this method uses both the fuzzy
model and SMC to overcome uncertainties and external dis-
turbances, respectively. Moreover, to alleviate the chattering
problem existing in the traditional SMC, we introduced an
improved STA, in which the chattering switch function is
applied to higher-order derivative of the sliding mode variable
by introducing the integral term and the exponential term.
On this basis, an online adaptive strategy was also designed
to integrate the fuzzy model and robust SMC into a unified
framework, so that the parameters of the control system
would be simultaneously identified in real-time.

Due to the simplicity and practicability in modeling, it is
difficult to obtain an accurate equation of f(¢, ¢, g). Accord-
ing to the universal approximation theorem [32], there must
be a fuzzy system f (t, g, ¢) highly approximate to f (¢, q, ¢);
in this way, it is reasonable to use f (t, g, ¢) constructed on the

215332

two-dimensional fuzzy controller to approximate f(z, g, §).
Here and to ensure approximation accuracy, ¢ is defined as
the approximation error.

From Eq. (2-6), we know that there are three angle vari-
ables in the attitude control system, and all should be consid-
ered when designing the fuzzy system. Here, we use pitch
angle ¢ as an example. The detailed fuzzy approximation
processes are shown in Fig. 6.

Assume that A; and A, represent the fuzzy sets
of ¢; and ¢, respectively, B denotes the result set.
h=1,2,--- ,m;lpb=1,2,--- ,n is the elements number of
each fuzzy set. All' and Alz2 are the element fuzzy sets of Aj
and A;, m and n represent the element number of AII’ and Alzz.
By, is the fuzzy result. Then the fuzzy rules can be built as
follows:

RUE)  F @y is Aland @y is A2 THEN | (¢ | wg) is Biys,

Currently, there are several studies on fuzzy systems
with trigonometric [12] and Gaussian functions [18], [30],
in which the satisfactory approximation performance for
uncertain disturbances has been demonstrated, especially the
Gaussian function. Here the membership function is selected
as:

w=aw-lﬁlﬁﬁ jelib) (315
i w ) ’

In the fuzzy system, the singleton fuzzifier is used to cal-
culate the rule result and the function value y;,;, corresponds

VOLUME 8, 2020
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TABLE 1. Description of the fuzzy calculation procedures.

Input: 4, [, m, n;

¢4: the target pitch angle ¢> the real-time pitch angle;

€¢ = ¢d ¢ e¢ - ¢d ¢
Fuzzy sets ¢, and @,;
Repeat

1. Define two [; * [,Matrix FS and {(¢);

2. Initiating YFS and TFS to 0;

3.forl; =1,2,---,mdo

forl, =1,2,---,ndo
FS[Ll] = i2=1 .ull-(%’)
YFS+=y,,, (FS(11,))
TFS+= (FS(l11,))

8.  endfor

9. endfor

10.f(¢|wg) = YFS/TFS

11.{(¢) = FS/(TFS + 0.001)

Output {(¢)

S e B g

% singleton fuzzifier sets of ey and €4
% closed control loop

% elements number of fuzzy sets ¢,
% elements number of fuzzy sets @,

% result of each product inference engine
% summation of function values y; ;,

% fuzzy results based on center average method
% output of the defuzzifier

to the maximum value of the membership function. More-
over, implying the product inference machine, the inference
conclusions can be formulated as yj, H?:l wi(@;). Thus,
the system output is obtained based on the center average
defuzzifier

Yohmt 2=t Vit (l_[,-zzl M"’(wi))
D=1 b=t (H,'Zzl Ml"(fpi))

where pfi(+) represents the membership function.
Define parameter wy and introduce a new ¢ (¢) € R™",
then we have the fuzzy output

F(¢lwp) = a4t (4)
Then the ¢ (¢) for 1 Lth(lh= 1,2, ---
members can be expressed as:
[Te 1)
D=1 b= (l_[i2=1 Ml"(%‘))
The description of the fuzzy calculation procedures is

shown in Table 1.
Assuming that

f@lo)= (3-16)

(3-17)
7m;l2= 15 27 T 7n)

