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To overcome the complexity of the coupled nonlinear model of a fixed-wing UAV system and the uncertainty caused by a large
number of interference factors, a control algorithm combining fuzzy adaptive control and sliding mode variable structure control
was proposed. The controller algorithm mainly relies on the sliding mode variable structure control method to solve the control
problem of the strongly coupled complex nonlinear system. Based on sliding mode control, a fuzzy adaptive method is introduced
to reduce the chattering problem of the traditional sliding mode control, and the uncertain parameters and unknown functions
caused by external disturbances are approximated by this method. In this study, two types of fuzzy adaptive sliding mode
controller were designed according to the different object ranges of the fuzzy adaptive algorithm. In addition, the stability of the
controllers was verified using the Lyapunov method. Finally, numerical simulations are performed to demonstrate the effec-

tiveness of the proposed controllers by comparing with the traditional sliding mode controller.

1. Introduction

Recently, unmanned aerial vehicles (UAVs) have been
widely utilized in military and civil applications. The
mainstream UAV types are four-rotor, six-rotor, cross-
double-rotor, helicopter, and fixed-wing UAV. They are
applied to different fields based on their characteristics.
Fixed-wing UAVs are always used to complete tasks re-
quiring high speed and altitude according to their charac-
teristics: fast flying speed, high flying altitude, and flexible
attitude [1]. The biggest problem with fixed-wing UAV
control is related to its complex model. This is mainly be-
cause this type of UAV model is multiple-state variables
deeply coupled, nonlinear, and multiple interference factors.
Therefore, accurate modeling is a difficult and tedious task.

A large number of studies have been conducted on the
model establishment of fixed-wing UAV’s, but they can only
provide models closed to the real situation [2-4]. To
compensate for the inaccuracy of the model, many robust
control algorithms have been applied to fixed-wing UAV

controllers. In this field, a number of feasible control al-
gorithms have been proposed, including neural control [5],
linear tracking control [6], robust nonlinear control [7-9],
adaptive output-feedback tracking control [10-12], multi-
objective control [13], dynamic gain scheduling control [14],
slide mode control [13, 15], and fuzzy control [15].
Gomez et al. (2011) suggested utilizing a combination of
fuzzy logic control and model reference adaptive control to
stabilize and control a fixed-wing UAV [15]. The feasibility
and robustness of this algorithm were verified through
relevant simulations. Zhou et al. combined the linear
feedback control method and adaptive control method to
design a controller based on the attitude angle of a fixed-
wing UAV in 2014 [16]. The adaptive control law is derived
using MRC theory. Experiments have proved the superior
performance of this controller compared with a traditional
PID controller. Espinoza et al. designed five different
nonlinear controllers for a fixed-wing UAV to compare their
performances in 2014 [17]. These controllers were the
backstepping  controller, sliding mode controller,
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backstepping sliding mode controller, backstepping second-
order sliding mode controller, and backstepping high-order
sliding mode controller. Open-loop experiments verified
that the backstepping high-order sliding mode controller
could eliminate the shaking phenomenon effectively and
completely. Poksawat and his team also proposed an au-
tomatic tuning control method for the attitude system of a
fixed-wing UAV in 2016 [18]. This method identified the
open-loop frequency response of the system through a
closed-loop relay feedback experiment and identified the
time-delayed accretor model of the inner and outer rings to
calculate the control parameters according to the specified
gain and phase margin. The reliability of this method was
verified through wind tunnel experiments. Zheng et al.
(2017) proposed an adaptive sliding mode control law that
allows a fixed-wing UAV to track the desired landing path
while keeping the pitch angle and roll angle unchanged [19].
The experimental results showed that the proposed control
algorithm can suppress the shaking. Castaiieda and his
partners (2017) claimed that an extended observer based on
the adaptive second-order sliding mode control method they
designed could help to control the attitude of a fixed-wing
UAYV smoothly [20]. The main function of the observer was
to identify and estimate unknown disturbance bounds to
ensure the stability of the system. The simulation results
showed that the observer had a good tracking performance
for unknown disturbances. Melkou et al. introduced a
second-order sliding mode control method to achieve the
attitude control process of a fixed-wing UAV in 2018 [21].
The shaking problem was solved using second-order sliding
mode control. The uncertainty of the model interference was
compensated by introducing an adaptive law. Experiments
showed that this method can stably and effectively control
the attitude angle. Li et al. (2018) attempted to use a synthetic
jet actuator (SJAs) to achieve thrust vector control of a fixed-
wing UAV [22]. The pitching attitude controller was
designed by combining this novel control method with
sliding mode control, and the practicability of the controller
was proved by relevant experiments. Also, in 2018, a gain-
scheduled proportional integral derivative control system
for a fixed-wing UAV was proposed by Poksawat [23]. This
controller utilizes an automatic tuning algorithm to adjust
the control parameters to achieve an adaptive process. The
experimental results showed that this controller is feasible
for improving the performance of a traditional linear control
system. Zhang et al. presented a multivariable finite-time
observer-based adaptive gain sliding mode control scheme
for a fixed-wing UAV subject to unmeasurable angular rates
and unknown matched/unmatched disturbance in 2021
[24]. They constructed a multivariable finite-time observer
to estimate the unknown state of the attitude control system.
Experiments showed that the observer could estimate the
uncertainty of the system effectively. In 2021, Jun et al.
explored the output-feedback control (OFC) strategy design
problem for a type of the Takagi-Sugeno fuzzy singular
perturbed system [25]. They proposed a novel stochastic
communication protocol (SCP) to alleviate the communi-
cation load and improve the reliability of signal transmis-
sion. The validity of the attained methodology was expressed
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through a practical example. Yueying Wang and his team
proposed an integral sliding mode control strategy for a kind
of Takagi-Sugeno fuzzy approximation-based nonlinear
SPDSs under time-varying nonlinear perturbation in 2020
[26]. In this study, the sliding mode dynamics (SMD) is
transformed into an augmented form to facilitate the syn-
thesis of the high-level controller (HLC). The applicability of
the developed FISMC strategy was testified by a practical
example. Qi et al. (2020) introduced an appropriate fuzzy
SMC law under the complex stochastic semi-Markovian
switching process [27]. Compared with previous literature,
novel integral sliding mode surfaces (ISMSs) were developed
to depend on the designed controller gains and projection
matrices in this study. The effectiveness of the theoretical
findings was illustrated through an electric circuit model
illustrates.

According to existing research, for this type of complex
nonlinear model, sliding mode control is a more popular
control method. Therefore, the sliding mode control method
is also utilized as basic control mean to design the relevant
controller to overcome the control problem of the complex
nonlinear system. However, there are two main problems to
overcome when using the sliding mode control method to
control fixed-wing UAVs.

