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Abstract

The modelling uncertainties, external disturbance and actuator saturation issues will degrade the performance and even the
safety of flight. To improve control performance, this study proposes an adaptive U-model based double sliding control
(UDSMC) algorithm combined with a radial basis function neural network (RBFNN) for a nonlinear two-degrees-of-
freedom (2-DOF) helicopter system. Firstly, the adaptive RBFNN is designed to approximate the system dynamics with
unknown uncertainties. Furthermore, two adaptive laws are designed to deal with unknown external disturbances and
actuator saturation errors. The global stability of the proposed helicopter control system is rigorously guaranteed by the
Lyapunov stability analysis, realizing precise attitude tracking control. Finally, the comparative experiments with con-
ventional SMC and adaptive SMC algorithms conducted on the Quanser Aero2 platform demonstrate the effectiveness and

feasibility of the proposed 2-DOF helicopter control algorithm.
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I. Introduction

A helicopter is a type of vertical take-off and landing
(VTOL) aircraft that offers greater hover stability and
manoeuvrability than traditional fixed-wing aircraft. Due to
its simpler take-off conditions and decent payload capacity,
helicopter UAVs are attracting more and more attention
from both industry and academia due to their wide range of
applications in civil and military areas, including aerial
photography, search and rescue missions (Li et al., 2023;
Zhao et al., 2022b; Kim and Ahn, 2021). However, complex
weather conditions and unpredicted changes in obstacles
will affect the effectiveness and stability of the helicopter in
actual flight missions, so the accuracy and robustness of the
helicopter flight controller are crucial.

The control system design of a two-degree-of-freedom
helicopter unmanned aerial vehicle (UAV) has a variety of
challenging problems, including firmly couplings, highly
nonlinear multi-input multi-output (MIMO) systems, in-
ternal parameter uncertainties, external environmental
disturbances and actuator output saturation (Wu et al.,
2022a; Sadala and Patre, 2018; Zhao et al., 2022a). To
overcome these challenges, various control methods have
been proposed for the control system design of helicopters,
such as state feedback control (Kim and Yoo, 2021],

proportional-integral-derivative  (PID) based control
(Garcia et al., 2012) and linear quadratic regulator (LQR)
(Nkemdirim et al., 2022). However, these control techni-
ques have limited performance against internal unmodelled
dynamics and external environmental disturbances, and
their control requires adaptive and robust control methods to
achieve satisfactory performance. To overcome these lim-
itations, sliding mode control (SMC) is proposed and
considered to be an effective control method (Utkin et al.,
2017; Shtessel and Edwards 2014). Once the sliding surface
is reached, unmodelled dynamics, complex nonlinearity and
external disturbances will not affect the system, so SMC has
strong robustness. Accordingly, SMC method has been
received a lot of research (Yang and Niu, 2023; Ye et al.,
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2022; Inomoto et al., 2022; Fei et al., 2022), which has been
also applied into real-time industrial applications to deal
with complex mechanical control issues effectively (Ahmed
et al., 2022, 2022b; Dong et al., 2022; Zhang et al., 2023).