Snn (@) = (3-18)

w}y = arg min [sup P @l - (qﬂ (3-19)

then we have
f@ =t @) +e¢ (3-20)
where ¢ represents the approximation error.
Defining o = @, — o}, then
f (@) —F@lo) =} ¢ (@) +e—dst ()
= —w,¢ (P) +¢
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Similarly, with W, = [wy, wg, a)lp]T we have

ft.q.9) =

and the dynamic attitude equation can be rewritten as

Wt (@0 +E

Dq(t) = f(t,q,q) + U@) + (1) (3-21)
f(ﬁq,Q)Zf(t,CIaQ)_f(t,q#‘I)
=-W,/¢(qg.0+E (3-22)
L. 00 Us
where D= | 01, 0 |,U = | U3 |. I, Iy, I, represent the
00I Uy

moment of inertia. W(IT = W(IT - W;T, E = [e1, 2, 6317
€1, &2, €3 are the approximation error of 6, ¢, ¥ respectively.

With the former proposed fuzzy approximation sys-
tem, model uncertainties of the system can be compen-
sated. To obtain better satisfactory tracking accuracy and
robust performance against external disturbances, an adaptive
robust controller was further elaborated. In this controller,
an improved STA was introduced as the robust term to alle-
viate the chattering problem existing in the traditional sliding
mode controller. The robust approaching law varied accord-
ing to the real-time feedback state and fuzzy approximation
term. The structure of the robust sliding mode algorithm is
shown in Fig. 7.

Define the sliding mode function

sq=Xe+eé

where & > 0, ¢ = [¢pg — }, 00 — 0, Vg — Y17, and ¢y, 04,
Y are the target angles. Thus, s, is a 3 x 1 dimensional
matrix:

(3-23)

Sg=re+D VWU @) +T W) +f(t,4,9) —Ga (3-24)
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| . Disturbances
Algorithm controller |
| I d(t)
| |
|
| | Sliding Mode Surface Robust Approching Law u (t
| . . . . pp g —»  Control Input L,
S =ce+e s=h(s)+§ I
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e
L A . Object
Desired - ¢, de \ A Approximation | f (t’ 9 q) (Uncertainties)
Input qq
+ Adaptive Fuzzy System <
f(tq.q) |
q(®)

FIGURE 7. Structure of the robust sliding mode algorithm.

It is known that when the sliding mode function s;— 0,
the altitude error e and differential error will converge to zero
exponentially. Then we have

U = Dgq—Dx e —f(t,q,q) +Dsy — 7 (1)

Dsy =Dré+ U+t (1) +f(t.q.9) —Dga  (3-25)

Here, an improved STA, which inherits the best properties
of traditional linear and nonlinear STA in disturbance sup-
pression [38], is introduced as the robust term of SMC to over-
come chatters faced by SOSM and increase the robustness of
the system to external disturbances:

t
Sq = —ki |sq}% sign (sq) —kasg — k3/0 sign (sq)dt
t
—ky / sqdt + Ef + 1, (1) (3-26)
0

where Ef = D7E, 1, 1) = DIt (1), k1, ko, k3, kg are a
3 x 3 dimensional diagonal matrix, and meet k1, k2, k3, k4 >
L, 00
01,0
001

Replace 5, into Eq. (3-25), and the actual control input is
obtained.

0.D = . I, I, I, represent the moment of inertia.

ol .. . l .
U = Dgy — Dré — W;Tg (q. 1) — D(ky |sq|? sign (sq)
t t
+kosg + k3 / sign (sq)dl + k4 / Sqdt)
10 t0

Define the Lyapunov function

1 |
V() = 35,Dsq+ 55 Dy'Wy (3-27)

2Ty

The differential expression of Eq. (3-27) can be expressed
as follows:

V()
1 - X
Tpree T -1
=5qD5q+FWqD Wy
=sg(D/\é+ﬁ—Déd+f(z,q,c‘1)+r(t))
1~ X
+FWqTD_1Wq
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~ 1
= 5 (W€ (@0 +2E +7 () = Dk [sg|* sign (s,)

+k2sq+k3/ sign (sq)dt
10
e [+ Lot
4 sqdt) + WqD Wy
10 I

| t
= sgD (—kl ‘sq’ 2 sign (sq) — kasg — k3 /0 sign (sq)dt
t
t
—ky / sqdt +2E¢ + Ty, (t)>
10
Wi (L~ sc @
q r a7 845\
3 t t
=-D (k] |sq| 2 —kzsgsq—kg |sq| dt—k4/ sgsth>
t0 t0
Part1