The first problem is how to deal with the effects of
unknown external disturbances on the system. Owing to the
complexity of the fixed-wing UAV model, there are many
relevant unknown disturbances that affect the stability of the
system. At present, the main way to cancel interference is to
introduce an observer to predict interference. A disturbance
observer can observe internal disturbances well and provide
compensation for the system; however, its effect on external
disturbances is not obvious. The design in this study adopts a
combination with the adaptive method and fuzzy method to
deal with the impact of internal and external disturbances
simultaneously. The fuzzy model used in this study is the T-S
fuzzy model. T-S fuzzy model is composed of multiple linear
systems fitting the same nonlinear system, using the fuzzy
algorithm to deconstruct the input variables, and then
defuzzifying through fuzzy calculus reasoning, generating
several equations representing the relationship between the
input and output of each group [25, 27, 28]. This model was
proposed by Takagi and Sugeno in 1985. At present, it has
become the most popular fuzzy model in many fuzzy control
algorithm designs. In this study, five membership functions
are used as the relationship between fuzzy input and fuzzy
output to deconstruct the changes of F(x) and G(x), and they
are divided into five sections by if-then principle, respec-
tively. At the same time, according to the fuzzy approxi-
mation theory, the fuzzy system with an adaptive law can
make the approximation error very small by adaptive pa-
rameters, which means that appropriate adaptive parameters
can help the adaptive fuzzy sliding mode control system to
reach the sliding mode surface gradually and stably. It is the
reason of the introduction of an adaptive law. Consequently,
this method is introduced to approximate the model of
fixed-wing UAYV basic on sliding mode control. In this way,
the influence of internal uncertainty and external interfer-
ence on the system of fixed-wing UAV can be overcome.
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The second problem is how to deal with the shaking. The
shaking problem is a common phenomenon associated with
the sliding mode control. The problem of shaking is mainly
caused by the phenomenon that when the controlled system
approaches the sliding mode surface under the action of the
control law, it cannot stay on the sliding mode surface
perfectly and vibrates around the sliding mode surface many
times. From the references mentioned above, it can be seen
that many scholars are currently working on how to
overcome shaking. Most of them attempted to introduce an
adaptive method, a second-order sliding mode method, or a
high-order sliding mode method to fix this problem. In this
study, a new method is proposed that to adopt a fuzzy
method to overcome the shaking in a sliding mode con-
troller. Utilizing the same adaptive fuzzy method above to
eliminate shaking by the fuzzy processing of the switching
item is also the key point of this study. Three membership
functions are taken as relationship between fuzzy input and
tuzzy output to deconstruct the switching term’ change and
divide it into three sections by if-then principle. Similarly, an
adaptive method and T-S fuzzy model are combined to
achieve fuzzy approximation of the switching term to solve
the chattering problem.

At present, there are few studies on the use of fuzzy
methods to eliminate shaking. The innovation of this study is
to combine the fuzzy method, sliding mode control, and
adaptive method to overcome shaking and uncertainty
interference.

According to this, two different types of controllers are
designed in this study. The first is a fuzzy adaptive sliding
mode controller for switching terms only. The controller is
mainly used to solve the chattering problem caused by
sliding mode control and can overcome part of the influence
of external interference on the system. The second is the
overall fuzzy adaptive sliding mode controller. Based on the
function of the first controller, the adaptive fuzzy approx-
imation of the fixed-wing UAV model is carried out. This
controller can not only overcome the chattering problem but
also eliminate the influence of external interference and
internal uncertainty of the system.

The rest of this study is organized as follows: Section 2
describes the mathematical model of a fixed-wing UAV.
Section 3 introduces fuzzy adaptive sliding mode controllers
for attitude, airspeed, and altitude. Section 4 provides the
simulation results and the related analysis of the above
controllers using MATLAB. The conclusions are presented
in the final section.

2. Mathematical Model

Before designing the controller, it is significant to establish
proper mathematical models for the controlled object. This

section describes the establishment of a kinematic and
dynamic model for a fixed-wing UAV.

To maintain the generality of the kinematics and dy-
namics models of fixed-wing UAVs, the following as-
sumptions need to be made before further analysis [24].

(i) Suppose the Earth has no rotation and revolution,
and its curvature is zero.

(ii) The body of the fixed-wing UAV does not deform or
vibrate when subjected to external forces, as it is
rigid

(iii) The fuselage of the fixed-wing UAV is perfectly
symmetrical about the central axis plane

The fixed-wing UAV has 12 degrees of freedom when
operating; therefore, the mathematical model is complex. In
order to obtain the complete mathematical model of a fixed-
wing UAV, reference coordinates are necessary [24, 29].
These coordinate systems include the following:

(i) Ground inertial coordinate system (O;XgY5Zg):
the origin is the takeoff point of the UAV, X;-axis
points due north from the origin, and Y- axis
points due east from the origin.

(ii) Body inertial coordinate system (Og; XY 5 Z5;): the
origin is the center of mass of the UAV, and
X pi-axis, Y p;-axis, and Zy;-axis are parallel to the
ground inertial coordinate system.

(iii) Body coordinate system (O XY 3Zp): the origin is
also the drone’s center of mass, X - axis points to
the nose from the origin, and Y z-axis points from
the origin towards the abdomen of the body.

(iv) Stable coordinate system (O4X Y ¢Zs): the origin is
still the drone’s center of mass, X¢-axis points from
the origin to the direction of the projection of the
direction of the UAV motion in the longitudinal
plane of symmetry, and Zs-axis points to the right
wing from the origin.

(v) Airflow coordinate system (O, X Y 4Z4): the origin
is the center of gravity of the drone, X ,-axis points
from the origin to the direction in which the drone
is moving, and Z 4 -axis points downward vertically
with X 4-axis in the longitudinal symmetry plane of
the UAV.

Above all, the following state quantities are defined in the
ground coordinate system: P, P, P, are the displacement
states of the three axes. u, v, w represent the velocity of the
displacement along the three axes. The Euler angles (¥, 6, @)
are the angles at which the UAV body rotates on three axes,
and their rate of change is denoted by (p, g, 7).
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This chapter establishes a mathematical model of a fixed-
wing UAV based on the body coordinate system. The po-
sition and attitude kinematics models of the fixed-wing UAV
can be obtained through the transformation relationship
between different coordinate systems [30, 31] as follows: ¥ is
the yaw angle, 0 is the pitch angle, and @ is the roll angle.

Then, the initial force analysis of the fixed-wing UAV is
carried out.

Using Newton’s second law as the basis for force
analysis,

d
F=—mV,
dth
(2)
M—EH
A

where F is the accumulation of external forces, m is the mass
of the UAV, M is the accumulation of torques, and H is the
angular momentum.

Expand these two formulas according to the force
conditions to obtain the dynamic model related to the
displacement acceleration and angular acceleration of the
fixed-wing UAV [31]:

u —quw +rv fa
. 1
v | =| —ru+pw +Z Iy |
w —pv+qu -
' T pq—Tyqr + Tst; + Tty (3)
p
. 2 2 1
q |= T5pr—T6(p —1’)+,—t2 ,
Ty
7

T,pq—Tiqr + Tt + Tgt;

where j, = [ (2% + y?)dm, jy = [ @+ yHdm, j, = [(*+
)dm, jo, = | xydm, j, = |xzdm, j,=|yzdm, T =
]:xjy_jfcz’ T, :sz(j).c_jy+jz)/’1.—" .TZ.: jz(jzij)-k
]?cz/T’ T, = ljz/T’ T,= ]xz/T’ Ts = Jz ~ ]x/]z’ Te= sz/jy’
T;=j(jx—J,) +j2 /T, and Tg = j/T. t, t,, t; are the
projections of the torque on the three axes of the body
coordinate system.

Preliminary force analysis was completed. Before de-
signing the controller, the forces in the above model must be
related to the output of the motor of the fixed-wing UAV;
therefore, it is necessary to conduct further analysis to obtain
the relevant aerodynamic and thrust models.

