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ABSTRACT In this paper, an advanced control method is proposed for a fixed-wing unmanned aerial
vehicle (UAV) to maintain the stabilization of its altitude, attitude, and velocity. The mathematical model of
a fixed-wing UAV is very complicated because of its characteristics of nonlinearity and large extent of multi-
variable coupling. Thus, to design the relevant controller is also difficult. In addition, during the operation
of a fixed-wing UAYV, the concomitant various uncertainties and disturbances will make the control process
harder to accomplish. To solve these problems, this study designs a variable-structure controller with multiple
algorithm fusion. The design mainly adopts the backstepping sliding mode control method to simplify the
complex nonlinear mathematical model, and an adaptive law is introduced to estimate the uncertainty and
disturbance of the system. Subsequently, the tracking error of the controller is proved to converge to zero
using Lyapunov’s second method. Finally, it is verified that the controller has the ability to stably control a
fixed-wing UAV by numerical simulation and can overcome the disturbance and uncertainty. The buffeting
also can be eliminated by the adaptive law.

INDEX TERMS Fixed-wing UAVs, adaptive law, backstepping sliding control, uncertainty, disturbance,

buffeting phenomenon.

I. INTRODUCTION

Recently, the issue of unmanned aerial vehicles (UAVs) has
become an increasingly popular topic. Until now, this tech-
nology has played an irreplaceable role in both military and
civil applications [1]. Currently, UAVs are mainly divided
into two categories: multirotor UAVs and fixed-wing UAVs.
Both categories are widely used in different fields, according
to their different characteristics. The multirotor UAV's mainly
includes quadrotor and crossover twin-rotor UAVs. Quadro-
tor UAVs are mainly used to complete some tasks with high
requirements for maintaining attitude, altitude and position,
such as detailed terrain exploration and short-range trans-
portation of small weight materials. This is because of their
small size, flexible attitude, and the ability of hover. However,
the limitations of airspeed and altitude exist. Crossover twin-
rotor UAVs are mostly used to accurately drop heavy loads
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because of their special physical structure. Their carrying
capacity is much stronger than that of quad-rotor UAVs, but
they also have flight speed and altitude limitations. Fixed-
wing UAVs are aircraft driven by aerodynamic forces acting
on a fixed surface, which are often used to accomplish tasks
that require high altitude and high speed because of their fast
flight speed, long flight distance and strong load capacity
characteristics.

Although fixed-wing UAVs have many advantages,
designing control systems to ensure good performance is not
an easy task. This is because accurate models are needed
in the design of controllers, but the models of fixed-wing
UAVs are very complex owing to the uncertainty, nonlin-
earity, and coupling of multiple state quantities. Extensive
research has been conducted on the modeling process of
fixed-wing UAVs [2], [3], but all of them can only work out
approximate mathematical and dynamic models. When the
fixed-wing UAV are analysed, it is necessary to make a lot of
assumptions in advance, such as taking the UAV as rigid body
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and the constant ground acceleration, etc. This is that makes
the difference between the actual model and the ideal model,
which is also the main reason for the uncertainty of system
parameters.

To date, the most common control method for fixed-wing
UAVs is the traditional PID control. PID control algorithm
has the superior characteristics of simple control principle,
easy to modify parameters and low requirements for model
accuracy. However, this algorithm has high requirements on
the selection of control parameters, which requires a large
amount of data experimental testing. Due to the uncertainty
in the system, the control parameters obtained by numer-
ical simulation are not always feasible in the actual situ-
ation. Thus, a lot of practical experiments are inescapable
to optimize the control parameters. This is a complicated
and lengthy process. Furthermore, the system of fixed-wing
UAVs is a complex nonlinear system, which cannot be
directly controlled by traditional PID without a tedious lin-
earization process.

Owing to the significant complexity of the linearization
process, to control the fixed-wing UAV accurately, some
robust nonlinear control methods can be introduced to avoid
the linearization process. The current popular robust con-
trol methods include adaptive control [4], [S], neural con-
trol [6], linear quadratic control (LQR) [7], linear tracking
control [8], dynamic inversion control [9], nested saturation
control [10], [11], feedback linearization control [12], [13],
backstepping technique [14]-[16], Sliding mode variable
structure control [16], [17], etc.

Sliding mode variable structure control is currently one of
the mainstream robust control laws, which is mainly aimed
at solving the control problem of nonlinear models. The
fundamental difference between it and conventional control
lies in the discontinuity of control, which means that the
switching characteristics of the system structure will change
with time. Sliding mode motion can force the system to move
up and down with a small amplitude and high frequency along
the specified state trajectory under certain characteristics.
However, this principle also directly brings the chattering to
the system. This phenomenon refers to that the controlled
system will vibrate around the sliding surface rather than
directly stopping on the surface when it operates under the
action of the control law. It poses risks to the stability of the
system. At present, how to overcome the chattering problem
has become the focus of many scholars.

Several studies have proposed variations in the related
aircraft control. Zhang et al. [18] introduced an adaptive
gain sliding mode control scheme based on a multivari-
able finite-time observer for a fixed-wing unmanned air-
craft (UAV) with unmeasured angular velocity and unknown
mismatched disturbances. For the attitude subsystem, a
multivariable finite-time observer (MFO) was constructed
to estimate the unknown state. Using the estimates pro-
vided by the MFO, a new adaptive dual-layer continu-
ous terminal sliding mode (ADL-CTSM) controller was
proposed to track the reference attitude instructions in a
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limited time. The experimental results indicate that the con-
troller can effectively eliminate chattering without a known
interference boundary and has good control performance.
Espinoza et al. [19] designed several backstepping sliding
mode controllers, including a backstepping sliding mode
controller, backstepping double sliding mode controller,
and backstepping high-order sliding mode control (HOSM),
to solve the attitude control problem of fixed-wing UAVs
and compared their control performance. The experimental
data proved that the HOSM has the best performance and can
effectively suppress chattering. Castafieda et al. [20] provided
robust second-order adaptive sliding mode controllers for the
attitude and airspeed of fixed-wing UAVs. The controllers
could approach the control targets without overestimating the
control gain and the known upper bound of the disturbance.
The good performance of resisting disturbances and over-
coming uncertainty was verified experimentally. The exper-
imental results showed that these controllers can complete
the control work well and require less control effort in a
limited time. Melkou ef al. [21] improved the second-order
sliding mode control and achieved maintenance control of
the altitude and attitude of a fixed-wing UAV. The stabil-
ity and effectiveness of the controller were also proved by
experiments, and the related gain adaptation laws reduced
the tremor. Qiu et al. [22] presented a quality-driven fixed-
wing UAV rather than a traditional aerodynamic-driven UAV
and controlled it using a method based on adaptive sliding
mode control. The designed controller is a type of adap-
tive sliding mode controller that integrates a fuzzy system,
an RBF neural network, and sliding mode control. The exper-
iments showed that the controller is robust and effective.
Wu et al. [23] addressed the problem of fixed-wing UAV
control by designing a nonsingular fast terminal sliding mode
control law. Singularity was avoided by obtaining a modified
saturation function near zero. Three different states of moving
objects were used for numerical simulation. The simulation
results verified the finite-time convergence and stability of
the controller. Wang et al. [24] proposed a new distributed
sliding mode control law to overcome the difficulty of master-
slave formation flight with velocity constraints. Driven by the
designed control law, the desired formation was achieved, and
the linear and angular velocity constraints of the UAV were
satisfied. Finally, the results were verified using a numerical
simulation. Yang et al. [25] proposed a multivariable time-
sliding mode interference observer for UAV attitude and air-
speed control problems. A new vector control structure was
proposed that extended the traditional three-channel vector
control. The experiment proved the robustness and stability
of this method. Zheng et al. [26] solved the control problem
of the relative motion model of a fixed-wing UAV aircraft
carrier landing using a backstepping sliding mode controller.
According to the underactuated characteristics of the two
vehicles, the six DOFs of the model were simplified to four
DOFs for control. An adaptive backstepping sliding mode
controller was used to control the UAV to track the expected
landing international and maintain a constant support and roll