In recent years, numerous studies have introduced the
application of SMC technology for 2-DOF helicopter at-
titude control, including the high-order sliding mode control
of optimal attitude tracking control (Humaidi and Hasan,
2019), which combines high-order sliding mode technology
and LQR and solves the identified problems of the system.
Helicopter active fault-tolerant sliding mode controller for
sensor faults, combined with fuzzy logic, real-time esti-
mation of sensor faults and control system input compen-
sation (Wang et al.,, 2020), learning-based helicopter
trajectory tracking sliding mode control (Reyhanoglu et al.,
2022; Zhang and Xian, 2021), etc. Although SMC can deal
with system uncertainties and disturbances effectively, but
their upper bounds must be known. However, it is usually
difficult to obtain an accurate upper bound of disturbance in
actual control. Therefore, adaptive SMC can be used to
solve the problem that the upper limit of error interference is
unknown. Recently, adaptive SMC has been received a lot
of research, such as RBFNN based adaptive SMC (Feng
et al., 2022), barrier function based adaptive SMC (Shao
et al., 2022), adaptive SMC with hysteresis compensation-
based neuroevolutionary (Son et al., 2022) and hybrid
robust adaptive SMC (Milbradt et al., 2023). Zou et al.
(2022) designed an adaptive second-order sliding mode
observer to compensate for time-varying lumped dis-
turbances, and proves finite-time global stability through
Lyapunov stability theory. At the same time, the efficient
nonlinear estimation and fitting characteristics of the neural
network (NN) are widely used to deal with uncertain dy-
namic characteristics in the system model (Abiodun et al.,
2018; He et al., 2015). The helicopter attitude sliding mode
control algorithm with specified performance is designed
using the neural network, and the NN estimation system is
used. Unmodelled dynamics (Wu et al., 2022b), an adaptive
neural network based fault-tolerant control method for 3-
DOF helicopter systems is proposed to deal with unknown
system modelling uncertainties, disturbances and actuator
failures (Mokhtari et al., 2021), fast terminal sliding mode
attitude tracking control for 2-DOF helicopter systems with
an adaptive input compensation was proposed in Shen and
Xu (2021), which solves the problem of input and output
constraints of the helicopter system.

However, these works did not take into account the
saturation effect of helicopter actuators. In order to protect
the machine, actuator saturation (Zhu et al., 2011; Li and
Lin, 2018; Bu et al., 2022) widely exists in practical in-
dustry control systems including helicopter control system.
If it is not considered in the control system design, this will
lead to poor flight performance of the helicopter, and the
controller may even ‘kill’ the torque output of the actuator.
Therefore, amount of advanced control algorithms have

been proposed and developed to solve the actuator satu-
ration problem. Ghaffari et al. (2022) introduced composite
nonlinear feedback (CNF), combined with the super-twist
sliding mode control method, to try to solve the problem of
helicopter actuator saturation. In Zhu et al. (2023), a dual-
loop control quadrotor position control algorithm based on
conventional PID algorithm is proposed to deal with system
state errors and actuator constraints. In the article (Guo
et al., 2020), a control algorithm based on reverse thrust
control that can stabilize a UAV with actuator saturation is
proposed. Feng et al. used the radial basis function neural
network (RBFNN) to compensate the helicopter system
input saturation errors, but this study did not consider
external disturbances. According to the above, although the
research on the UAV control algorithm with system actu-
ator output saturation has made great progress, the related
research considering both control input saturation and
disturbances is still not satisfying enough due to its un-
predicted disturbances, complex nonlinear and strong
coupling problems.

Meanwhile, the switching function used in the sliding
mode algorithm leads to the ubiquitous chattering problems
(Wu et al., 2022c; Feng et al., 2014; Wan et al., 2020; Soon
et al.,2022), which together with unknown uncertainties and
disturbances, actuator saturation, limit the real-time appli-
cations of sliding mode control in industry such as heli-
copters. To address these limitations, an adaptive control
algorithm is proposed in this paper to develop an adaptive 2-
DOF helicopter attitude control scheme with three update
laws through the U-model-based adaptive dual sliding
mode control (UDSMC) (Zhu et al., 2022) method and
RBFNN, the first adaptive law is built for unknown un-
modelled dynamics, the second adaptive solves the heli-
copter actuator saturation, and the last one is constructed for
the unknown upper limit of external disturbances of the
system. At the same time, the double-layer sliding structure
of UDSMC effectively reduces the system vibration and
improves the steady-state performance of the system. In
summary, this study makes the following three main
contributions.

(1) Considering the unknown dynamics of the system,
external environment disturbance and actuator satura-
tion, an adaptive NN based control algorithm using the
UDSMC is designed for a 2-DOF helicopter, and the
stability of its closed-loop system is established through
Lyapunov stability analysis.