First, the force of the fixed-wing UAV was analyzed
longitudinally. In the longitudinal plane, the state quantities
leading the UAV movement are mainly the lift force (f ),
drag force (f,), and moment of inertia of rotation around
the vector pointing to the wing (¢,). These can be represented
by the following formulas:

1
fup = EpViSCL ((X, q’Ul)’
1
fr=3 pV2SCp (a, q,U)), (4)

1
ty =5 PVaSeCyy (29, U)),

where ¢ is the average aerodynamic chord length, p is the air
density, S is the UAV wing area, C; is the lift coefficient, C,
is the drag coefficient, C, is the moment coeflicient, U, is the
elevator command signal, « is the attack angle, and f5 is the
sideslip angle.

When the attack angle is small, the aerodynamic pa-
rameters above can be linearized using the first-order Taylor
formula. The following results were obtained:

1 c
fup = S pV§s<cL (@) + CLqu +Cpy,U, )
- st<c (@) +Cpy——q+C U) (5)
F=op « ~o4+CouUi ),
2 a D quva DU

1 c
= pVZSc(CtZ (@) + Cyy-q+ Cru Uy )

where Cp (a), Cp(a), and C, (a) are the nonlinear equa-
tions related to a with different coefficients, C;, =0C,/0q,
Cry, 29C,/0U,, Cp, 29Cp/dq, Cpyy £9Cp/AU,,C, ,20C, /
dq, and C, ; =9C, /oU,.

Because the type of f,, and f, is defined in the stability
of the system, they need to be transformed into ontological
coordinates.
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In the transverse plane, the state quantities that domi-
nate the UAV motion are the rudder (U,), aileron steering
gear (U;), yaw angular velocity (p), roll angular velocity (r),
and sideslip angle (f). Their relationships are as follows:

1
fy = 5PVSCy (6. P UnUs),
1
t = EPViSthI (B 1, U5, Us), (7)

1
t; = EPV(ZszCt3 (B, p:1.U,, Us),

c
+ [CLq sin & — Cp, cos oc] E

c
+ [—CDq sin o — Cp, cos oc] v,

q+ [CLUl sin & — Cpy, cos oc] (6)

[—CLUl cos o — Cpy, sin oc]

where Cy is the dimensionless lateral force coeflicient, C, is
the dimensionless rolling moment coefficient, and Ct3 is the
dimensionless yaw moment coefficient.

They are also linearized by the first-order Taylor formula
to get

b b
fy —pV S(CY +Cyﬂﬂ+CY p+CY r+CYU U, +Cyy U3),

: pv Sb(C +C, B+ Cy o v

L
= ZPVaSb(Cr30 + Ct3ﬁ/3 +C

The core propulsion force of the fixed-wing UAV can be
expressed as

1
F=_pS,C, [(k,U,)* - V2], (9)

by

b
+Cy —— 2V r+CtUU2+CtUU3), (8)
b
+Ct*2V r+CtUU2+Ct3 3U3

where S, is the area swept by the propeller, C,, is the thrust-
related parameter, k,, is the propeller engine parameter, and
U, is the propeller engine acceleration.

By integrating all the mathematical models above, a
complete mathematical model of a fixed-wing UAV can be
obtained as follows:

Px =cos ¥ cos Ou + (—cos @ sin ¥ + sin @ sin 6 cos ¥)v + (sin @ sin ¥ + cos @ sin 6 cos ¥)w,

Py =sin ¥ cos Ou + (cos ® cos ¥ + sin @ sin O sin ¥)v + (-sin 0 cos ¥ + cos @ sin 6 cos ¥)w,

P, = sin Ou — cos 6 sin ®v — cos 6 cos Dw,
¥ = sin @ sec g + cos © sec Or,
0 = cos ®g - sin Dr,

® = p+sin ® tan 0g + cos ® tan Or,
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Precise modehng of the fixed- wing UAV has been
completed. However, it is not necessary for one of two
controllers designed as follows. The fuzzy adaptive sliding
mode controller for switching term only needs accurate
modeling information, while the comprehensive fuzzy
adaptive sliding mode controller does not need an accurate
mathematical model in the process of controller design due
to its ability to perform fuzzy approximation to the model of
the controlled object.

3. Controller Design

This chapter describes the controller design process of a
fixed-wing UAV based on the above mathematical models.
The fixed-wing UAV model is a typical nonlinear system that
is characterized by multiple inputs, multiple outputs, strong
coupling, and under actuation. Therefore, this study in-
troduces a new coupling control method that focuses on the
fixed-wing UAV control problem. This method is based on
sliding mode control and combines fuzzy control and
adaptive control methods. The sliding mode control part is
mainly used to deal with the control difficulties caused by
complex nonlinear models, and the adaptive law is intro-
duced to solve the multiple uncertainties of fixed-wing
UAVs in operation. In addition, the chattering caused by the
sliding mode control was eliminated through the fuzzy
control method.

Before designing the specific controller, we first need to
design the control flow. A typical fixed-wing UAV has 12
degrees of freedom, and it is very complicated to control and
track all degrees of freedom simultaneously. Because the

working, the precise control of a part of the degrees of
freedom is meaningless. In this study, five degrees of free-
dom were selected for tracking and control to meet the
requirements of daily tasks. These five state variables include
three attitude angles, airspeed, and flight altitude. According
to this control idea, a control system with attitude control
and airspeed control as two inner loops and flight altitude
control as an outer loop is designed as shown in Figure 1.

The control command signal source provides instruc-
tions for seven state variables, including three attitude angles
transmitted to the attitude fuzzier, three speed states
transmitted to the velocity fuzzier along three axes in the
body coordinate system, and one flight altitude transmitted
to the altitude solver. The inner loop control system includes
attitude control and airspeed control. The attitude blurrier
and speed blurrier calculate the target errors by processing
the command signal, and the corresponding controller re-
alizes the control process of the respective state quantity
after receiving the error signals. The control inputs of the
attitude angles are U,, U,, and U,, whereas the airspeed
control process mainly depends on U,. The height control
system is the outer loop control system, which is combined
with an inner control loop to realize the height control
process. The main control idea of the outer control loop is to
select the control mode and determine the required sec-
ondary control signals after receiving instruction of hy. This
is explained in detail in Section 3.3.

3.1. Attitude Controller Design. In the second chapter, all
kinematic and dynamic models of the attitude angles are
obtained. It is clear that these mathematical models are still
very complex. To simplify the control process, it is necessary
to decouple the mathematical models before designing the
attitude controllers.

Decoupling processing is mainly to extract the dominant
state quantity in the control process and treat the remaining
control quantity as uncertainty [32]. Based on this, related
mathematical models can be conducted as follows:
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Figure 1: Control inner loop and outer loop.
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Take the yaw angle control system as an example.
Rewrite the equation of state in the following form:

X =Xy,
%y = fu(xpt) + gy (x1, 1)U, +dy, (13)
Yy = x4

First, a simple switching fuzzification adaptive sliding
mode control is designed (only the switching item is
blurred).

Let us treat fy(x;,t) and gy (x;,t) as the known
nonlinear functions, x; € R", x, € R, U, € R, and dy, is the
unknown interference, |dy| <Dy, g(x,,t)>0.

Define zy, = x; — x; 4 as the systematic error:

Zyy = 2y = X — X g (14)
The sliding surface is defined as follows.
Ty = kg1 291 + 2y (15)

where ky, >0.

Mathematical Problems in Engineering

Substituting equation (14) into (15), we can get

Ty = ky12y; + 2y,
. (16)
= ky12y; + X = X 4.