VOLUME 9, 2021



C. Bao et al.: Design of Fixed-Wing UAV Controller Based on Adaptive Backstepping Sliding Mode Control Method

IEEE Access

angle. These experiments support the feasibility and effec-
tiveness of the proposed method. Jiang et al. [27] applied
an adaptive inverse sliding mode controller to accomplish
the attitude and position control process of a six-degree-of-
freedom quadrotor UAV. Internal and external disturbances
were estimated using adaptive laws and compensated for the
system. Fusion backstepping sliding mode control reduced
the requirement of the traditional six-rotor controller design
for an accurate model and upper bound of the disturbance.
The experiment claimed that the method can effectively and
stably complete the control process of a quadrotor UAV.

In this study, a control method combining adaptive method
and backstepping sliding modes is proposed to control a
fixed-wing UAV. Compared with the existing sliding mode
control algorithms, this algorithm can solve the chattering
problem while overcoming the uncertainties of model param-
eters and external disturbances. Because the fixed-wing UAV
often works in a state of high moving speed, the precise
control of its displacement is of little significance. This design
mainly involves the control design of the UAV’s attitude,
altitude, and flight speed. The dynamic and mathematical
models of fixed-wing UAVs are extremely complex. To make
it closer to a real situation, it is necessary to consider the
coupling effect between different variables. In the controller
design process, the part of strong coupling should be care-
fully analyzed and decoupled, and the controller should be
designed for different state variables. The adaptive law is
used to estimate the uncertainties and external disturbances
of the system and compensate them to the system. In other
words, the introduction of adaptive law can help the controller
maintain good control performance even when the parameters
of the controlled system vary owing to uncertainties. Fur-
thermore, the adaptive law can also be used to eliminate the
chattering. The backstepping design method decomposes the
complex nonlinear system into subsystems that do not exceed
the order of the system, and then introduces the Lyapunov
function and the intermediate virtual control for the subsys-
tems. This method is very effective in solving the complex
model control problem of fixed-wing UAVs. In this study,
the adaptive, backstepping, and sliding mode methods were
combined to design the controllers for a fixed-wing UAV.

The remainder of this paper is organized as follows:
Section II introduces the kinematics model and dynamics
model of fixed-wing UAVs. Section III presents the design of
the adaptive backstepping sliding mode control laws and ana-
lyzes their stability. Section IV simulates the control system
using the MATLAB software. The conclusions are presented
in section V.

Il. ESTABLISHMENT OF UAV MATHEMATICAL MODEL
Owing to the complexity of the movement of the fixed-wing
UAV, the following assumptions are required before the estab-
lishment of the dynamics and kinematics models [28], [29].

@ The rotation of the earth is stagnant, and the curvature
of the earth is zero.
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@ The body of a fixed-wing UAV is considered rigid and
does not deform or vibrate owing to changes in the
forces.

® The drone fuselage was perfectly symmetrical with
respect to the central axis plane.

A. MULTIPLE COORDINATE SYSTEM ESTABLISHMENT

A total of 12 state variables were required for the force and
motion description of a fixed-wing UAV. There are three
displacement state variables with their velocity state variables
and three angle state variables with their angular velocity
state variables. These 12 state quantities cannot be obtained
from a single coordinate system; therefore, it is necessary to
establish the following auxiliary coordinate system [28], [29]:

@ Ground inertial coordinate system (OgXgYgZg): The
starting position of the UAV is the origin of coordinates,
with the Xg-axis pointing to the north, the Yg-axis
pointing to the east, and the Zg-axis pointing to the
Earth’s core.

@ Body inertial coordinate system (OpiXp;YpiZpi):
The origin is the center of mass of the UAV, while the
Xpj-axis, Ypj-axis, and Zp;-axis are parallel to the
ground inertial coordinate system and point to due
north, due east, and the Earth’s core, respectively.

® Body coordinate system (OpXpYpZp): The center of
mass of the UAV is the origin of the coordinate system,
with Xp-axis pointing to the nose, Yp-axis pointing to
the belly, and Zp-axis pointing to the right wing.

@ Stable coordinate system (OsXsYsZs): The center of
mass of the UAV is the origin, while the Xg-axis points
to the direction of the projection of the motion vector
of the UAV in the longitudinal symmetric plane, the
Zs-axis points to the right wing of the UAV, and the
Ys-axis is determined by the right-hand rule.

® Airflow coordinate system (O4X4Y4Z): The origin
is the center of gravity of the UAV, and the X4-axis
points to the direction of the UAV’s motion speed. The
Zj-axis is vertically downward with the X4-axis in
the longitudinal symmetric plane of the UAV, and the
Y4-axis is determined by the right-hand rule.

By designing the transformation matrix according to W, 6,
®, o, and B, the relationship between the coordinate systems
can be determined. W is the yaw angle, 6 is the pitch angle,
d is the roll angle, « is the attack angle, and g is the sideslip
angle.

According to these angles, the transformation matrix can

be established as follows [30]:
The transformation matrix between Op;Xp;YpiZp; and
OpXpYpZp is as (1), shown at the bottom of the next page.
The transformation matrix between OpXpYpZp and
OaXpaYsZy 18

OpAXpYAZy

cosBcosa sinB  cos Bsina
= | —sinBcosa cosB —sinBsina | x (OpXpYpZp) (2)
—sina 0 coso
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B. DYNAMICS MODEL AND KINEMATICS MODEL

It is necessary to determine the definitions of the 12 state
quantities of the UAVs. These 12 state variables were defined
in terms of the ground coordinate system (OgXgYcZg)-
Py, Py, P, are the displacement states of the three axes. u, v, w
represent the velocity of the displacement along the three
axes. The Euler angle (', 6, ®) is the angle at which the UAV
body rotates on three axes, and their rate of change is denoted
byp,q,r.

Through the transformation matrix established in Section
2.2, the kinematics model of the fixed-wing UAV can be
easily obtained [30]. (3) and (4), as shown at the bottom of
the page.