T san-1 (14
—i—qu(ZEf-i-‘Cm(l))-i-WtD FWq—Sqé'(CI»t)

Part2

Part3
(3-28)
Obviously, the first part of V meets: Vpgre) < 0 (only when
the slidjng surface Sq = 0, the derivative is zero). Besides,

when W satisfies Wq = TI's4¢ (g, 1), Vpart:l, = 0. Then
the original problem is transformed into the derivation of
the boundary condition that the sliding surface s, converges
to 0 in mez. Therefore, in order to obtain the uniform
convergence time and boundary conditions of k1, k2, k3, k4,
here we introduce three variables vy, v, and v3

T L T
v = [vivav3]" = [|n1|2 sign (n1) nin2]

(3-29)
where
t
n=Imml" =I5, — k3/0 sign (sq)dt
t
—ky / sqdt + Tu()]"
0
Then
: 1 (—k kovy + v3 + Ef)
V] = ——(=K1V] —RV2 T V3
2 v f
vy = —kvi —kava +v3 + Ef (3-30)

o -
V3 = m(—/@l)]) — kavy + T (2)
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Define the Lyapunov function

1 1 1
Vi) = 2k3V% + Ev% + EV% + 3 (kivy + kpvy — 1)3)2

(3-31)
When introducing
dk3+ki  kky
P=_| kiky 2ks+k} —ko |, ATP+PA=-0Q,
2
—ki —ky 2

then V| (v) can be transformed into the positive definite
quadratic form:

Vi) = v Py

The corresponding derivative of the Lyapunov equation is
obtained as follows:

Vi) = -7 (ATP + PA) v+ 207 PB

—vTQlu— : vTsz—Mlv— :
|S(1‘Z }5q|7

(3-32)

Myv

where Q = Q) + 02, B = [Ef, Er, ],

1 . . .
M, = E[_ (k12+4k3) Ef+kiTn—kikoEp +ko Tk Ef — 27,]

1
M, = 5 r[—kiko — (k22 + 2k4) ko]

—k}ky —ki (k3 +ks)  kik
1
0= —ky (k3 +ks)  —ka (K3 +2ks) k3 + k4
kiko k3 + ky —ka
L[k —2kiks kiks—ko ( + k) A7
0> = 7 | kiki—ha (k}+k3)  2koks—hik3  kiko—2k4
i ki kiky — 2kq —ki

For some constants 7y, 72, E1, £ > 0, if Ef and 7 meet

1
|Ef| < E |Sq|2 + B2 |Sq
restriction can be obtained

, the below

Eml < T+ 25

1 Er 7 T
TMry < TvE Ay + Epvt Ay (3-33)
|5q]2 |sq]2
My < ; vTsz + vTA3v (3-34)
|sq]2
where
[ —kika 0 -k
Alzé 0 —(KB+24) O
L -% 0 0
_kl 71 0
Ay = l 0 — (k12 ~|—4k3) Ey, — kit — ik Ey
2 0 0 0
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1
A3 2—5
kiE1+2t
(k12+4k3)E1—k1‘[1 0 %
kiEr+2
X 0 kikoEy —ko1o %4‘1'2
kiE1+2T1 kiEy+21 0
2 2

In this case, Vi (v) can be further expressed as

Vl ) < —vTFlv — vTsz

- (3-35)
54|
where I'y = Q1 + A3+ EQ A1, T = Qo + Ar + Er Ay
According to system stability conditions, when I'j and
[, are positive definite matrices, the system converges
uniformly.

01+ A3+ EA1 >0 (3-36)
O+ M+ ExAp >0 (3-37)

Therefore, based on equations (3-36) and (3-37),
the boundary conditions of ki, k2, k3, ks satisfying
Eq. (3-38) [38]:
where pi = ki (347 = 1) + 30 — EN@As + 3kD).

As predefined in Eq. (3-33), in the boundary conditions,
parameters 71 and 1 are two constants and used to restrict the
external disturbances 7 (¢). With the bounded external distur-
bance in actual flight environment, and it is easy to estimate
this boundary ty, 75 using expert experience or measurement.
In this way, k1, k2, k3 and k4 can be obtained.