Design sliding mode control law:

1 .
) [—fu(x15t) = kg 29y + X 4 = Uy, |
¥ 1>

1 .
= [~ay1%; — kg1 29y + %1 4 = Uy, ),
Ay

2

(17)

where Uy, = fysgn(1y), #y > 0.
Taking the derivative of equation (16),

Ty = ky 2y + X — X 4
= ky 129, + X%, — X 4 (18)
= ky 291 + ay X, + ayp,U, + dy — x4

Substitute equation (17) into (18) to obtain

. . 1 .. ..
Ty = Ky 2y + dy; X, + “\yz{—a [~ay1 %, = kg 2y, + X4 = Uyg, ]t +dy — Xy

¥2
= d‘P - U‘I’sw’

TyTy = Tydy — TyUyygy,
= Tydy — Tynysgn(Ty)

= Tydy — ’7\P|T\P|-

To satisfy the condition of stability (tydy — #1y|7y| <0),
when the interference item dy, is a larger value, the switch
gain 7 in the controller should be larger, which is the main
reason for shaking. To reduce chattering, the fuzzy system
fy is designed to approximate #ysgn (Ty).

The fuzzy system is designed using a product inference
machine, a single-valued fuzzier, and a central average
fuzzier [33]. The output of the fuzzy system is #y. Then, the
control law can be rewritten as follows:

N A
Uy =— | —ayi X, — ky 12y + X1 g = 1y (T9) |»
Ay

A /\T
ﬁ‘I’(T‘PKW) = CWQ (Te),

(20)

AN
where %\P(T\Plfn) is the output of the fuzzy system, @ (ry)
AT
is a fuzzy vector, and vector {, varies according to the
adaptive law. N
The ideal nq,(T\PICW) is

'AN(T\PI(;) = 1ysgn (Ty)s (21)

(19)

where ( ; is the optimal parameter, 1y > Dy.
The adaptive law can be designed as

A

(w = yyTyo(7y), (22)

where py > 0.

It is worth noting that in traditional sliding mode control,
the convergence rate of the controlled system is mainly de-
termined by the switching term. In the above design, the
switching term is replaced by a fuzzy adaptive step. Therefore,
under the action of the controller, the convergence speed of
the system depends on the size of membership function and
adaptive parameters in the fuzzy adaptive part.

Similarly, for other attitude angles 6 and @, the following
control laws and adaptive laws can be designed, as given in
Table 1.

In practice, f and g are often unable to be determined
owing to multiple disturbances. Based on the above, adaptive
fuzzy laws are designed to approximate f and g.

The attitude angle ¥ control system was also taken as an
example for the analysis. If fy(x,,t) and gy (x,1)
are unknown, it is necessary to add the design fuzzy system

N
fy and g/}\y to approximate fy and gy.
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TaBLE 1: The simple control laws and adaptive laws of 6 and ©.

Items 0

O]

Systematic error
Control input

291 = X3 = X34

Sliding surface Tp = kg1 2o + 2y
A A /\T
Mo (71C0) = €90 (75)

A

(;79 = Y790 (7o)

Fuzzy system output

Adaptive law

. A
U, = Vag [~ (agxy + agxs) — kg1 zgy + %3 4 — 115 (19)]

Zo1 = X5~ X5q A
Us = Vag, [~ag1Xs = ko1Zar + X5 4 = 1o (Te)]

To = Kkop1Zo1 + Zan

A N /\T

Mo (.Ta)chD) = (@Q(Tm)
AN
(;7612 = YoTo0(Te)

The product inference machine, single-valued fuzzier,
and central average fuzzy solution were used to design the
fuzzy system. The outputs of the fuzzy system are, respec-

A A
tively, fy, gy, and 7. The control law can then be rewritten
as follows:

1 A . A
Uy=7— |~ fu(xpt) —ky1zyy + % g — 1y (19) |5
gy (x1,1)
(23)

A AT
Fo(xls,) = ¢ E (),
AT

Gu(x118,,) = T, E (1), (24)

A AT
’1‘P(T‘{’|c11\1,) = CWQ(T‘P)’
A A A A A
where fy (x,1C;), gy (x,), and iy (1y1(,, ) are the outputs of

the fuzzy system, & (7y) and g (1y) are the fuzzy vectors, and
vectors (f, (;, and (, vary according to the adaptive law.

A AN
WW(T\I’ch) = w580 (Ty),

(25)
Hay = Dy + 1y, 1y > 0.
The adaptive law for f and g can be designed as
A
‘:Tf\y = Ve Twd (x1), (26)

A
(gq, = Vo Ted (x1)U,.

=ay \V,+ay,V,+ay U, +dy,,

where ay 1 = (1/m)pSC, (@) + (1/m)pSCs (0)U, — (1/m)p
S,Cp» ay , = (1/4m)pSC, (a)cg; ay 5 = (1/m)pS,C,k;,, and
dy,=rv-qw-gsin 0+dy ;.

Define x, =V ,, x4 = V,, and the state space function is

Xy = Xg,
Xg = Ay 1X; + ay ,Xg +ay U, + Dy, (31)
Y7 = X75

.1 1 S 1 5 1 :
V,= ZPSCI ()V, + EPSCZ (®)eqV, + ;pSC3 (U, V, + ZPS C,k U, — EPSPCPVa +dy ,

The adaptive law for switch item is still
A

(W = PyTy0(Ty). (27)

It can be seen that a high precision mathematical model
is not necessary in the design process of this controller
because its adaptive fuzzy part can approximate the con-
trolled object model. Rough mathematical models are suf-
ficient to select membership functions required by the T-S
fuzzy method.

Similarly, for attitude angles 6 and ®, the following
control laws and adaptive laws can be designed as given in
Table 2.

3.2. Airspeed. The airspeed of the fixed-wing UAV, which is
the sum of the velocity vectors in the three-axis directions in
the body coordinate system, can be expressed as

V, = \u’ +v' +w'. (28)

When the airspeed controller is operating, velocities in
directions other than the X-axis can be treated as dis-
turbances. Therefore, the expression of air speed can be
transformed into the following form:

V,=u+ dVal’ (29)

where dy, | is the perturbation of the Y-axis and Z-axis
velocities in the body coordinate system.

By decoupling the above equation according to the
relevant mathematical model, the following can be obtained:

P pfm
(30)

where Dy = Aay x; + Aay x5 + Aay U, + dvaz is the
total uncertainty.

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

(i) When f and g are acknowledged nonlinear func-
tions, the control law, sliding surface, fuzzy system
output, and adaptive law can be designed as
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TaBLE 2: The complex control laws and adaptive laws of 6 and @.

Items 6

O]

Systematic error Zg = X3 — X34

Zp1 = X5 —Xs54

Control input

N
Uy = 1/Gg (x5 ) [— fo (3,1) — kon2gy + & 4 — g (15)]

AN
U, = l/gm (x5, ) [~ f o (x5, 1) = kg1 Zgpy + X5 4 — %cb (10)]

Sliding surface Tp = ko12Zo1 + gy

To = ko1Ze1 + Zan

A AT
Folxs1¢p) = ;. E(rp)
T

G0 (63 18,)) = (1)

A AT
Mo (a1 ) = 0 (75)

Fuzzy system output

A AT
fol(xsl (fm) = (fq,f(Tcp)l
T

G0 (x518,) = &, (1)
A AT

o (70 1 $y0) = {100 (7o)

Cr, = V10708 (x3)
(99 = V20706 (xX3)U;

Cyo = Vo700 (7o)

Adaptive law

Cry = VioTab (Xs)
(gd, = V2®7q>£(x5)U3
(}1@ = YoTol(Te)

1
Uy=— [‘(“va1x7 + avazxs) —ky 12y,
ay 3

a

. N
X749~ ﬂvu(fva) >

Ty, =Ky 12y 1 + 2y 2

A AN /\T

A
Cyv, = vv,mv,0(Tv,)-
(32)

(i) When f and g are unknown nonlinear functions, the
control law, sliding surface, fuzzy system output, and
adaptive law can be designed as

1 N
U, = [_fvu (x7,t) = kva1zva2

gvu (x5,1)
+x7 4 — /’}Va(TV“)]’

Ty, =ky 12y 1+ 2y o

J Va<x7"fwu> = gvﬁ(fva)’
AT

v, (%715, ) = T, &) (33

A A AT
'IV(l < Tvl/l | c’/lvﬂ ) = ch{l Q(Tvﬂ ) >

N

‘»vaa = YlvaTVaf(x7)’

A

(gva = szuTV,,g (x,)U>,
A

Cpv, = YVRTVHQ(TVH)

3.3. Altitude Controller Design. 'The flight altitude controller
of a fixed-wing UAV is more complicated than the previous
two controllers because altitude control is an indirect control
process rather than a direct control process.