In the process of establishing the dynamic model, the cal-
culation is carried out mainly according to Newton’s second
law. The core formulae are as follows:

Febuy )
= —m
dt
="y (6)
T odr

where F is the accumulation of external forces,

m is the mass of UAV,

M is the accumulation of torques,

H is the angular momentum.

By expanding these two formulas according to the charac-
teristics of the fixed-wing UAYV, the dynamic model can be
obtained as follows [29], [30]:

i —qw + v 1 [
v =\|-ru+pw |+—=1|1% @)
W —pvtaqu) "\

where fy, fy, f; are the forces of the UAV along the axis in the
ground coordinate system.

Tipg — Togr 4+ T3t + Tats
1
= | Tspr — Ts(@* —rH) + P (8)
y
T7pg — T1rqr + Tat + Tgt3

where 11, 12, t3 are the projections of the torque on the three
axes in the body coordinate system,

Jx =/<zz+y2) dm, jy=/(z2+x2) dm,

-0,

Jj: = /(yz-l-xz)dm, Jy = /xydm,

Jxz = /xzdm» jyz = /yzdm,

R JxzUx —Jy +J2)
T = jujy — 5 T1=— 2

T
. . . .2 . .
T ZJZ(]Z _Jy)"‘]xz’ T =]_z’ T4=J£,
T T T
T5=]Z._]x, T6:].£,
Jz Jy
jx(jx _j}’) +j,%z jx
T7 = —F+——=  Tg="=.
T T

C. AERODYNAMIC MODEL AND THRUST MODEL

1) ESTABLISHMENT OF AERODYNAMIC MODEL

When the UAV moves relative to the airflow, the aerodynamic
force and torque of the UAV will be affected to some extent.
The relevant aerodynamics and torques were analyzed from
both the longitudinal and lateral perspectives.

According to the longitudinal symmetry plane analysis, the
influence of aerodynamics is mainly reflected in the lift force
(fup), drag force (f ) and moment of inertia of rotation around
the vector pointing to the wing (1) [30].

1

fup = zpva?scL(a, g, Up) ©)
1

fr = 5pV3SCD<a, q. Up) (10)
1

n= EpvazSccm(a, g, Up) (11)

where c is the average aerodynamic chord length, p is the air
density, S is the UAV wing area, Cy, is the lift coefficient, Cp
is the drag coefficient, C,, is the moment coefficient, U; is
the elevator command signal.

In the control process of a fixed-wing UAV, the angle of
attack is usually very small, so the aerodynamic parameters
mentioned above can be regarded as linear. The following
results were obtained using the first-order Taylor formula:

c
2V,

1
fup = =pV2S(Cr(e) + Ciy

3 g+ Cry,Uy)  (12)

cosf cos W cos6 sin ¥ —sinf
OpXpYpZp = | sin®sind cos W — cos® sin¥V  sin®sind sin ¥ + cos® cosW  sin® cosO | * (0O Xp;iYniZpi) €))
cos®sinfcosV + sin® sin¥ cos®PsinfcosV — sinf cosV  cosd cos
Px cosWcosd sinWcos6 —sinb r u
Py | = | —cos®sin¥ + sin®sind cos W cos®P cosW + sin®sing sin W cosfsin® v 3)
Pz sin® sinW + cos®sinfcosW —sinf cos ¥ + cos®sinfcos¥  cosbfcosd w
% 1 sin®tanf cosdtan p
6 1=10 cos® —sin® q )
) 0 sindsecd cosdsechH r
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1 c
fr = =pV2S(Cp(@) + Cpg=—q + Cpy, U1)  (13)
2 2V,

1 c
h = ~pV2Se(Cr(@) + Crg=rq + Cp, Un)  (14)
2 2V,

where Cp(a), Cp(@), Cp,(r) are nonlinear equations related

to « with different coefﬁcients Cry = aaqL Cry, = %,
A 3ICp a N 0Cz a 9Cy,
CDq = g ° CLU] - 3U1 Ctzq CtzUl — 0,

The above results (f,, and f,) are discussed in the stable
coordinate system, and the transformation of these results to
the body coordinate system is as (15), shown at the bottom of
the page.

According to the analysis of the lateral symmetry plane,
the influence of aerodynamics is mainly related to the rudder
(U»), aileron steering gear (U3), yaw angular velocity (p),
roll angular velocity () and sideslip angle (8). Their rela-
tionship is as follows [31]:

1

fy = 5PVaSCy(B,p,r, U, Us) (16)
1

tl = EpVaszC;l(ﬁ,P, r, U2v U3) (17)
1

t3 = EpVaszCm(,B,P, r, U27 U3) (18)

where Cy is the dimensionless lateral force coefficient, C;,
is the dimensionless rolling moment coefficient, Cy; is the
dimensionless yaw moment coefficient.

Using a method similar to the longitudinal aerodynamic
study, the following results can be obtained by the first-order
Taylor formula expansion:

= EpVaS(CYO + Cy,B + Cy, v, —p+Cy,— 2V
+ Cyy, Uz + Cyuy; U3) (19)
1, b b

Hh = EpVa Sb(C,,O + Ctlﬂ:B + Cfl,, 2_Vap + Cfl, mr
+ Ct1 U, U2 + Ct1 Us U3) (20)
1, b b

3 = EpVa Sb(Cz30 + Ct3ﬂ.3 + Ct3p 2_Vap + C;3r mr
+ CI3U2 U2 + Ct3U3 U3) (21)

2) ESTABLISHMENT OF THRUST MODEL

Through force analysis of the propeller used in a fixed-wing
UAV [32], the expression of thrust can be obtained as

1
F = 2p8,C) [(kmU4)2 — Vj] (22)

where S, is the area swept by the propeller, C,, is the thruster-
related parameter, k,, is the propeller engine parameters, Uy
is the propeller engine acceleration.

D. COUPLING OF KINEMATIC AND DYNAMIC MODELS
WITH AERODYNAMIC AND THRUST MODELS

By coupling the calculated aerodynamic model, torque model
and thrust model with the state equations, the following
twelve new state equations can be obtained.