Subsequently, we have

1
“min AT} V1% = Api (T2} 011

Vi) < -
|sz|E
< a1V} (1) — Vi (v) (3-39)
where
a1 = (Al PV A (1)) e (P} (3-40)
o2 = Gumin {T2)) /Amas 1P) (3-41)

Amin {-} and Ay {-} represent the minimum and maximum
eigenvalues of the symmetric matrix.

Finally, the Lyapunov function satisfies V; < 0 (only
when the sliding surface v = 0, the derivative V| equals
to zero), that is, the sliding surface s, attitude error e and
differential error é will converge uniformly to zero in finite-
time at exponential speed. Then part 2 of derivative V in
Eq. (3-28) meets Vp,mz = sgD (Ef + T (t)) — 0, namely:

t

. 3 t
V() =—D <k1 |sq|? —kzsgsq—kg/- |54 dt—k4f sgsth>
t0 t0

Part1

- 1 =
+ sgD (Ef + ‘Cm(t)) + quD—l <FWq —546(q, t)> < 0,
P

Part2
Part3
with the boundary conditions of ki, ka, k3, ks in Eq. (3-38),
as shown at the bottom of the next page.
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Furthermore, the computing complexity of intelligent and
robust parts in this proposed controller can be derived as
follows:

Fuzzy Logic ~ Adaptiveness STA

—_— —_— —_—~
Om*n*3+ m*n+3 +3*W A2+ w)
= O0m*n+wAn?2)

T(m,n,w)

According to this formula, the growth of computing com-
plexity is related to m, n and w, which represent the elements
number of fuzzy set Al, A2 (Section 3.2) and controlling
variables (such as 0, ¢, V), respectively. The complexity
mainly comes from multiplication and addition, and there is
no complex power operation and exponential operation.

C. STABILITY ANALYSIS OF CLOSED-LOOP SYSTEM
Here, the model uncertainties in X, y, z dimensions are [23]
x1(t,x, %), x2(t,y,9), x3(t,z,2), and £(t,q,§) denotes
nonlinear uncertainties of inner attitude subsystem, i.e.,
the vibration and the ignorance structure of the airframe;
y (t) denotes the external disturbances of the control sys-
tem, where y; (¢), y2 (t), y3 (t) are components of y ()
in X, y, z directions. T (t) = [to(t),70 (), Ty OIS
R3*! denotes the disturbance to the built-in gyroscope.
81 (t,x,%) = x1 (1, x,%) + y1(1), 82 (t,y,9) = x2 (£, 3, 9) +
v2(1), 83 (1,2,2) = x3 (1,2, 2) + v3(0).

Based on the above controller design, define the Lyapunov
function of quadrotor system as

1 1 1 1 I -7
V_Esx+2sy+§sz+2 quq+EW D~ Wq

Then
. . . . T - I -7p g4
V = sx8x +8y8y + 525, + 5, Dsy + FWq DW,

= 5y (Cxé1x + €2x) + 5y (Cyély + éZy) + sz (cze17 + €2;)

N A

. ] Kax .. .
= s [cx (2 — xld)‘}‘EUx 2N + Jiey + Joey

) 1 Koy .. .
+sy [ ¢y O2—D1a)+ ZU}'_ =, 2 +Jzer + Jaey

. 1 Kz . )
+5z | ¢z (22—210) + %Uz—ﬁzz—zld + Jseq + Jaeg

~ . .. . I -p 4
57 (U—me—qu +f(t,q,q)>+FWqTD W,

where ¢,, ¢y, c; > 0 denote the convergence parameters
of the sliding surface sy, sy, s;; constants Jo, J1, J2, J3, J4,

J5 > 0. According to the virtual variables in Uy, Uy, U, Eq.
(3 11), (3-13) and (3-14), for parameters p; > ﬁ, p3 >
m, o1 > %, where 8, 85 and 8%‘ is the upper bound of
disturbance 81 (¢, x, %), 82 (t v, ¥), 83 (t,2,2); p2, P4, p6> 0,

Wy = Tsy¢ (g, 1)
The control laws satisfy the following equations:
t
U = (KayZZ + m(Ziq + cy(Jsery + J4/ ez (t)dt — ey;)
0

_(JSélz + Jae1)—pssign (s7) + 06Sz)
+mg)/ (cospicos0;)

Us = Liia — Lihgy — ]t 9. 90) = Llkig s, sign (s,)
+kopsy + k3g /t‘ot sign (s¢)dt + ks /t; Spdt)