The mathematical model related to altitude is analyzed at
first.

PZ = sin Ou — cos 0 sin ®v — cos 6 cos Dw. (34)

It is acknowledged that the flight height of a fixed-wing
UAV is mainly related to the pitch angle and airspeed.
Therefore, the above equation can be expressed as follows:

P, = uf + sin Ou — uf — cos 0 sin v — cos O cos Dw (35)
=uf+dp,

where dp = sin Ou —ub - cos 0 sin v — cos 6 cos Pw is
defined as disturbance.

As can be seen from the above equation, the flight height
can be changed by controlling both the airspeed and pitch
angle. Therefore, two different coupling controllers were
designed in this section. The previously designed adaptive
fuzzy sliding mode controllers for pitch angle and airspeed
were used as the inner loop of the two controllers. The outer
control loop is a traditional PID controller. This is because,
in the coupling controller, the performance of PID is often
more stable and better than that of other control methods as
an outer loop controller.

The controller of flight height assisted by pitch angle is
designed as follows.

P, =uf+ dp.. (36)

In the design of the controller, the airspeed is a constant
value under the ideal state, so it can be regarded as a constant
for the further design of the controller. Under this condition,
Laplace variation was performed using the above equation:

P, (s) :%(médpz). (37)
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FiGure 2: Flight height coupling controller based on pitch angle.
N
Therefore, the height controller assisted by the pitch ~ where Q, is the set of {,.
angle can be designed, as shown in Figure 2. Substitute the control law equation (20) to obtain
First, the target height is the input of the PID control
system of the outer loop, and the target pitch angle is ob- Ty = ky1 291 + X — X1 4
Eained gfter processing by the PID controller. Then, t.he = Ky 2y + %y — ¥y 4
arget pitch angle was used as the input for the fuzzy adaptive )
sliding mode control of the pitch angle. Subsequently, the = ky1zyy + f (x1:t) + g (. )U, +dy - %y
output signal of the inner loop is returned to the PID N A R A 10
controller of the outer loop to control the flight height. = —ﬂ\y<T\y|C,,) +dy - UW(TMCW) (40)
Similarly, the pitch angle was set to a constant value
. . . A % A *
wh<'en the altitude controller assisted by the flight speed was +dy + ”I\y(T\PKq) _ ’1\1!(7\}4 cq)
designed. - N
Laplace variation of equation (36) can be obtained as = ch(T\y) +dy - q\y(f\ﬂ(;),
follows.
_ A
0 1 h =( -0,
P.(s) = —(u i od, ) (3) Where {, =0, -,
s 0 Establish the Lyapunov function as
Therefore, the altitude controller assisted by airspeed can
be designed as shown in Figure 3 LY I
gned as shown in Figure 3. Vy=-1"+4,8, ). (41)
The outer loop PID control calculates the required 2 y"
airspeed according to the command height. Then, the
control process of airspeed is realized through the fuzzy Take the derivative of it to get
adaptive sliding mode control of the inner loop. After that,
the signal is returned to the outer loop controller, and the Ve = o; IETf
height is output after introducing the uncertain term. v = Tyly +; o1
. . e . =T A " 1o
3.4. Stability Analysis. Stability is the most powerful per- = T\I,<C,7Q (7y) +dy - 11\y<T\y|C,,)> + ;Cn ¢y (42)

formance index for determining a controller in a controlled
system. Because the controller design idea is similar, the yaw
angle controllers are taken as an example to analyze the
stability of the controllers under both known f and g and
unknown f and g conditions.

First, the stability of the yaw angle fuzzy adaptive sliding
mode controller is analyzed under the condition of known f
and g.

Define the optimal parameter as

’A7\1/<T\1/|cq> - nysgn(ry)

g = arggﬂEQ mm[sup ], (39)

"

= T\PEZQ(T\P) + %EZZW + T\y(d\y - %(m(;))

Substitute %W(Tl{,l(;):n\ysgn(r\y) into the above
equation.

. 1+ <
Vy = ;CZ<YTWQ(TT) - CVI) + Tydy — ’7‘¥’|T‘I’|’ (43)

where Eﬂ = —E”.



12 Mathematical Problems in Engineering

l szn

> Kingls 1/6
L required Urequired Air Speed Fuzzy Usutput B output
40 P ko Adaptive Sliding Mode 0/s —>
? Controller
Kang

FiGgure 3: Flight height coupled controller based on airspeed.

Substitute the adaptive law to obtain T A A
Vy = Tgdy — I1\I,|T\I,|. (44) cf - arg?fégf i f<T\y | cf) S t)l],

Take 1y = fjyo + D, 1y > 0. [ A

There?gire, ;77\}:33 - rlzg’lor\yl <0. ( - arg2 0, min| sup 9(7‘1’ | cy) B g(xl’t)H’ (45)

When Vy = 0, 7y = 0. According to LaSalle invariant set )
principle, when t — 00, 7y — 0, zy; — 0. i T A A

The stability of the system can be obtained based on g, = argy ., min|sup ”]\y(T\y | Cq> — 1ysgn (7y) ],
Lyapunov’s second law [30]. T - R R

Second, the stability of the fuzzy adaptive sliding mode  where Q f» Qg and Q, are the sets of ( 7 (gpand .
controller was analyzed in the case of unknown f and g. Define , the mlmmum approx1mat1on error wy =

Define the optimal parameter as f(xp,t) - f\y (1y | (f) + (g (x),t) - g\y (1y |( NU,,

|w‘P| < Wmnax-

a\y = K‘{’lélyl + x - 5&1 d
=Ky 2y + X, — X1 4
= Ky 2y + f (x1) + g (x1, 1)U, + b(?]\y (x1,t) — gy (xl’t))UZ +dy - Xy

= Ky 2y; + f (x1,t) + g (x1, 1)U, +(9w (x1.1) = gy (xy, t))Uz +dy - Xy

(46)
= f(xp,t) - 17\P<T\I,|(,1> +(gq, (xp,t) - gw (xl,t))U2 +dy - Xy
= }‘I’(xllzf> - }(xl’ t) - ﬁ‘P(T‘PIErI) +<?]V,<x1|22) - .au/ (%1, t)>U2 +dy + wy + ﬁw(T\ﬂE;) - ﬁw<T\P|E;>
T ~T T ~ o
= cfﬁ(xl) + cgﬁ(xl)UZ + ch(T\y) +dy +wy - ’7‘P<T‘I’|cq>'
Vy 1<T R R +iZTE> (47)
Substitute the contgol law (equation 23): ¢ §= ={; ¥ ( I 2\ T f Yap 900 g0 )