Px = cosWcosOu + (—cosP sin¥

+ sin®sinf cos V)v + (sin®d sin¥ +cosdsinf cos¥)w

(23)
Py = sinWcosOu + (cos®d cosW + sin®sin sin W)y
+ (— sinf cos W + cosPsinfcos\¥)w 24)
PZ = s5infu — cosfsin®v — cosfcosdw (25)
U = sind sec 0q + cos®d secOHr (26)
6 = cos®qg — sindr 27
& = p + sin® tan g + cosd tan Or (28)
1
iuw=rv—qw— gsind + —ijS
2m
cq
x | Ci(@) + Coa) - + C3(@) Uy
2V,
1 2 2
+ 555Gy [kt = V2] (29)

1
V= —ru+ pw + gcosOsin® + 2—PV3S [CYO +Cr, B

bp
+Cy, o

br
C Cyy, U Cyy, U 30
v + v +Cyy, Uz + Cyu, 3] (30)

1
W = —pv + qu + gcosb sin ® + Z—pVazS

[C4(06) + Cs(tx } 3D
. 1
p = Tipg — Trgr + 5,0V35b(C7 + CgB
b b
C Cio— C11U CpU 32
+ 92Vap+ 102Var+ 11Uz + C12Uz) (32)

. 1
q = Tspr — Te(* — r*) + gpv‘%Sc(cQ(a)
y

C
+Ct2q2_Vaq+ CtzU] Ul) (33)
. 1
i = Typg — Tigr + §pV§Sb(cl3 + CuuB
b b
C C Ci7U Ci3U 34
+ ISZV p+ 162Var+ 17Uz + C13U3) 34

S\ _ [cosa  —sina —fup
fz ) \sina  cosa —fr

) [Cr(a)sine — Cp(a)cosa] + [Cquina — Cchosa] %q + [CLU1 sinae — Cpy, cosa]
= —pV3s ¢ 15)
204 [-Cr(a)cosa — Cp(a)sina] + [—CDqsinot — Cchosoz] %q + [_CLUl cosa — Cpy, sina]
a
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where
Ci(a) & Cr(a)sina — Cp(a)cosa,
Cia) & Crysina — Cpycosa,
Ci(e) £ Cry,sina — Cpy, cosa,
Cs(a) & —Cr(a)cosa — Cpla)sina,
Cs() & —Cpysina — Cr4cosa,
Co(o) & —Cpy,cosa — Cpy, sina,
Cr =T:Cy, + TuCy ), Cg = T3C115 + T4Cr3ﬂ,
Co =T3C, + T4Cyy,,  Cio=T3Cyy, +TuCyy
Cn =T:Chu, + TuChy,,  Ci2 =T3Chu, + TuChu,,
Ciz3 =T4Cyy +T3Cpy . Cra = T4Cr1fj + T8Cz3ﬂ,
Cis = TuCyy, + T3Cry,, Cro = TuCyy, + T3Cy,
Cr7 = TuChuy, + T3Chu,, Cis8 = T4Chu, + TsChu,.

1Il. ADAPTIVE BACKSTEPPING SLIDING MODE CONTROL
LAW DESIGN

The control law designed based on adaptive backstepping
sliding mode control can solve the unknown uncertain prob-
lem of fixed-wing UAVs, including the uncertainty of the sys-
tem itself and external disturbances [33], [34]. The adaptive
law is used to estimate the uncertainty of the system itself
and the external disturbance. Then, the estimated value is
compensated to the controller to realize the process of com-
pensate. The existing adaptive backstepping sliding mode
control mainly uses self-use law to overcome uncertainty
and external disturbance. In this paper, the adaptive law is
proposed to accomplish the above task and overcome the
impact of chattering at the same time.

Before introducing specific controllers, the control system
of fixed-wing UAV is designed as shown in Fig. 1.

The target attitude angle, airspeed and altitude are
respectively fed to attitude controller, airspeed controller
and altitude solver module at first. Attitude control is
mainly accomplished by attitude backstepping sliding mode
controller. The attitude adaptive module provides adaptive
compensation for the attitude backstepping sliding mode con-
troller by dealing with parameter uncertainty, external distur-
bance and the chattering caused by controller. The controller
output the elevator command signal (U1), rudder (U3), and
aileron steering gear (U3) to actuators and collect the attitude
feedback to accomplish attitude control.

Airspeed control is mainly accomplished by airspeed inver-
sion sliding mode controller. Its principle is similar to attitude
control. The altitude control mainly relies on a PID controller
coupled with attitude controller. The altitude solver obtains
the desired attitude angles by processing the command height
signal and outputs them to the attitude controller. This part
will be explained detailly in II.C.

For the fixed-wing UAV controller, this section mentions
five related control laws, which include three attitude angle
control laws, a flight speed control law, and a flight altitude
control law. Their stability are analyzed using the Lyapunov
stability criterion.
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—* Adaptive
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FIGURE 1. Fixed-wing UAV control system.

A. ATTITUDE CONTROLLER DESIGN
The attitude control system includes three angles-6, W, .
First, it is necessary to obtain the related state-space func-
tions between these angles and the input signal. There are
three input signals related to the attitude angle: the elevator
command signal (Uy), rudder (U3), and aileron steering gear
(Us). To establish the required state-space functions, the
kinematics and dynamics models need to further handle [35].
For angle ¥ control system,

VU = sin® sec0q + cosd sec Or 35)

When the drone is flying, the values of ® and 6 are usual
extremely small. The change in angle W is mainly related to

r. Therefore, when W is analyzed, we can assume as follows:
sin® ~ 0, cos®~1, secd ~1

View them as the uncertainty of the system.
So that the equation could be rewrite as

U=r+ (cos®secH — 1)r + sind secHq (36)
Define dy is the external disturbance.
dy1 = (cosdsecd — 1)r + sind sec Hq 37
Therefore
U =r+dy (38)
Take the derivative of this with respect to t:
U =i +dy (39)
Substitute (34) into (39):

1
U = Topg — Tigr + 5pViSb(Ci3 + Crap

b b .
p+ Cie r+ C17Uz + C18U3) + dy

C
sy 2V,
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1 b
= T7pq — Tigr + EPVaZSb(Cm + Ciup+Cis

2wv,P
b . .
+Cis X% (W —dy1) + Ci7Uz + C13U3) + dy
a
= a\yl‘if + ayr U 4+ dy (40)

where dy is the total external disturbance,

| b I 5
ay) = zpV;SbCi6=—, awr = zpV;SbC7,

2 2v,’ 2
1 b
dy = Tipg — Tigr + =pV2Sh(C13 + CiaB + Cis—>p
2 2V,
b .
-C d Ci3U dy.
162Va g1 + C18U3) + dyq

For angle 6 control system,
6= cos®qg — sindr 41

Similarly, because the value of angle & is small, the effect
of angle ® on the system can be defined as the uncertainty.
At the same time, the value of q is the main factor that leads
to a change in 6. Thus, the function of 6 can be rewritten as

6 = q+ (cos® — 1)q — sin®r = q + dp; (42)

where dp is the external disturbance of this system and dg; =
(cos® — 1)q — sinr.
Take the derivative of both sides with respect to t:
6 =g+ do (43)
Substitute (33) into (43):
.. 2 2 l 2
0 = Tspr — Te(p™ — r°) + gpva Sc(Cr, (o)
y
c .
+Chyz—9+ Crhu, U +dyr (44)
2V,
According to [12], « = 60 — g,where ¢ is Climbing Angle.
Itis already known that Cy, () is a nonlinear model related
to torque that can only be obtained through wind tunnel flight
tests. Therefore, it is feasible to replace it with a linear model

-Ctz(a) = CZZO =+ CtZla [3]
Therefore, the function could be written as

. 1
6 = Tspr — Te(p® — r*) + g,ijSc{c,20 + Cpy (6 — &)
y

C .
+ Ctzqz_‘/aq + C12U| Ul} + d@l
= ap10 + ag20 + ap3U1 +dp 45)

where dy is the total external disturbance,

L vasc ¢ L v2sec
ag] = — —, agy = — cCy,,,
01 2Jyp a tzqzva 62 zjyp a 11
1 2
apgs = _ijpVa SCC;ZUI,
2 2 1 2
dy = Tspr —Te(p™ — r°) + —pV;Sc

2jy
c .
X (Cpyy = Ciyy &8 = Ctzqid(ﬂ) + dp1.
a
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For angle ® control system,
b= p + sin® tan8q + cos® tan 6r (46)

Define dy; is the external disturbance of this system.
Because of the close-to-zero values of sin®, tan 0 and cos®,
dop1 = sindtan6q + cosP tanOr.