(2) The proposed control scheme consists of a decoupling
algorithm, a baseline invariant controller to achieve the
desired control performance, a DSMC-based dynamic
inverter to achieve nonlinear dynamic cancellation and
robustness and three adaptive laws to solve system
control inputs saturation errors, external disturbances
and NN approximated errors, which are well estab-
lished in developing controllers without requirements
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Figure |. 2-DOF helicopter framework.

of precise parameters and known upper boundary of the
lumped disturbances.

(3) To illustrate the superiority of the proposed control
algorithm, we compare it with the conventional SMC
and adaptive SMC (Zou et al., 2022) methods under
different scenarios.

The organization of the rest sections are as follows: Section
2 discusses the dynamics modelling and control problems of
a 2-DOF helicopter. Section 3 introduces the decoupling al-
gorithm, extended MIMO UDSMC algorithm and the design
procedure of the 2-DOF helicopter system, and its global
stability is analyzed by Lyapunov stability theory. Section 4
sets up two experiments and discusses the comparative ex-
perimental simulation results between the proposed adaptive
UDSMC, the conventional SMC and adaptive SMC (Zou
et al., 2022) methods. Section 5 concludes this research.

2. Problem statement and preliminaries

2.1. Model of two-degrees-of-freedom helicopter
system

Figure 1 shows the structure of a 2-DOF helicopter system
(Reyhanoglu et al., 2022), where C presents centre of mass, and
[ is the length from the pitch axis to the centre of mass of the
helicopter body. Yaw and pitch motions are controlled by the
F, and F), thrust forces, respectively. The following kinematic
model for the 2-DOF helicopter derived by the Euler-Lagrange
formula can be therefore obtained as (Reyhanoglu et al., 2022):

(Jp +mi*)0 = ki, + kyott, — B,0 — mi* sin(0)cos(0)

— mlgcos(0)
(Jy + ml® cos*(0)) i = kyiu, + kyou, — Byiir
+2mi*Osin(6)cos(0)y

()

where 6 and y are pitch and yaw angles, m is the total
mass of the helicopter, g is the gravitational accelera-
tion. J, and J, are the moment of inertia for pitch and
yaw axis, respectively. u, and u, are the control inputs to
pitch and yaw motors. k1, k2, ky1 and & are their thrust
force constants. For simplification, system (1) can be
rewritten as

{ (Jp + mlz)é = kyiup + kppu,+T @

(Jy + mP? cos*(0) )i = kyuy, + kypu,+N

where T = —B,0 — ml? sin(0)cos(0)y* — mlgcos(0) and
N = —B,jr+2mi*Osin(0)cos(0)ys absorb all dynamics for
pitch and yaw motor with B, and B, being the pitch and yaw
viscous friction constant. Consider about complex and
unpredicted environment and internal modelling un-
certainties, introducing modelling errors and external dis-
turbances to model described in (2) as

kplup + kpzuy+r + AF
0, -+ mP)

0= +d,

k + kpu,+N+AN ®
. ylup y2uy
v (J, + ml* cos*(0)) !

where Al" is model uncertainty of I, d, is external dis-
turbance in pitch motor. AN is model uncertainty of N and
d, is external disturbance in yaw motor. In practical flight
environment, model-matched system is hard to obtain due
to the time-varying environment. Therefore, introducing
model uncertainties A/” and AN and external disturbances
d, and d,, are reasonable.

Assumption 1. The external disturbance d,, and d,, are
smooth and bounded as d, 53,, and d, Say with Hp and
Ey represent unknown positive constant.

2.2. Actuator saturation

The 2-DOF helicopter equips with two motors, and each
motor will have saturation phenomenon because of physical
limitations. Consequently, the relation of actual/saturated
control input sat(u;) and ideal control input »; can be de-
scribed as:

Umax, Ui > Umax

; +
U, || Sthpar, 1ER )
— Upax, Ui <7umax

sat(u;) =

where u,,,, is the threshold/saturation for control input.
Accordingly, the control input above such threshold will be
restricted as ;4.
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Figure 3. Design framework of UDSMC.