G=0 =00 8= -1,

Deﬁne the Lyapunov equation: where y,y >0, Y,y >0, and yy > 0.
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The derivative of the above equation is

; . lor:s  1zr: lard
Vy = 19Ty +;Cf<’f +E(g(g + ;Cn(:ﬂ

= Tw(f?i(xl) +Z§£ (x1)U, +Z§Q(T‘P) + 0y +dy - ’/%‘Y(T\I’lc;)> + %Z;(f +—

= g (e) + T ra () + o) + T, e do () )

Substitute /1’\]\y(T\P|C;) = nysgn(ry) into the above
equation:

. 1=r < 1
Vy = 7cf<)}17‘1’£(x1) + (f) t—

Y1 Y2
= 1ydy + Tywy — (D + ny)lsl,

where {; =0}, {, = -{,, (, = (.
Substitute the adaptive law into the above equation:

V\y < Tywy — l’]\y'T\yI. (50)

According to the fuzzy approximation theory, the
adaptive fuzzy system can realize a minimum approximation
error. By taking #y big enough, 1y = gy + [y |0 oy > 0,
50 Vi < — foyl 7yl 0.

When Vy, = 0, 7y = 0. According to LaSalle invariant set
principle, when t — c0, 7y — 0, zy; — 0.

Similarly, according to Lyapunov’s second law, the
stability of the system can be obtained.

The other controllers, similar to the yaw angle con-
trollers, can also be proven to be stable.

4, Simulation of the Control Process

In the fourth section, the simulation results of designed
controllers are provided.

To fully compare the superior performance of fuzzy
adaptive sliding mode control, the simulation results of the
traditional sliding mode controller are also included in this
section.

A fixed-wing UAV is a deeply coupled system in the
working process. Any change in one state variable will affect
the other state variables, so all controllers work
synchronously.

However, in order to show the performance details of
each controller, this section is divided into three parts, and
the simulation comparison results of the attitude controller,
airspeed controller, and height controller are analyzed in
detail. For each variable, the related complex fuzzy adaptive
sliding mode controller, simple fuzzy adaptive sliding mode
controller based on switching items only, and traditional
sliding mode controller are simulated and compared.

13
< lzr: lors
VZCgCg + ;(,7 (,1 (48)
- 1 T ~
<Y27\1/E (x)U, + (g) * ; <YT‘P’7;7‘{’Q(T‘I’) + Q,) + Tydy + Tywy — (D + ’7)|T\y|
(49)

4.1. Posture Simulation. Before the simulation, the mem-
bership function of the fuzzy items in the designed control
algorithm should be selected first. In fuzzy control, mem-
bership functions are mainly used to approximate unknown
terms, while the selection method of these functions is not an
easy task. The selection of membership functions directly
determines whether the fuzzy algorithm can show the ideal
performance. At present, the selection method of mem-
bership functions for fuzzy control is mainly determined by
experience.

In this study, a lot of relevant literatures have been
referred, and a large number of simulations have been tested
to find the appropriate membership functions that can help
the controller achieve the control effect.

In the attitude angle control simulation, five member-
ship functions in the comprehensive fuzzy adaptive sliding
mode controller are used for the fuzzification of f and g:

(i) pmt (x;) = exp[= (((x; + m)/3)/ (7/12))°]
(i) pys (%) = exp[= (((x; + m)/6)/ (7/12))*]
(iii) py (x;) = exp[—(x,/ (7/12))*]

(iv) pips (x;) = exp[—((x; — m)/6/ ((1/12)))*]

(V) ppng () = exp[= (((x; = m)/3)/ (m/12))*]

As shown in Figure 4, there are 25 fuzzy rules for ap-
proximating f and g, respectively.

The same membership functions are selected for the
switching items in the complex fuzzy sliding mode controller
and fuzzy sliding mode controller based on the switching
item only. The membership functions of the switching item
are defined as follows:

(i) pns(s) = 1/(1 + exp(8(s +4)))
(ii) pyyz (s) = exp(—s?)

(iii) pip (s) = 1/ (1 + exp (8 (s — 4)))
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FIGURE 4: Fuzzy rules for f and g.

As shown in Figure 5, there 3 fuzzy rules for approxi-
mating switch item.

Furthermore, the selection of adaptive parameters is also
not an easy task. Appropriate adaptive parameters can help
the adaptive fuzzy sliding mode control system to reach the
sliding mode surface gradually and stably. Therefore, it is
significant to take appropriate value of adaptive terms.
However, there is no convenient method to select adaptive
parameters. In this study, the more suitable adaptive pa-
rameters are obtained through many experiments in
simulation.

In practice, attitude control is usually achieved at an
angle and then maintained. In order to better demonstrate
the superior performance of the controller tracking, the
command signals are assumed to be sinusoidal signals in the
simulation (0.5 sin(t),0.5 sin(t), 0.5 sin(¢)). The initial
attitude angles were set to (0,0,0). The initial values of
airspeed and flight altitude in the attitude angle control
simulation were set to 50 m/s and 2500 m, respectively.

First, the simulation results of yaw angle are analyzed.

The control parameters of yaw angle controllers are
selected as follows:

(i) Comprehensive fuzzy adaptive sliding mode con-
troller: ky, =5, Y1y =7, Yoy =2, Py = 6

(ii) Fuzzy adaptive sliding mode controller based on
switching item only: k¢, = 29, py = 140

(iii) Traditional sliding mode control law:

1 . .
[~ fw (x1,1) = ki 2yy + X, 4 — cyZy,

U,=——
? g‘l’(x1>t) (51)

—bysgn (1y)] — dysgn (1),

where ky =9, ¢y =7, and &y = 13.

The uncertainty is taken as dy, = 13 sin(¢).

The following simulation results can be obtained, as
given in Table 3 and Figure 6.

Membership function degree of h

FIGURE 5: Fuzzy rules for switch item.

TaBLE 3: Yaw angle controller performance indexes.

FSM without fand FSM with f and

Items SM

9 9
Reaction time (s)  0.201 0.214 0.215
Error (0.01 rad) 0.1 -0.07 0.37
Overshoot
(0.01 rad) 0.12 0 0.4

Table 3 provides several performance indexes of three
controllers. These performance indicators include reaction
time (the time of track signal’s first reach at 0.1 rad), end
point error (the error of the tracking signal when the
command signal reaches the first peak), and overshoot (the
maximum overshoot of the tracking signal before the first
downtrend of the command signal). Figures 6(a) and 6(d)
and Table 3 show the simulation result of the yaw angle
tracking. It can be seen from Figure 6(a) that the three
controllers can complete the yaw angle control process well
generally. Figure 6(d) is a partial enlargement of Figure 6(a)
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Yaw angle tracking (rad)
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Yaw angle control input

time (s)

------ FSM without fand g
--- FSMwithfand g
- - SM
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Yaw angle speed tracking (rad/s)

time (s)
—— ideal angle speed - - SM
------ FSM without fandg --- FSMwithfandg
(b)
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FIGURE 6: Yaw angle-related signal comparison. (a) Yaw angle tracking comparison. (b) Yaw angle speed tracking comparison. (c) Yaw angle
control input signal comparison. (d) Partial enlargement of Figure 6(a) at the first peak value.