® =p + do (47)
The derivation of & with respect to t is shown below:

& = p+do (48)
Substitute (32) into (48):

. 1 b
& = Tipg — Togr + Epvjszy(a + CgB + Co

= 2wv,?
b .
+ Cio r+ C1 Uz + C1pUsz) + do
2V,
= ap1P+taeprUsz + do (49)
where dj is total external disturbance of this system,
L ov2shey 2 Loveshe
ap] = — , aer = — ,
@1 29 P 9 2V, 2 2/? fn 12
1 b
de = Tipq — Tagr + = pVSb(Cy + Csp — Co=—dp
2 2V,
b .
+C + C11Uz) +do.
10 v, 11U2) +doy

Therefore, the desired state-space vector of the attitude
angle control system can be defined as

X =W, ¥,0,6,0 &) cr (50)
The output vector of this system can be defined as
Y =, 0,0) eR® (51)

Letting x; = W, xp = ‘i/,X3 =0,x4 = é,x5 = d,x¢ =
®. The related state-space function can be obtained as

X2

ay1xy + ayrUs + dy
X=AX)+BX)U={"

ag1xs + agaxz + agz3Uy + dp

X6

ap1xe+ae2Us + do

Y = C(X)
(52)

Second, the adaptive backstepping sliding mode controller
can be designed according to the above state-space function.

The yaw angle controller design is based on below state
space function group.

X1 =x
X2 = ag1x2 + apoUy + Dy (53)
y1=x1
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where Dy is the total uncertainty of the yaw angle controller,
which can be expressed as

Dy = Aay1x + AagrUs + dy 54

In the process of recursion, the sliding mode surface and
adaptive law need to be introduced to determine the control
effect of the controller. Adaptive estimation mainly focuses
on the design of Dy. There are three significant steps in the
design of the adaptive backstepping sliding mode controller.

@ The construction of virtual control signal through Lya-

punov function and definition of sliding surface.

@ The extension of the Lyapunov equation

® The introduction of adaptive law and control law.

So that, the adaptive backstepping sliding mode control law
could be obtained.

Assume x14 is the yaw angle command signal. The design
details of the yaw angle controller are presented below.

Step 1:

Define tracking error is zy1 = X1 — Xx14, so the derivative
of tracking error is zy| = X| — X{4.

Establish the Lyapunov function (Viy1):

1
Vyi = Ezﬁ,] (55)

We define x; = zy2+x14—Ccwi1zwi, where ¢y is a constant
greater than zero and zy» is the virtual control signal.
Then the derivative of zy can be expressed as
W1 = X2 — Xid = 2w2 — CW1Zw] (56)
The derivative of Vi can be expressed as
. . ’
Vol = 2w12d1 = Zw12w2 — Cw1Zy| (57)
The sliding surface is defined below.
Ty = ky1ze1 + 2w2 (58)

where kg > 0.
Substitute (56) into (58):
Ty = kg1zwl + 201 + cwizw1 = (kg1 + cw1)zel + 201
(59
It is obvious that kg + ¢y > 0. 1f Ty =0, zg; = 0and
zyo = 0, which, in turn, will lead Vg1 < 0. Therefore, it is
necessary to introduce Step 2.

Step 2:
Establish another Lyapunov function (Vy»):

Vo = Vg1 + %T\% (60)
Vyr = Vg1 + tyty
= 291202 — Cw1Z5) + TUTY
= zy1zv2 — cw125; + tw (kg12d1 + 282)
= 2W12w2 — Cquzﬁ,] + Ty
x (kg1 (zw2 — cw1zw1) + X2 — X1q + cw1291)
= Zy12y2 — C\Illzgpl + 1y (kg1 (22 — cw12w1)

157832

+ay1x2 + ayaUs + Dy — x{q + cw12d1)
2
= 2w12w2 — CW1ly]
+ tw(kwi(zw2 — cwizwi) + awi(zw2 + xia
—cyi1zw1) + awaUs + Dy — xig + cwizwr)  (61)

Because the uncertain part of the system appears in Vi,
Step 3 is required to determine whether Vi, is greater than
Zero.

Step 3:

In the sliding mode control process, excellent stability
and robustness require a precise upper bound on the total
uncertainty. However, in the actual operation of a UAV, the
accurate upper bound of the total uncertainty is difficult to
obtain. Therefore, an adaptive law is introduced to estimate

the upper bound of the total uncertainty of the system.
Establish the third Lyapunov function (Vig3):

1 —>
Vus = Vyr + —Dy (62)
28y

where 5\; =Dy — l/); is the error in the estimation of Dy,
Dy is the value in the estimation of Dy, § is a normal number.

. . ] ~— ~ . 1 — . .
Ve3 = Voo + —DyDy = Vyr + —Dy(Dy — Dy)
Sw Sw
(63)
Due to the insensible change of Dy, assuming Dy =0is
feasible.
Vy3 = Vyy — —DyDy
Sy
= 291292 — Cw1Z5
+ 1y (kg1 (w2 — cwi1zw1) + awi(ze2 + Xig
—cw1zw1) + apo2Us + Dy — Xx1q + cyi12u1)
] ~ =
— —DyDy
Sy
= Zy12y2 — C\mzﬁ,l
+ 1y (kg1 (w2 — cw1zw1) + awi(zw2 + xig
—cy1zw1) + aw2Uz + Dy — xig + cwi2y1)

1 ~ =
- 5_D\P(D\Il + Sy ty) (64)
w

Select the yaw angle control law:

Uy = ———(—ky1 (2y2 — cw12w1)
ay?

—ay1 (zw2 + Xig — cwizw1) — Dy
+x1g — cwi1zw1 — ho1(ty + ewsgn(ty)))  (65)

where hy1 and ey are positive constants.
Design the adaptive law of Dy:

—_—
Dy = —dyty (66)

Similarly, the control laws and adaptive laws of the pitch
and roll angles are as follows:

1 .
Uy = _a_(_k(ﬂ (202 — co1201) — ap1(292 + X34 — Co1201)
03
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— agax3 — Dy + xig — cg1261 — hg1(to + €658n(15)))

(67)
Do = 897 (68)
Us = _L(_kcm (zo2 — co1201)
a2
— a91(ze2 + X34 — co1201) — Do + X34
— 1201 — ho1(Te + £05gn(Ts))) (69)
Do = —8970 (70)

where zg1 = X4 — X3¢ = 202 — 61261, Zd1 = X6 — X540 =
202 — CoIIdl, 202 = X4 — X34 + Co1201, 292 = X6 —
X354 + col12a1, To = ko291 + 262, To = ko12e1 + 22,
co1, ko1, ho1, €9, co1, ko1, ho1, £ are positive constants.