3. Controller design
3.1. U-model based control

The U-model based control (U-control) enables the in-
version of the controlled plant and the design of the baseline
controller in dual feedback loops. The framework of the
continuous-time (CT) U-control system (Li et al., 2020) is
depicted in Figure 2. In U-control, the inner loop is the
dynamic inversion design of the plant to nullify the system
nonlinearities and dynamics (Li et al., 2021a, 2022). This
process converts the controlled plant into an identity matrix
or unit constant combined with its inversion. Subsequently,
the output of the U-control system is obtained as follows:

G.G;'G G
y= 1Gy 711’ e P —_d
1+ G.G,'Gp ' 1+ GaG,'Gp

®)

where G, is a baseline invariant controller, Gp represents
the controlled plant, G, is its nominal dynamic inversion
and 7 is the desired tracking signal. When the controlled
plant is perfectly modelled and there is no system external
disturbance, the model Gp equals Gy, and as a result, system
output (5) can be simplified as:

Gcl
1 + Gcl

y= r=Gr 6)

Specifically, G represents the closed-loop gain for control
system, which can be customized and fine-tuned based on
various damping ratios (denoted by () and natural frequencies
(denoted by w,,) of the linear invariant controller, G.;.

Remark 1. The application of inversion necessitates the
controlled plant to be Bounded Input and Bounded
Output (BIBO) stable and to have no unstable zero
dynamics. Upon solving for the highest-order derivatives
of the system input u("), the other u-related derivatives
can be derived through the integral operation of ("),

3.2. U-model based double sliding control

In Section 3.1, the fundamental concept of the U-control system
is presented (Li et al., 2020). The original U-inverter is sensitive
to the precision of the system model, which can lead to less-
than-optimal control performance in real-time control appli-
cations (Li et al., 2021b). To overcome this issue, UDSMC
adopts the DSMC approach to obtain a robust dynamic inverter
G, !'. UDSMC's design framework is shown in Figure 3, which
contains two closed-loop subsystems: (1) the sliding mode
inverter in the inner loop is designed by DSMC, aiming to
cancel the system dynamics and maintain robustness, that is,
achieve G 'Gp=1; and (2) The invariant controller G.; in
the external loop is designed to achieve specified control
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Figure 4. Adaptive UDSMC framework.

performance. Accordingly, the UDSMC design procedures
are listed following.

(1) Design a global sliding surface, denoted as o, that
characterizes the desired performance of the system
when it remains on the sliding mode (SM). The global
sliding surface has a boundary ¢ within the SM interval
and is designed as oj, = 0; + d;,0<|d;| <J with o; =
cie; + ¢; being the classical sliding surface function, ¢;
being the sliding coefficient.

(2) Design a switching controller uy, to steer the system states
towards the sliding band in a finite time and maintain the
system state motion on the band thereafter. Let 6, = f, +
Juttsy With fo representing all the neglected bounded terms in
a classical SMC  design, which yields as
U= —kgsgn(S + 1) with k, € R" being a positive gain
coefficient and sgn(x) being the sign function.

(3) Design a local sliding surface o; with an equivalent con-
troller u,, to steer the system states towards from the sliding
band to the sliding surface in a finite time and maintain the
system state motion on the surface thereafter. Let oy = o;
satisfying the classical Hurwitz stability criterion. The de-
rivative of o, can be represented as 6;; = f; + fy ¢y, Where
f; denotes all the neglected bounded terms in a classical
SMC design. The matching condition of f; = k6 must be
satisfied, where &, represents a bounded unknown tangent
factor of ¢;. In such case, it yields as u,,= —k;S. Finally, the
DSM controller is designed as u = teg + tg,.

(4) Design an invariant controller G, such that the overall
closed-loop control gain satisfies the user-desired

2 . .
SZHC‘;’)W, with { being the
system damping ratio and w, being the system un-
damped natural frequency. Finally, G.; =

specification by G =
G
-G

Remark 2. It should be emphasized that the dynamic
inversion of the controlled plant should exist and satisfy the

globally consistent Lipschitz continuity (Zhu et al., 2022):
||G()C1) —G()CQ)HS)/IGH)CI —x2||,Vx1,x2€R" and
||G_1 (x;) — G™! (x2)|| <P G X — x|, VX1, x, €R”.