Us = Ly — Ihoéo — (&, 64, 60) — Iy(kig 5o sign (ss)
+kooso + k3g /z(j sign (sg)dt + kag /;(: Sodt)

Us = LYrg — Lyéy —F(t, Y, V)
Itk [sy|* sign (sy) + koysy
+k3y /;Ot sign (sw)dt + kay /;(: sydt)

where Ay, A9, Ay > 0 denote the convergence param-
eters of the sliding surface sy, sg, sy; 64 = arctan
((chos1/f+Uysim/f)/UZ), Vg = arctan (cosO(U,sinyr
kip, 0 0
0 kip O

0 0 kiy
(1= 1,2,3,4) meet the condition of Eq. (3-38). The derivative
of Lyapunov function can be rewritten as

- ycosw)/Uz); kigo = kip = kh// and k; =

V = —piIsc| — p2st — p3 |sy| — pas — ps Is:| — pes?
Tt (13
+W, D FWq —54¢ (g, 1)
Obviously, when W satisfies Wq = I's4¢ (g, 1), the deriva-

tive of V is no more than 0, and only when the sliding surface
Sx, Sy, S; equal to zero, the derivative is zero. Therefore,

k1 > 2max(Eq, ﬁl)

3 1/9
ky > —E» + —/ ZE2 +8
2>8 2+4 42+ %)

E1k12 + %Egkl + 11k

>
3 ki — 2E;

k4>

(3-38)

2
3 [%kl (ki + 3E2)" @3 + 32k + 1) + GKE + 3 Eaka + rz)pl]
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according to Lyapunov stability theory, the overall closed-
loop system of quadrotor UAV is stable. In the above stability
analysis, the range of each parameter is explained in detail,
so the parameters related to the controller can be obtained
by taking values in its definition domain. With the detailed
definition domain of each parameter, the appropriate param-
eter values can be obtained by the intelligent heuristic algo-
rithms combining with the idea of experience adjustment and
iteration, which determine the appropriate parameter value
effectively by defining the objective function. Here we mainly
used particle swarm optimization (PSO) [42], [43]. Several
rules are given in tuning controller parameters:

1) By taking the minimum regulation time and overshoot as
the objective function, PSO is used to search the parameters
in the definition domain i.e., super twisting parameters kp, k2,
k3, k4, nonnegative real parameters Jo, J1, p1, p2, etc., until
the values satisfying iteration times and minimum threshold
of objective function;

2) As PSO is used to optimize the parameters, the selection
of learning rate and inertia weight has a great influence on the
particle velocity in the parameter search space. An effective
method is to start with a large learning rate and gradually
reduce the speed until the objective function is no longer
divergent.

3) While gradually improving the learning rate of each
small batch (iteration), a feasible way is conducted to observe
and record the change of the objective function after each
increment.

4) In order to improve the efficiency of parameter optimiza-
tion, for several parameters, i.e., Jo, J1, 01, 02, as long as their
values are greater than 0, the stability conditions will meet.
An effective way to tuning those parameters are increasing
the value of these parameters empirically, as the simulation
of W, demonstrated in section IV.

IV. SIMULATION AND RESULTS

In this section, several case studies were conducted by intro-
ducing three commonly used control algorithms. This was
done to verify the effectiveness of the elaborated control
strategy. The parameters of the quadrotor aircraft used in the
simulations (Table 2) are also referenced in the literature [11].

A. EXAMPLE 1 ATTITUDE TRACKING SIMULATION

To illustrate the robustness and convergence performance of
the proposed fuzzy adaptive sliding mode controller, we take
the attitude subsystem and conduct a contrast simulation on
its attitude tracking effect and input stability.

(1) Cascade PID controller (PID) [14]

(2) Improved sliding mode controller (M-SOSM) [23]

(3) Fuzzy sliding mode controller (Fuzzy M-SOSM)

(4) Elaborated fuzzy adaptive sliding mode controller
(AdapFuzzy M-SOSM)

Among these three controllers, the cascade PID controller
contains a double-loop PID control strategy for both angle
and angular velocity. The SMC applied in M-SOSM con-
troller and Fuzzy M-SOSM is optimized by the improved

VOLUME 8, 2020

TABLE 2. Parameters of the quadrotor aircraft.