B. AIRSPEED CONTROLLER DESIGN
The airspeed of the UAV is the sum of the three-axis velocity
vectors in the body coordinate system.

Vo= vVu? +v2+w? (71)

When airspeed control is carried out, the control process
can be greatly simplified by only controlling the velocity
vector in the direction of the X-axis and treating the velocity
vectors in the other two axes as disturbances.

Assumev =0, w = 0.

Therefore,

Ve =u+dy, (72)

where dy,,; is the disturbance of v and w.
Taking derivative V,:

Vo = it + dy, (73)
Substituting (29) into (73), it can be obtained as
. 1
Vo =rv—qgw— gsind + —,oVqu
2m

cq
2V,

X [Cl(a) + Co(o) 5 + C3(06)U1}

+ Lo [CnU2? = VD] + i 70
om' PP “ 4

According to (74), the conclusion that V, can be controlled
by both the pitch angle (£) and propeller engine accelerograph
(Uy) can be obtained. Here, we choose to use Uy to control
airspeed and regard the influence of the pitch angle as a
disturbance.

Therefore, the (74) could be rewritten as

R T 1 -
Vg = %PVQSCI (o) + E/OSVL;CZ(“)CCI + %pVa
1
x SC3(a)U; + %ps,,c,,(k,,,up2
1 2
—5- pSpCpVy +dy,n (75)
where dy,» = rv — gqw — gsinf + d\}a1.
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FIGURE 2. Attitude piecewise control diagram.
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FIGURE 3. Coupled controller.

Taking derivative V,:
. 1 1 . 1
Va = —pSC1 (@) Va+ —pSC2 () cqVy + —pSC3 ()
m 4m m
1 1 .
xUiVa+ — pSyCpk2Us — —pSpCpVa + dv,2
= ay,1Va + av2Va + av,3Us + dy,2 (76)

where ay,1 = n%pSCl () + %pSC3 () Uy — %pSl,C ,
av,2 = 7-pSC; () cq, avs = LpS,Cpk2.

Letting x7 = V,, x3 = V,, The related state space function
could be obtained as

X7 = Xg
Xg = ay,1x7 + ay,oxg + ay,3Us + Dy, (7D
Y1 =Xx7

where Dy, = Aay,1x7 + Aay,xg + Aay,3Us + d\}uz is the
total uncertainty.

Similar to the attitude controller design, the control law and
adaptive law of airspeed can be obtained as follows:

1 )
Uy = _m(—kval (zvi2 — evg12v,1) — avo(@v,e + Xia
— ev,12v,1) — av,1x7 — Dy, + X4 — cv1zv,1
— hy,1(zy, + ey, sgn(y,))) (78)
Dy, = —by,1v, (79)

where zy,1 = X8 — X74 = 2V,2 — CV,12V,1, qV,2 = X8 —
X7d +Cv,12v,1, Tv, = kv,12v,1 +2v,2, Tv, = ky,12v,1 +2v,2,
cv,1, kv,1, hy,1, €y, are positive constants.
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FIGURE 5. Roll angle controllers’ input signal comparison.

C. ALTITUDE CONTROLLER DESIGN

The altitude control of a fixed-wing UAV is a relatively more
complicated control process. To achieve this, it is necessary
to first analyze the equation of state associated with P,.

15Z = sinfu — cosfsin®v — cosbcosdw (80)

In the airspeed control process under ideal conditions, the
following assumptions can be made:

v=0, w=0.

According to (80), the flight altitude is mainly related to
the pitch angle and airspeed. To simplify the control process,
the flight altitude state equation is modified as follows:

P, = ub + sinfu — ub) — cosfsin®v — cosdcosdw
= ub +dp, 28]

where dp, = sinfu — uf — cosfsin®v — costcosdw is

defined as disturbance.
According to (81), it is known that P, is determined by u
and 6. Because it is complicated to control the flight altitude
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TABLE 1. Control performance indexes of different roll angle controllers.

PID BSM ABSM
Stead error  0.39° -0.03° 0.05°
Overshoot 0° 0.32° 0°
React time 1.18s 0.19s 0.24s

by using the attitude angle and airspeed at the same time,
this section divides the flight process into different stages
according to the altitude of the UAV to use different control
methods. The altitude control process is mainly divided into
four areas: taking off area, acceleration area, attitude holding
area, and descent area (shown in Fig.2).

During the UAV takeoff, the fixed throttle opening extent
and pitch angle were set to ensure that the UAV stably entered
the acceleration zone from the take-off zone. In the accelera-
tion area, the drone’s pitch angle is set to a fixed value (/),
and the propeller engine accelerograph was used to drive the
drone up to the command speed and into the altitude-holding
zone. Subsequently, in the attitude holding area, a controller
coupled with PID control and sliding mode inversion adaptive
control is used to adjust the height, which is also the main
design target of this section.

Finally, if the height of the UAV exceeds the upper limit
of the rated flight height (A4 ), it enters the descent zone.
Within this range, the throttle opening was set to 0, and the
coupled altitude controller completed the descent process of
the UAV until it reached the command height range.

The UAV airspeed can be regarded as a constant value
when the altitude is controlled by the pitch angle.

P, = uf + dp, (82)

Taking P, Laplace transform, the transfer function can be
obtained as 1
u
P(s) = ;(9 + ;dPZ) (83)

The coupling controller based on PID control and sliding
mode inversion adaptive control can be designed as shown in
Fig.3.
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FIGURE 7. Yaw angle tracking comparison. FIGURE 8. Yaw angle controllers’ input signal comparison.

1
+ag |:—— (—kw1 (zw2 — cwizwl) — awl (Zew2
ay?

The desired pitch angle was calculated through the front
+xiq — cw1zw1) — Dy + X7 — cy12d1 — hwi

end of the PID controller after setting the target altitude.
Then, the pitch angle is controlled by the adaptive sliding
mode backstepping pitch angle controller designed above.
The required pitch angle is returned to the PID controller to
achieve altitude control.

(ty + cwsgn (w)))}

+ Dy — x1q + cwizwi — %qu (—8wtw + dwtw)
D. STABILITY ANALYSIS = 201202 — Cw1Zy; — Twhet (To + ewsgn (tw))

In this section, Lyapunov’s second method is used to judge
the stability of the control system [36]—[38].