3.3. Model transformation

Let x; =0, x, = 9, x3 =y and x4 = y, then (3) can be
rewritten as

()élzxz
k kou,+IT + A’
Xy = plup+p2u}+2 + +dp
Jp +ml
{ . (7)
X3 = X4
k, kou,+N+AN
X4 = vty + }22”)"‘2"‘ +d,
L Jy 4+ mi* cos®(0)

Choose desired tracking signal as 6; and w,, let
€1 =X —Hd, e Z)él —éd, €3 =X3 — Yy and €4 Z)ffg —
y, with 6, and y, being the desired pitch and yaw angles,
respectively, and 6, and v, being the pitch and yaw angular
speeds, respectively. Then (7) can be rewritten as error
tracking system

( é‘] =&
k k '+ A’ .
éz _ p1lUp + p2uy+2 + +dp 70d
Jp +ml
g . ®)
€3 = €4
kylup + kyzl/ly‘i’N‘i’AN .
= +d, -
L o J, + ml* cos*(0) y~ Va

Assumption 2. In this study, the trajectory x, is expected
to be continuously bounded and derivable.
For simplification, equations (7) and (8) can be rewritten as
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K= ©)
X, =FX)+GX)U+D
£y =E (10)
E,=F(X)+GX)U+D—R
where  X; = [0, w]T, X = [Q W]Ta U= [“p’”y]T=
T
F(X) = [Jp-&-mlz’ Jy+m121\lcos2(0)] ’
T
D= Jp +m12 + dp’J +m12 c052 + d 4
kp1 kya
G( Iy & ml? Jy+mP’
= kyl ky2 5
J, +mil* cos*(0)  J, + mi* cos*(0)
R= [éd, il

For decoupling of system (7), let £, =
control inputs can be designed as:

G(X)U, then

U=3GX)"! {Vl } (11)
V2
Substituting above conversion into equation (11), it
becomes

E,=E
Vi (12)

E, =F(X)+ +D—R

1%)

In such case, the coupling system presented in (7) can be
converted into decoupling system in (12).

3.4. Adaptive inverter design

According to Section 3.2, it can be observed that the upper
boundaries of system neglected terms (including system
dynamics and disturbances) are required for controller
design, which is hard to obtain in practical application
control system. Additionally, overestimating such bound-
aries can lead to excessive controller gains, resulting in
chattering and control inputs saturation issues. Therefore,
this section proposes an adaptive DSM inverter using
RBFNN to estimate/approximate the system dynamics and
three adaptive laws to solve the problems caused by external
system disturbances and control input saturation. The
adaptive UDSMC framework is shown in Figure 4, where x;
indicates the system state variables, Au is the error between
the ideal control input and actual control input.
Comparing Figures 4 and 3, the sliding mode inverter pre-
sented in dashed area is not changed. However, NN and control
input auxiliary system with adaptive law are introduced into

UDSMC system to update the control gain and the design of
sliding surface described in Section 3.2. To illustrate such
adaptive UDSMC design principles, define the unknown
functions as fl m— Hd and fz J-Q—mlz—(AoI?z() l;/./d
Since I and N are not precise with modelhng uncertainties, AI”
and AN are unknown, by introducing the Neural Network (NN),
F; can be approximated by
Fi=W'H(X)+e¢ (13)
where X is the input of the NN. W represents the optimal
weight vector, ¢; is NN compensation error and |¢;| <; with
g; being small unknown positive  constants.
HLX) = i (X), 13 2(0), i (X))
basis vector and /; ;(X) is given by

denotes the radial

X — |
hi ;(X) = exp (-Hbi;jm) withj=1,2,---,n  (14)
j

where j is the number of nodes in the hidden layer of the
network. Then the error system can be converted into

E,=E,
(15)

. Vi
E2: f‘i’
V2

+D—-R

where F = [F}, .7-'2]T, with F| =
Fr = WZTHZ(X) + &.
Then design the first adaptive controller auxiliary law for
control inputs saturation as:
y = Ay + BAu