Variable Value Units
m 0.23 kg
g 9.8 m/s?
1 0.23 m
Ix=ly 7.5e-3 Ns?/rad
Iz 1.3e-2 Ns?/rad
Ir 6e-5 Ns?/rad
Ka=Kay=Kaz 0.012 Ns/m
b 7.5e-7 Ns?
d 3.13e-5 N/ms?

TABLE 3. Controller parameters used in the simulations.

Para. Value Para. Value
1 1500 E [0.64 0.64 0.64]
k1 1 +eye(3) n 15
k2 1 * eye(3) £ [0.64;0.64; 0.64]"
k3 1*eye(3) cl [-(1-0.500.51]
k4 6 * eye(3) c2 [[1-0.500.51]
A 3 xeye(3) X; [-m/3,7/3]
ks [10 10 10]7 kpz [10 10 10]7

ki [0.030.030.03]7 ki
kg, [0.010.010.01]7 kg,

[0.03 0.03 0.03]"
[0.01 0.01 0.01]7

super twisting algorithm (STA), which is the same as the
robust term applied in the proposed fuzzy adaptive M-SOSM
controller. This was also done to demonstrate the anti-
interference robustness and online approximation perfor-
mance. The model uncertainties of attitude subsystem are
chosen as:

£t q,4) = 0.34(t) + 0.2¢(t) + 0.3

As illustrated in Eqgs. (4-1) and (4-2), the multi-frequency
function u (¢) and sine signal t (¢) are introduced as the
changing frequency reference signal and the high-frequency
dynamic external disturbances, respectively.

r (t) = sint + sin (2t) + sin(3t) 4-1)
7 (1) = 0.25in40m ¢ 4-2)

Based on the control design procedure in Section 3, and
the simulation examples in the literature [14], the parameters
used in this contrast simulation are listed in Table 3.
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FIGURE 8. Attitude tracking and tracking errors with different initial value
of Wy (roll angle o).
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FIGURE 9. Attitude tracking and tracking errors with different initial value
of Wy (pitch angle 0).
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FIGURE 10. Attitude tracking and tracking errors with different initial
value of Wq (yaw angle v).

The fuzzy membership functions are illustrated as follows

i &) = exp [ +.7/9) (/127 |
uns (xi) —exp{ (x,+71'/6)/ /12 }
=1z o) =ew|-[x/ (x/12))
pps (i) = exp [ = [ = 7/6) [ (7 /12)}
e () = exp | = [0 = 7/3) / (/1)

where x; € [—% %]

To obtain the appropriate initial parameters of the designed
controller, we first analyzed the influence of parameter W, on
tracking performance under different initial values through
some of the simulations.

According to Figs. 8-10, before the tracking process is sta-
ble, the tracking effect decreases with increases of the initial
value. However, it has no effect on the tracking convergence
time. This means that in the selection of the initial value, we
should try to choose a smaller initial value for W,. Thus, we
chose W, = [0.1 * ones(3 * 25, 1)] to conduct the following
two simulations.

The attitude tracking result and tracking errors of those
three control strategies are shown in Fig. 11-13. From
those figures, the introduction of improved super twisting
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FIGURE 11. Attitude trajectory tracking and tracking errors (roll angle ¢).
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FIGURE 13. Attitude trajectory tracking and tracking errors (yaw angle ).

algorithm can alleviate the high-frequency disturbances
effectively. In addition, when compared with M-SOSM and
Fuzzy M-SOSM, the tracking error of the proposed con-
troller was reduced very quickly, converging to zero in 0.5 s.
This means that the tracking accuracy was highly improved
with the introduction of adaptive law and fuzzy system.
According to the illustrated information and when compared
with the PID cascade controller and second order sliding
mode controller, the elaborated adaptive control strategies
demonstrated a quite satisfactory tracking effect after only an
extremely tiny adjustment in time (nearly 0.6 s). Moreover,
the tracking errors for the other algorithms were bounded in
and [—0.7, 0.4], [-0.3, 0.3] and [0, 0.3], respectively.

The root mean square errors (RMSE) of this contrast sim-
ulation are quantitatively summarized in Table 4. Given these
results and when compared with the cascade PID, M-SOSM
and fuzzy M-SOSM, the designed controller had significantly
faster convergence and stability performance in its attitude
tracking stability.