at the first peak value, from which we can see the differences
in details of the control effects of the three controllers. As can
be seen from figure and Table 3, when the instruction signal
reaches the first peak value, FSM with fand g has the largest
error and overshoot, while FSM without f and g has the
smallest error and no overshoot. Moreover, the traditional
sliding mode controller has the fastest response speed. This is
mainly because when the fuzzy adaptive processing of the
switching term eliminates the chattering phenomenon, it
will also reduce the reaction speed slightly, but the influence
is not significant and can be ignored. Figure 6(b) shows the
tracking situation of the angle change speed of the three
controllers in the yaw angle control process. Among them,
the fuzzy adaptive sliding mode controller only for switching
items (FSM with fand g) has the worst performance, and
jitter occurs many times during the tracking process. The

best performance is that of the traditional sliding mode
controller (SM). There was only a small deviation in the
initial stages. The deviation of the fuzzy adaptive sliding
mode controller (FSM without f and g) also exists, but the
degree is small. Figure 6(c) shows the control input signal.
Obviously, the best performance is the comprehensive fuzzy
adaptive sliding mode controller because its amplitude is
smaller and more stable than the other two terms. For a
controller, a smaller amplitude can contribute to ensuring
the stability of the system and the working life of the
controller. The amplitude of the fuzzy adaptive sliding mode
controller based only on the switching item is larger than
that of the former, and the performance is slightly worse. On
the other hand, the traditional sliding mode controller has
continuous vibration of its control input signal, which is
called shaking. This is not the case in the other two
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controllers, mainly because the adaptive fuzzy method is
used to handle the switching items. It can be seen that the
introduction of the fuzzy adaptive method to the sliding
mode control can effectively eliminate shaking.

Second, the simulation results of the pitch angle con-
troller are analyzed.

The control parameters of pitch angle controllers are
selected as follows:

(i) Comprehensive fuzzy adaptive sliding mode con-
troller: kgy =4; y,9=6; Y20 =3; yg =5

(ii) Fuzzy adaptive sliding mode controller based on
switching item only: kg, = 31; yy = 150

(iii) Traditional sliding mode control law is designed as

1 . .
[~fo(xst) —kgzg + X34 — coZq

U, =——
! g@(xS’t) (52)

~Lgsgn (74)] — dgsgn (7p)s

where kg = 11, ¢y =9, and ¢, = 15.

The related uncertainty is taken as dy = 13 sin(¢).

Figure 7(a) shows the simulation outputs of the pitch
angle controllers. Similar to the yaw angle control, the
outputs of the three controllers are almost equally superior
generally. It can be seen from Figure 7(d) and Table 4 that
FSM with fand g deviates most from the command signal
and own the max error and overshoot. Moreover, the
performance of traditional sliding mode control and FSM
without f and g are similar to the command signal, but the
traditional sliding mode control slightly exceeds the com-
mand signal, while the latter is always lower than the
command signal. In addition, the traditional sliding mode
control still has the fastest response speed, which is con-
sistent with the yaw angle simulation. Figure 7(b) shows the
change rate of the pitch angle during the control process.
Similarly, the fluctuation of the traditional sliding mode
control is the smallest, and the deviation of the fuzzy
adaptive sliding mode control based only on switching terms
is the most serious. As shown in Figure 7(c), the control
input signal of the total fuzzy adaptive sliding mode control
still exhibits the best performance. Although the vibration
amplitude of the traditional sliding mode control in pitch
angle control is smaller than that in yaw angle control, it
persists.

Finally, the simulation results of roll angle are analyzed.

The control parameters of roll angle controllers are
selected as follows:

(i) Comprehensive fuzzy adaptive sliding mode con-
troller: kgyy =7, Y10 =9 Y20 = L, Yo =8

(ii) Fuzzy adaptive sliding mode controller based on
switching item only: kg, = 35, Y4 = 130
(iii) Traditional sliding mode control law:
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1 . .
Uy = Y [_fva (%5:1) = ko1Zan + X5 4 = CoZan
gv, (xs:1) (53)

—Lysgn (7o) — dosgn (7o),

where kg, =13, ¢, =7, and &4, = 12.

The related uncertainty is taken as dq, = 15 sin(¢).

Figure 8(a) shows the output simulation results for the
roll angle controller. The output of the controller is similar
to that described above (Figure 7(a)). According to the
information recorded in Figure 8(d) and Table 5, the re-
action speed is the same as the above situation, whereas the
traditional sliding mode control has the minimum error
and overshoot when the first peak arrives. Moreover, in the
first peak stage, FSM without F and G showed obvious lag
and unsatisfactory performance, while the traditional
sliding mode control is the most suitable control signal
curve. Only from the tracking of roll angle, the traditional
sliding mode control seem shows the best control
performance.

In the case of the speed change of the roll angle, the fuzzy
adaptive sliding mode controller based only on switching
terms has the best performance, which almost closely fits the
ideal speed change curve (Figure 8(b)). As shown in
Figure 8(c), in the control process of the roll angle, the
amplitude of the input signal of the comprehensive fuzzy
adaptive sliding mode controller and the fuzzy adaptive
sliding mode controller only for switching item are close to
each other. The shaking of the traditional sliding mode
controller is very serious. Considering the above, FSM with f
and g seem own the best performing. However, FSM
without f and g only shows slight lag phenomenon when f
and g are uncertain, and other performance is similar to the
former, so the latter is still a better choice in practical
application.

In general, in the simulation process of the attitude
angle, the control effects of each controller are close,
and the control process can be completed quickly with
less error. The traditional sliding mode control has
continuous shaking, but the fuzzy adaptive method can
solve this problem. The comprehensive performance of
the fuzzy adaptive sliding mode controller is the best
because the amplitude of the control input signal is the
smallest, and the controller does not need to design the
switching term, f function, and g function accurately in
advance.

4.2. Airspeed Simulation. In the airspeed simulation, the
initial state of the attitude angle is (0, 0, 0), and the flight
altitude is 2500 m. The starting airspeed was 30 m/s, and the
target airspeed was 50 m/s.

The membership functions for f, and g, are taken as
follows. ’ ’
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FIGURE 7: Pitch angle related signal comparison. (a) Pitch angle tracking comparison. (b) Pitch angle speed tracking comparison. (c) Pitch
angle control input signal comparison. (d) Partial enlargement of Figure 7(a) at the first peak value.

TaBLE 4: Pitch angle controller performance indexes.

FSM without fand FSM with f and

Items SM

9 9
Reaction time (s)  0.211 0.232 0.234
Error (0.01 rad) 0.05 -0.12 0.41
Overshoot
(0.01 rad) 0.09 0 0.43

(1) pa (%) = exp[—(((x; + m)/6)/ (11/24))*]
(i) pns (x;) = exp[=(((x; + 7)/6)/ (1/24))*]
(iii) pz (x;) = exp[- (xi/(ﬂ/24))2]
(iv) pps (x;) = exp[— (((x; — m)/6)/ (1/24))*]

(v) ppy (x;) = exp [ (((x; — m)/6)/ (71/24))°]

The membership functions of the switching item are
taken as follows.

(1) py (s) =1/(1 +exp(12(s +6)))
(ii) py (s) = exp (=s?)
(iil) pp (s) = 1/(1 + exp(12(s - 6)))
The parameters for each controller are selected as
follows:
(i) Comprehensive fuzzy adaptive sliding mode con-
troller: kVal =21, Yiv, = 17, Yov, = 5, Yv, = 13.

(ii) Fuzzy adaptive sliding mode controller based on
switching item only: ky ; = 50, yy_= 190.