Wl Hl( )+81 and

(16)

—p; 1 . . ..
where 4 = { Op ! } with p; being positive constant,
~Piyl

1
control

B= {0}, Au; = sat(u;) — u; are the error between actual

and desired control inputs. Let

er=xi—0s—y, é1=%—0i—7, s=x3—y;—

and é3 = X3 — iy, — 3, then the global sliding surface

described in Section 3.2 can be designed as
Ojg = Cé€; + éi + 61Wlthc €R+, = 1, 3

inputs

(17)

Accordingly, the derivative of equation (17) can be
calculated as
Gip = Ci€ +6 = cé; + vi + W/ H{(X) + & + D; — ¥,
WIH(X) + & + D+ pi; = Tisa
cé;+ v + WIH(X) + & + Di+ py(~pii + 711)
—(PiVin HAw) = cé; + vi + W/ Hi(X) + & + D;
0P+ Vi) APV = céi v+ W H(X)

=cé + v+

+ea+Di+x
(18)
where %; = p;(p7; + 1) + piv17i1- Define 4 = & + D;,
then A;>|e; + D;|. Choose global candidate Lyapunov
function as
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Figure 5. Quanser Aero2 experimental platform.

(20)

where I7Vi = I7Vi — W; and Zi = Ii — J; with I7Vi and I,» being
predicted values of W; and A;, respectively. Taking the
derivative of Lyapunov function in equation (19), we obtain

Vg =610+ W Wit iy
:(cie',--i-v,-—i-(W W, ) (X)) +&+D; +x)a,.g
+ W,T VA'VI-+/~1,-Z: (c,-él-—i—v,-—k VT/ZTHI(X) +8,-+D,-+}{,-> Oig
W W4T W H(X )
_ (c,-é,-+v,-+ W H(X)
+e,-+D,-+xi) Oig
+ W,T (?Vi_[—Ii(X)O'i) -H;Z
(21)

Design the second NN approximated adaptive law for

system dynamics and modelling uncertainties as
W, = H(X)o; (22)

Substituting equation (22) into equation (21), it has

Vig= (c,-e',- v+ VAV[TH,-(X) +&+D;+ x,) O +,~1,-Z (23)
Then introduce an accessorial variable as
U, =cié;+ VT/ZTH, (X) + Aysgn (o) + 24)
Substituting equation (24) into equation (23), it has
V,-g = (,ul. — k0 +vi + &+ D~)al~g + ;1;1\
= 0 (1; + vi) + o3 (— lsgn(a,g) + &+ D) —i—i}

=0y (1; +vi) + (—/11|0'ig| + o (& JrD;))
+ ( }a,g|
(25)
According to Ai=lei + Dil, the situation

—Ailoig| + 0ig(¢i + D;)<0 holds. Then design the third
adaptive law for system external disturbances as:

Ai = |O-ig’ (26)
Accordingly, substituting (26) into (25), it has
Vtg —O-tg (ﬂl + vi) (27)

Then the control inputs are therefore designed as

Vi= —kg,15gn(0ig) — keg,i0;, then (27) becomes

V o,gg Ko ,sgnga,g) -|-,u,)_ |U,|( eq,i ,) (28)
Then taklng he derivative of Lyapunov functlon (20), it
comes

Vil =0,0; = (kiO'i - keq,io'z) 0= |01| ( eq,i ki) (29)
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To satisfy Vig <0 and V,-; <0 for attitude control stability
for helicopter, it comes ki, ; — ;>0 and k., ; — k;, there-

fore it comes

ksw,i > |Il’ll‘ and ke > |k1| (30)

q, i
In such case, the stability of control system holds.