B. EXAMPLE 2 TRAJECTORY TRACKING SIMULATION
Here, the trajectory tracking simulation was conducted to
demonstrate the validity and mobility of the elaborated con-
trol strategy. The object trajectory used was a cylindrical
spiral, as shown in Eq. (4-3) [34].

xg = 1.5¢0s(0.5¢)
va = 1.5¢0s(0.5¢)
g =1

VYq = 60°

(4-3)
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TABLE 4. Quantitative comparison of tracking performance.

Method RMSE (@) RMSE (6) RMSE (¢)
Cascade PID 0.3325 0.2747 0.2456
M-SOSM 0.2359 0.2359 0.1661
Fuzzy M-
SOSM 0.1359 0.1175 0.0535
AdapFuzzy M-
SOSM 0.0068 0.0072 0.0067
20
—Target Trajectory
15 - |—Tracking Curve
10 -
5
0
2 \1 = (1 Ty

FIGURE 14. Trajectory tracking result.

The simulation time is 20s, initial position coordinates
and attitude of the quadrotor were set as [x,y,z] = [000],
[¢, 6, ] = [000]. Denoting the model uncertainty x (¢) as

x (1) = [0.1% (£) + 0.2, 0.13(r) + 0.2, 0.1z(t) + 0.2]"

In general, it is difficult to control the aircraft under high-
frequency random disturbances and multi-frequency random
disturbances. Here, to solve this problem, two forms of wind
gusts were presented in the simulation: high frequency ran-
dom disturbances (high frequency sine signal) [17], [27],
[35], [36] and multi frequency random disturbances (square
wave signal) [34], [37]. The disturbances used in this tracking
simulation consist of the following two parts:

0.2s5in 40rrt, t e [7,8]
1, t € [13, 14]
t(t) =0.1sint

y () =

According to the literature [3], the parameter cx does not
affect the stability of the control system but has a direct
relationship with the convergence time. If the parameter cx
is too large, the fast convergence speed will produce strong
buffeting; if the parameter a is too small, the convergence
time will be longer. Therefore, in this simulation, we used
the empirical value of cx = 5. The fuzzy basis vector for both
altitude and attitude controllers were w = [0.1 % ones(75, 1)]
and w = [zeros(25, 1)]. Moreover, the domain of each param-
eter and the fuzzy membership function used were the same
as in Section 4.1.

Fig. 14 illustrates the trajectory tracking results. The elab-
orated control algorithms displayed a satisfactory tracking
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FIGURE 17. Trajectory tracking and errors in z-direction.

accuracy and robust performance against the model uncer-
tainties and disturbances. Despite the initial difference in
the beginning of the simulation between these two lines,
the control system converged quickly to track the cylindrical
spiral trajectory. The trajectory tracking errors are displayed
in Figs. 15-17.

According to the results presented above, when the high-
frequency appeared in [7s,8s], the position response of
the quadrotor UAV experienced a fluctuated trend with a
remarkably small amplitude (<0.1m). Then in time inter-
val [13s,14s], although the step disturbances influenced the
tracking accuracy in short time range, the tracking errors
reduced quickly (<0.2 s) after the external interference
disappeared.

Here, in order to increase the credibility of simulation
results, the confidence level of tracking errors in x-, y-,
z-directions are evaluated. The main indicators involve the
mean value (Mean), standard deviation (SD), and the corre-
sponding confidence interval (CI) of them at 0.95 confidence
level. Table 5 shows confidence levels in x, y, z directions
under model uncertainties and external disturbances.

In this simulation, the upper and lower limits of the external
disturbance are [—0.2m,1m], and the width of the interfer-
ence interval is 1.2m. From table 5, the confidence inter-
val width of the control system in x, y, z directions are
0.0144m, 0.0094m and 0.0070m, accounting for 1.2%, 0.78%
and 0.58% of the interference interval width, respectively.
It demonstrates that the simulation results have high accuracy
and reliability at 95% confidence level.
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TABLE 5. Confidence levels (95%) in x, y, z directions.

Dim. Mean SD CI of Mean CI of SD

[0.0227, [0.2533,

X 00299 02583 (oo 0.2635]

[0.0149, [0.1648,

y 00196 01681 4 43 0.1715]

[0.0129, [0.1239,

z 00164 01263 400 0.1289]
0.6 -
0.4
0.2
0
-0.2
-04
-0.6

0 5 IIO ]IS 20

FIGURE 18. Gaussian white noise used in the simulation.