Lyapunov’S Second Method: Construct a Lyapunov func-
tion according to the system; if the function is positive def- ot + hotk2 hotkor — 1
inite, and the derivative of the function is negative definite, 0= vl Y1t vitwl 2 (89)
then the system tends to be stable. hytky) — ! hyi

Take Yaw Angle controller as an example for analysis: 2

w1
7= ()
w2

2 2
= Zu12w2 — Cwily] — Rty — hyiey [Tyl (88)

Take auxiliary matrixes:

In the process of designing this controller, three Lyapunov

equations were established, which can be expressed as
1
1, cy1 + hyik2 hyiky) — =
Vi = 524 B 270z = (zu1  zu2) Tl 2
| ) h\plk\pl — E h\IJI
Vwr = Vg1 + Z1§ (85)
B <ny1>
1 —» *\ T
Vs = Vo + ——Dy (86) 2
28y _ 2 2 2
= w12y — 2wizw2 + hwiky 2y,

By combining them, the total Lyapunov equation can be 4 2y ky1zuizes + h\]/lZ\zI, )
obtained: 5
| | | , = cy12y| — 2w1Zw2 + hy)
_ 12 R v
Vs = 21\111 + 2T‘1’ + 28y Dy &7) X (k\%,lZ%y] + 2ky1zw12v2 +Z%1,2)

Because dy is a positive constant, Vg3 is obviously positive

definite.
Furthermore, whether Vy3 is negative definite or not

needed to be determined.
Substituting (65) and (66) into (64), the derivative of the
Lyapunov function can be replaced as follows:

. 2
Vo3 = zw1zw2 — cw12y) + Twky 2wz — cw1zwl)
+ay (w2 + Xig — cy12w1)

VOLUME 9, 2021

2 2
= cy12y; — 2wi2w2 + hot (kyizew1 + zw2)

= cy125; — 2wi1zw2 + he Ty (90)
Therefore, V\'yg = —ZTOZ — hyiey |Tyl.
If O is positive definite, Vi3 will be negative definite.
2

0] = hyi(cyr + hpiky,) — (hyikyr — )

1
= hyi(cu + ky1) — 1 oD
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Because O is positive definite if |O] > 0, hy(cy1+ky1)—
Tlt > 0 must be satisfied to ensure that V(p 3 is negative definite
when taking the values of hy1, cy1, kyi.

Vg3 is positive definite and V;yg is negative definite, and
the system satisfies the conditions of Lyapunov’s second
method, so it is stable [39].

The stability judgment method of other controllers is sim-
ilar to this one, as long as the same conditions are satisfied
when taking the values of &, h, k the systems will be stable.

IV. SIMULATION RESULT AND ANALYSIS

This section verifies the effectiveness and superiority of the
proposed controllers. The effectiveness of a control system
is often the most objective criterion for evaluating a con-
troller. To verify the effectiveness of the proposed controller,
the proposed adaptive backstepping sliding mode controller
was applied to a simulated fixed-wing UAV and compared
with the traditional PID control and backstepping slide mode
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TABLE 2. Control performance indexes of different yaw angle controllers.

PID BSM ABSM
Steaderror 0.29° -0.05° 0°
Overshoot 0° 1.18° 0°
Reacttime 1.16s 0.49s 0.18s

control. By comparing the results of the adaptive backstep-
ping sliding mode control and traditional PID control, a better
control performance of the former is achieved. Furthermore,
the necessity of adaptive law is reflected in the comparison
between the adaptive backstepping sliding mode control and
backstepping sliding mode control. The performance com-
parisons in this section are mainly based on the tracking pro-
cess of the control signals, control input signals, and adaptive
signals.

All controllers should be combined in the simulation pro-
cess because of the interaction between multiple state vari-
ables. Ailerons and rudders, for example, act on roll and yaw
motions, and changes in pitch angle also affect altitude and
airspeed. The coupling process is so complex that the step
simulation is difficult, which, in turn, lead to a significant
amount of time spent on parameter selection and adjustment.
However, to compare the control effect more clearly, the
simulation process was divided into three parts: attitude con-
trol, airspeed control, and altitude holding. In each part, the
simulation results were compared with the traditional PID
control method and the backstepping sliding mode control
method.

A. ATTITUDE CONTROLLER SIMULATION
This part presents the control simulation results for the three
attitude angles of the fixed-wing UAV. In the simulation
of attitude angle control, it is assumed that the initial state
airspeed and altitude of the UAV are 60m/s and 2500m,
respectively. The effects of attitude control procedures on
altitude and airspeed are not discussed in this part. The initial
state of the attitude angle (¥, 8, ®) is (0°, 0°, 0°), and the
target status is (10°, 10°, 10°).

The parameters of the controller laws in (65), (67), and
(69), and the adaptive laws in (66), (68), and (70) are selected
as follows:

k\pl = 60, Cyl = 50, h\Ijl = 65, Ey = 1.1,
kq;l = 45, Cpl = 38, hq>1 = 55, Ep = 1.2,
kot =45, «co1 =40, hg1 =50, & =1.5,
by =10, 8¢ =28, 8y =30.

For Backstepping Slide Mode control laws:

kwpsm = 60, cwpsmy =50, hypsy = 65,
ewpsy = 1.1,  kopsm =45, copsmu = 38,
hopsm =55, eopsm = 1.2,  kopsy = 45,
copsm = 40,  hgpsm =50, egpsm = 1.5,
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FIGURE 12. Pitch angle controllers’ input signal comparison.

And for PID control laws:

kpo =8, ko =17, kpy =0.5,
kpp =6, kio =14, kpo =02,
kpg =5, kiy =1.8, kpyg =0.4.

To achieve a more realistic reaction control effect, the
uncertainty data of the system must be obtained from the wind
tunnel experiment. According to the wind tunnel test results
of the UAV in [28], the total uncertain is taken as

Dy = —40sin(0.11),
Do = —30sin(0.11),
Dy = —35sin(0.1¢).

The comparison results of the attitude angle simulation
control are shown in Figs.4-12. There are three control per-
formance indexes recorded in Table 1-3 to help analyse.

These indexes are stead error, overshoot and react time.
From these figures and tables, it is obvious that all three
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control laws can achieve a stable state for the attitude control
of fixed-wing UAVs. However, different control laws exhibit
different performances for different attitude angle control
processes. Next, the performances of these control laws were
analyzed according to different attitude angles.

For the control process of the roll angle, according to Fig.4
and Table 1, the PID control law generates a steady-state error
of approximately 0.39° and takes a longer time to reach the
steady state. Comparatively, ABSM and BSM reach steady
state faster without any steady-state error. Although the reac-
tion speed of BSM is faster, the BSM control law causes an
overshoot of approximately 0.32°, which is not allowed for
precise control.

A comparison of the input signals of the three control laws
is shown in Fig.6. The input signal of the ABSM can reach
the steady state smoothly, whereas that of the BSM produces a
negative-6.5-overshoot before reaching a steady state. When
a large overshoot occurs at the control input signal, it may
directly damage the equipment. Therefore, such a situation
should be avoided as much as possible during the control
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FIGURE 16. Airspeed controllers’ input signal comparison.

process. In the roll control process, the ABSM controller has
better control performance than the BSM and PID controllers.