Substituting v;= —kg,, ;sgn(0ig) — keg,;0; into (11), the ac-
tual control inputs can be designed as

)=o)

ko (J, + ml) k2 (J, 4+ ml* cos*(0))
byt ko — s K byt kop — s Ko
=- 31)
ki (J, + ml*) ki (J, + ml* cos®(0))

kpl kyZ - kp2 kyl kpl kyZ - kpZ kyl
|:ksw, 1 Sgn (o-ig) + keq, 10 :|
ksw, 35gn (O-ig) + keq, 30

Remark 3. The modelling uncertainty of the system
has been considered in (7) as Al', so the control input
coefficient matrix described above is determined.
Consider the system described in (7) with the

4.

designed controller (31), associated with three
proposed adaptive laws described in (16), (22) and
(26), the system tracking error will be converged to
the origin within finite time.

Remark 4. In this proposed control algorithm, the RBF
is established to deal with the uncertain system dy-
namics; therefore, the precise parameter is not required
for controller’s design. Also, the upper bounds of the
external disturbances caused by complex environment
are not required because of the three adaptive laws,
thereby avoiding the overestimation of the switching
gain. Eventually, the proper switching gain and double-
sliding structure reduce the control chattering issue
efficiently.

Experimental simulation

To demonstrate the validity and effectiveness of the pro-
posed control algorithm, comparative experiments of the
proposed control system, SMC system and adaptive SMC
system are established on a 2-DOF helicopter platform
(Quanser Aero2) shown in Figure 5. The specific param-
eters of the 2-DOF helicopter model are presented in
Table 1. The adaptive SMC and conventional SMC design

Table I. 2-DOF helicopter design parameters.

procedures are proposed as follows refers to the paper (Zou
et al., 2022).

The compared SMC and adaptive SMC algorithms

Parameter Value design procedures are shown as follows. According to
2 model (1), let

Ip 0.0219 kg'm

B, 0.0071 NV By =J, +ml

ke 0.0011 N-m/V B,= —B,0 — mi* sin(0)cos(0)y> — mlgcos(0) (32)
ki —0.0027 N-m/V 7 = J, + ml* cos*(0)

L 0.0071 m 1= —B,jr-+2ml*Osin(0)cos(0)yr

sat(u) oy Then the model (1) can b d to as follows:
J, 0.022 kg:m? en the model (1) can be converted to as follows:

B 0.022 N/V o

/ =L (33)
Kp: 0.0022 N-m/V Xo= F(0)+G(x)utD

k2 0.0022 N-m/V , - 517
m 1.075 kg where X1 =[0,9]", X, =[0,¢] and F(x)= {ﬂfﬂ ,

External Actuator
Disturbance d; aturation
04, % UDSMC Vi | Decoupling | Ui " sat(u;) 2-DOF 0,y
- System Helicopter
Au T
State variables x; Mo ]
Sensor/Observer

Figure 6. UDSMC control system framework for 2-DOF helicopter.
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e . Then design sliding surface as
kn ko
1t

o= é+Ce (34)

where e = X; — X;. Thus, the conventional SMC control
law can be design as
uzQ*(—f+£wH%+n%M®> (35)
Then the adaptive SMC proposed in Zou et al. (2022)
used RBFNN to approximate the dynamics f by
7 = WHX) + 6. W] = oh(x)

1

(36)

where H;(X) = [hi1(X), hi2(X), - hio(X)]" is same to
equation (14). In such case, the adaptive SMC control law
can be design as

In the experimental simulation, the initial helicopter
states are chosen as @ = y= 0 and # = y= 0. The initial
weights for RBFNN are set as [00000] with five nodes.
04 = 0.2sin (t) and y, = +§ with 10 s change period are
desired tracking attitude. The control inputs saturation is
chosen as u,,= 24. The system external disturbances
d;= 1 are introduced into control inputs channels every 10 s
for 3 s. The UDSMC control system framework is shown in
Figure 6. The conventional SMC and adaptive SMC design
parameters are presented in Table 2. The adaptive UDSMC
system design parameters are provided in Table 3.

Remark 5. The problem of actuator saturation in practical
engineering applications is to limit the actuator output to
prevent the actuator from being overloaded and causing
damage. This study also considers actuator saturation
issue, which will affect system response and tracking
control performance but will not affect controller stability.