C. EXAMPLE 3 TRACKING SIMULATION WITH
MEASUREMENT NOISE

Since the practical factors such as measurement noise and
navigation error can affect the control performance to some
extent, additional tracking simulation is conducted to demon-
strate the effectiveness of the elaborated control strategy with
random noise. In this simulation, the related parameters such
as simulation time, initial position coordinates, target trajec-
tory, model uncertainties, external disturbances etc., are the
same as Section 4.2.

As shown in Fig. 18, the random noise v is introduced
to simulate measurement noise and navigation error in real
environment. Referring to the treatment of measurement
error in some literatures [44], [45], when ignoring factors
such as measurement technology, human and instruments,
the value and symbol of measurement error change randomly
in an unpredictable way, and obey normal distribution. There-
fore, in the simulation, we selected Gaussian white noise
as the measurement noise, which is subjected to normal
distribution of 0-mean value and 0.05-variance. The noise
generated by random number generator with the sampling
period of 0.001s. Fig. 19 illustrates the trajectory tracking
results.

Compared with Fig. 14, it is clear that despite the existing
of gaussian random noise, the control system presents a sta-
ble tracking performance and converges quickly to track the
cylindrical spiral trajectory. The trajectory tracking errors are
displayed in Figs. 20-22.

According to the results above, the position response
of the quadrotor to the random noise and external distur-
bances experienced a fluctuated trend with a remarkably
small amplitude (bounded in +0.1m), which demonstrates
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FIGURE 19. Trajectory tracking result with random noise.
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FIGURE 20. Trajectory tracking and errors in x-direction.
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FIGURE 21. Trajectory tracking and errors in y-direction.
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FIGURE 22. Trajectory tracking and errors in z-direction.

the effectiveness of the proposed controller on alleviation of
the random noise. Table 6 illustrates the confidence indicators
in X, y, z directions with random noise at 0.95 confidence
level.

As shown in table 6, compared with Example 2, the con-
fidence interval width of the control system in X, y, z
directions are expanded to some extent (0.0541m, 0.0328m
and 0.0292m) due to the gaussian random noise. However,
the upper and lower bounds of the total interference also
increase from 1.2m to 2.4m, and the ratio of the confidence
interval to the total disturbance width of the system is 2.25%,
1.37%, 1.22%, bounded in 2.5%, which denotes that the con-
trol strategy designed in this paper can effectively suppress
the random noise.
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TABLE 6. Confidence levels (95%) in x, y, z directions under random
measurement noise.

Dim. Mean SD CI of Mean CI of SD
x 00007 03629 [{)%32218? ?5;982%,
y 00060 0.2698 [000‘;123‘]‘ %)22851897]
z 00064 02408 [(_)(.)6%%; 12? %?f;%

V. CONCLUSION

In this paper, we developed a combinatorial adaptive slid-
ing mode control strategy combined with fuzzy algorithm
and sliding mode control algorithm for quadrotor UAVs to
guarantee their tracking accuracy and robust performance.
The controller considered not only the underactuated and
strongly coupled characteristics of the quadrotor, but also
the dynamic model uncertainties and external disturbances.
The overall system was divided in the outer-loop position
subsystem and inner-loop attitude subsystem, upon which
the corresponding controllers were proposed according to the
specific structure of subsystems. In case studies, the time-
varying model uncertainties and multi-frequency external
disturbances were introduced to illustrate the response per-
formance for changing frequency nonlinearities. As a result,
the first comparative simulation allowed us to conclude that,
when compared with the cascade PID, M-SOSM and fuzzy
SOSM controllers, the proposed fuzzy adaptive M-SOSM
control strategy had the smallest error on both attitude and
speed tracking. Furthermore, the validity and mobility of the
elaborated control strategy was demonstrated by the second
trajectory tracking simulation.

With the increasing demand across a variety of fields for
autonomous and intelligent flights using UAVs, our future
work will entail more in-depth research into the global opti-
mization of control parameters as well as the development
of a robust control algorithm with memory function and a
tracking control strategy based on data fusion. This work will
be critical, since they form the basis for autonomous flight
control of UAVs. We will also validate the algorithm using
actual hardware experiments in a real flight environment.
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