For the yaw controller, the situation was similar to that of
the roll angle simulation. A more obvious oscillation occurred
at the beginning of the BSM tracking signal (shown in Fig.7
and Table 2). The PID control law performs poorly as it does
in the roll angle control simulation.

The control input signal was roughly similar to the roll-
angle case (Fig.8). It is worth noting that the control input
signal of the BSM occurs buffeting after 1.5s (Fig.9). Buf-
feting is a common phenomenon in sliding mode control
and can significantly affect the performance of the controller.
The introduction of an adaptive law can not only estimate
the uncertainty but also reduce the chattering of the system.
Based on the absence of chattering generated by the ABSM
in Fig.8, it can be inferred that the design of the chattering
reduction system introduced by the adaptive law is effec-
tive. Therefore, the performance superiority of the ABSM is
reflected.

For the control process of the pitch angle, PID steady-
state error still exists, and the control speed and accuracy
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TABLE 3. Control performance indexes of different pitch angle
controllers.

PID BSM ABSM
Stead error -0.41° -0.01° 0°
Overshoot 0° 0.02° 0°
Reacttime 1.19s 0.17s 0.14s

of ABSM and BSM are close (Fig.11 and Table 3). How-
ever, it is worth noting that the known upper limit of the
disturbance is a necessary condition when designing a BSM
controller, while an ABSM controller can be obtained without
this condition. In practice, the upper limit of the disturbance
is often unpredictable; therefore, ABSM is still the better
choice.

The input signal is similar to that of the previous two con-
trol processes. Although slight chattering also occurs in the
ABSM between 1.9s and 2.1s, the effect of using the adaptive
law to reduce chattering is significant when compared with
the BSM input signal (Fig.12 and 13).

The signals of the adaptive law are shown in Fig.6, 10,
and 14. It can be observed that the adaptive signals will try
to follow the disturbance when the system inputs the step
signal, and then it can follow the sinusoidal uncertain signal
periodically after entering the steady state.

B. AIRSPEED CONTROL SIMULATION
This part presents the simulation results of the airspeed con-
trol. During the airspeed simulation, to reduce the influence
of system disturbance on airspeed control, the attitude angles
were fixed. Both the roll and yaw angles were set to O rad,
and the pitch angle was fixed at 10 rad. The initial value of
the airspeed was 0 m/s, and the target value was 100 m/s. The
effect of airspeed control on altitude was not the focus of this
part of study.

The total uncertainty of the airspeed control system must
be selected prior to the simulation. The method of uncertainty
cited was the same as that used in Section IV.A, where the
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TABLE 4. Control performance indexes of different airspeed controllers.

PID BSM ABSM
Stead error  0.02° -0.03° 0.03°
Overshoot 0° 1.11° 0°
Reacttime 1.18s 0.14s 0.27s

uncertainty is selected as
D, = —455in(0.1t)

Other parameters related to the airspeed controllers are
selected as follow:
For Adaptive Backstepping Slide Mode

ka1 =40, ca1 =30, ha1 =45 e2=15, 84=35.
For Backstepping Slide Mode control laws:
kapsm =40, capsm =30, hapsy =45, eapsm = 1.5.
And for PID control laws:
kpa =4, kia =0.6, kpsa=0.1.

A performance comparison of the three controllers in the
airspeed control process is shown in Fig.15 and Table 4. The
tracking speed of ABSM and BSM is still faster than that
of PID, and there is no steady-state error after reaching a
steady state. Comparing the ABSM with the BSM control, the
BSM has a faster response time as well as a small overshoot.
According to the stability principle, the ABSM exhibits better
performance and does not need to determine the upper limit
of the disturbance in advance.

Even though the airspeed-following performance of the
BSM controller can be regarded as good, the input signal
has buffeting, as shown in Fig.16, which poses a risk to the
stability of the system. However, there is no chattering in the
input signal of the ABSM, and its adaptive signal periodically
follows the uncertainty of the system after the system reaches
a steady state (Fig.17). Therefore, in the process of airspeed
control, ABSM is still the controller with the best control
performance.

C. ALTITUDE HOLDING CONTROL SIMULATION

This section mainly analyzes the simulation results of the
coupled height controller. It mainly simulates the process
of controlling the height with the pitch angle in the height-
holding area.

The airspeed was kept constant at 60 m/s, and the roll angle
and yaw angle were set to 0°. The initial height was 2500m,
and the coupling controller controlled the altitude of the UAV
to 2600m. The airspeed was kept constant; therefore, there
was no additional perturbation to the altitude. Because the
height-keeping controller is a coupling controller, the control
performance of different control laws is slightly different
from that of the previous control laws.

The parameters of the primary PID controller are selected

as follows:
ky =15, ky,=3.5, ky,=1.6.
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TABLE 5. Control performance indexes of different altitude coupled
controllers.

PID BSM ABSM
Steaderror 4.17m -47.19m 0.43m
Overshoot Om 31.77m Om
Reacttime 0.23s 0.19s 0.62s

The second controller adopted the pitch angle controllers
designed in the previous attitude control simulation.

The initial value was 2500m. After the steady state
was reached, the command signal was changed to 2600m.
As shown in Fig.18 and Table 5, the coupling controller of the
BSM produces an irredeemable steady-state error (—47.19m)
and a small shock caused by the buffeting. Compared with
PID-BSM, the control effects of the lower cascade PID con-
troller and the PID-ABSM coupling controller are better.

Both the PID-PID controller and PID-ABSM controller
have good control performance, although the former has a
state error within &=5m. However, the PID-PID control needs
to know the precise parameters and disturbances of the con-
trolled system, and the PID-ABSM coupling controller can
overcome this limitation with an adaptive law. Therefore,
the performance of the PID-ABSM coupling controller still
performs better than the other two controllers in the height-
keeping control process.

V. CONCLUSION

In this study, a fixed-wing-UAV controller that com-
bines adaptive method and backstepping sliding mode was
designed and simulated. Compared with previous slid-
ing mode controllers, this controller can overcome the
uncertainty of system parameters as well as the external
disturbances and eliminate chattering at the same time by
an adaptive law. The fixed-wing UAV model is a nonlinear,
multi-state coupling and extremely complex model. Further-
more, owing to the influence of various disturbances and
uncertainties, it is difficult to control a fixed-wing UAV
well. Therefore, it is recommended to use this design for
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an improvement on control performance. Its stability has
been proved using Lyapunov’s second method. Moreover,
how to select relevant parameters to ensure stability has been
specified.

The simulation results verified the effectiveness and sta-
bility of the controllers. The advantages of ABSM control
method are demonstrated in comparison with the PID and
BSM control methods. Although the system is multi-variable
and multi-coupled, it is feasible to design the controller
separately for a single variable by decoupling analysis. The
adaptive system is used to suppress the buffeting and estimate
the uncertainty of the system and external disturbances. The
effectiveness and traceability of the adaptive laws were veri-
fied using simulation results.

In future work, we plan to apply the designed controller to
a real fixed-wing UAV. The principle is to input the control
algorithm into the STM32 chip and design the related hard-
ware system. Planning ground station software to complete
specific flight missions.
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