(iii) Traditional sliding mode control law:
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TaBLE 5: Roll angle controller performance indexes.

FSM without fand FSM with f and

Items SM
9 9

Reaction time (s)  0.198 0.219 0.221
Error (0.01 rad) -0.03 -0.32 0.19
Overshoot
(0.01 rad) 0.01 0.35 0.39
Uy = S [‘fvﬂ (x7,) = ky 12y 2+ %; 4= ¢y 2y

gv, (x7:1)

~tv,sen(wv, )] - dv,sen(ry,)
(59)

where kva =24, ¢y, =11, ¢, =10.

The related uncertainty is taken as dy, = 10 sin(¢).

Table 6 and Figure 9(a) show the output performance of
the three controllers in the airspeed control process. The
fuzzy adaptive sliding mode controller only for switching
items has serious overshooting (7 m/s), and the response
speed is slower than that of the other two controllers.
Traditional sliding mode control has the best performance
with the fastest response speed and no overshooting or
steady-state error. The overall fuzzy adaptive sliding mode
control also has no steady-state error, but the response speed
is slower than that of the traditional sliding mode control. It
can be seen from Figure 9(b) that the shaking problem of the
traditional sliding mode control has a phased impact on the
tracking performance of the control speed. As shown in
Figure 9(c), shaking is still serious in the traditional sliding
mode controller, and the comprehensive fuzzy adaptive
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TABLE 6: Airspeed controller performance indexes.

Items SM FSM without f and g FSM with fand g
Steady time (s) 0.35 1.1 3.2
Steady error (m/s) -0.03 -0.02 0.15
Overshoot (m/s) 0 0 7.2
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FIGURE 9: Air speed related signal comparison. (a) Air speed tracking comparison. (b) Air speed change tracking comparison. (c) Air speed

control input signal comparison.

sliding mode control tends to stabilize soon after the control ~ between the command signal and the original state is larger.
process, while the other two controllers do not. Similarly, the  In this case, the advantages of the traditional sliding mode
total fuzzy adaptive sliding mode control still exhibited a  control are slightly obvious only from the control effect.
minimum amplitude change. However, the shaking of the traditional sliding mode con-

The biggest difference between altitude control and at-  troller further affects its tracking speed. It is impossible to
titude control is that the altitude control process gap  guarantee that the control effect of long time and high
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FIGURE 10: Air speed related signal comparison. (a) Flight altitude controlled by the pitch angle. (b) Flight altitude controlled by the airspeed.

TaBLE 7: Flight altitude controller performance indexes.

Methods By the pitch angle By the airspeed

Ttems PID + SM PID + FSM without f  PID + FSM with fand PID + SM PID + FSM without f  PID + FSM with fand
and g g and g g

Steady time (s) 0.19 0.17 0.15 0.57 0.61 0.59

Steady error 9.8 0.2 6.1 2.5 22 0.1

(m)

frequency will not be affected by shaking; thus, the stability
of the traditional sliding mode controller has some hidden
dangers.

In general, when there is a large gap between the
command signal and the initial state, even if the response
speed of the comprehensive fuzzy adaptive sliding mode
control is slow, the control input amplitude is lower and the
process of returning to the stable state is faster, which, in
turn, can ensure the stability of the system. Therefore, a
comprehensive fuzzy adaptive sliding mode controller still
exhibits the best performance in terms of airspeed control.

4.3. Altitude Simulation. In the flight altitude simulation, the
simulation results of coupling the three controllers men-
tioned above with the PID controller were compared. There
are two methods to control the flight altitude: one is led by
the flight speed and the other is by the pitch angle. In this
section, both altitude control methods are simulated.

The selection of PID control parameters is realized by
MATLAB self-adjustment function.

When the pitch angle is used to control the flight altitude
simulation, the initial attitude angle is (0, 0, 0) and the
airspeed is a fixed value of 30m/s.

Figure 10(a) and Table 7 shows the simulation results for
the flight altitude controlled by the pitch angle. All three

coupling controllers can realize the height control process,
but the PID and simple fuzzy adaptive sliding mode con-
troller (only for switching item) show a steady-state error of
approximately 10m. A similar situation also exists in the
PID traditional sliding mode coupling controller. The
controller coupled with the PID and total fuzzy adaptive
sliding mode controller has the slowest response time, but its
control result is the most accurate.

In flight altitude simulation using airspeed control, the
pitch angle is set to a fixed value of 0.1 rad, the roll angle and
attitude angle are both Orad, and the initial airspeed is
30m/s. Figure 10(b) and Table 7 show the simulation results
for the flight altitude controlled by the airspeed. The PID-
fuzzy simple adaptive sliding mode control (only for
switching item) coupling controller exhibits the best per-
formance, whereas the other two controllers have various
degrees of steady-state errors.

Comparing the two control methods, the flight altitude
control method by airspeed requires a long response time. It
takes almost 0.6s for the controller to complete height
control. It takes only approximately 0.15s to control the
flight height by pitch angle. This is mainly because the pitch
angle plays a more decisive role in altitude control than the
airspeed. However, for different control methods, the mean
steady-state error is smaller in the flight altitude control
method by airspeed.
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In conclusion, when there is a large gap between the
altitude command and the UAV altitude state, the altitude
adjustment method based on the pitch angle should be
selected to achieve a fast response. When the difference
between the altitude command and the UAV altitude state is
small, it is a better choice to control the flight altitude
through the airspeed for less error.

The simulation comparison results in this chapter
confirm that the two control methods introduced can ba-
sically complete the control of a fixed-wing UAV. However,
in practical application, it is difficult to obtain the accurate
mathematical model of a fixed-wing UAV. There is also the
case of approximation in the modeling process mentioned in
chapter 2. Inaccurate modeling will directly affect the per-
formance of “fuzzy adaptive sliding mode control only for
switching terms.” Therefore, the implementation of this
method is relatively complex. On the other hand, the
comprehensive fuzzy adaptive sliding mode control method
has no high requirement for accurate model building and is
easier to implement in practical application.

5. Conclusion

A fixed-wing UAV is a complex, nonlinear, multivariable,
and strongly coupled system. The control process is easily
affected by many uncertain internal and external factors.
This study presents an adaptive fuzzy sliding mode control
algorithm for such models. The stability of the control
system has been proved by the Lyapunov theory. The sliding
mode variable structure controller is effective for nonlinear
systems and provides strong robustness for systems. The
adaptive fuzzy algorithm solves the influence of uncertainty
on the system and overcomes the chattering phenomenon
caused by the sliding mode control algorithm. This study
presents two fuzzy adaptive sliding mode control methods
for a fixed-wing UAV model: the first type is a sliding mode
controller that adaptively fuzzies only the switching term
and the second is a sliding mode controller that adaptively
fuzzies both the unknown function and the switching term.
These two control methods were compared with the tra-
ditional sliding mode control method for attitude, airspeed,
and flight altitude control. Numerical simulation results
show that the comprehensive fuzzy adaptive sliding mode
control can solve the control problems of the strongly
coupled nonlinear fixed-wing UAV model. Furthermore, the
system uncertainty caused by a large number of unknown
disturbances and unknown parameters can be approximated
accurately, and the chattering can be eliminated significantly
at the same time. This method has a fast response speed,
small steady-state error, and strong robustness. It is rec-
ommended for complicated, nonlinear, strongly coupled,
and multiple uncertain models, such as the fixed-wing and
multiple-rotors UAV model.

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 re-
lated hardware system. At same time, it is also planned to
design a ground station software to cooperate the UAV to
complete flight missions.
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