—1 -~ v .
u=g (_f + Xa+Cé + nysgn(o) + ’720') (37)  Table 3. Adaptive UDSMC system design parameters.
Parameter Value
Table 2. SMC and adaptive SMC system design parameters. €, 3
ke, i 5+ |wl
Parameter Value b 5
J
Ci.C 5 ¢ I
m 5 Pi 10
b 5 5 |
7’] 5 keq,i 5
M 5 Gij {—|—05005|]
Cij —1—-050051 —1—-050051
12050051 o, |
(a) (b)
0.4 0.2
Desired tracking i — SMC
———.8MC 015 |1} adaptive SMC J
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) g i p
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g o1y @ ’, ’x - £y
é JE: 0 i i S §\:7.<:: ‘#'\é: ~
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Figure 7. Pitch tracking comparison of SMC, adaptive SMC and adaptive UDSMC in Case | between (a) pitch angle tracking and (b) pitch

tracking errors.
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Figure 10. Comparison of adaptive UDSMC laws in pitch and yaw control in Case | between (a) adaptive law | in equation (16) and (b)
adaptive law 3 in equation (22) and (c) adaptive law 2 in pitch control in equation (26) (d) adaptive law two in yaw control in equation (26).

4.1. Case I: attitude tracking control

Figures 7-10 show the compared experimental results be-
tween the proposed adaptive UDSMC algorithm, SMC and
adaptive SMC algorithms. In Figure 7, it can be observed that
the adaptive UDSMC and adaptive SMC systems demon-
strate better pitch angle tracking performance, exhibiting
reduced overshoot and smaller tracking error. Similarly, in
Figure 8, the adaptive UDSMC and adaptive SMC systems
outperform the SMC system in terms of yaw angle tracking
performance, showing decreased overshoot and smaller
tracking error. From Figure 9, slight chattering can be ob-
served from three SMC based control systems because un-
modelled dynamics, helicopter mechanical vibration and
sample period. Figure 10 shows the adaptive laws designed in
adaptive UDSMC. Because Case 1 is free of control input
saturation, adaptive law 1 equals 1, that is, has not been
activated (from Figure 10(a)). Figure 10(c) and (d) show
trends of adaptive law 2, which are weights for RBFNN. The
adaptive law 2 varies with system following attitude and
dynamics, therefore, the adaptive parameters in adaptive
UDSMC are also adaptive.

To compare the tracking results for these three con-
trollers numerically, the root mean square (RMS) values of
the tracking errors are introduced as epys =

\/ % (€} + e3+...+€2) with n being the total sampling size,

the results are shown in Table 4. The control inputs nu-
merical comparison results are calculated by the RMS

(urms = \/l (3 + u3+...+u?)), and the results are shown

n

in Table 5.

4.2. Case 2: attitude tracking control with input
saturations and disturbances

In this experiment, external control input disturbances and
control input saturation are introduced into comparative
experiments to further verify the effectiveness of the pro-
posed control system. Figure 11 shows the complex dis-
turbance signal introduced to the input channel as voltage
disturbance, which is predicted difficultly. Figures 12—-15
show the compared experimental results between the pro-
posed adaptive UDSMC algorithm, conventional SMC and
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adaptive SMC (Zou et al.,, 2022) algorithms. From
Figure 12, adaptive UDSMC system achieves better pitch
angle tracking performance with less overshoot, smaller
tracking error and fast convergence than both conventional
SMC and adaptive SMC algorithms. Also, smaller over-
shoot in the initial sliding phase can be observed in adaptive
UDSMC system from Figure 13 because of adaptive law 1
being introduced to compensate the error between desired
control input and saturated control input. From Figure 14,
three control systems could meet the control input saturation
requirements. However, vigorous chattering issue can be
observed from conventional SMC system because it cannot
deal with control input saturation and unpredicted control
input disturbance effectively. Also because of avoiding the
overestimation of system uncertainties and disturbances, the
proper input gain makes the average value of the input
power of both adaptive SMC algorithms be smaller than that

Table 4. RMS results for trajectory tracking.

Channel SMC  Adaptive SMC Adaptive UDSMC
Pitch tracking error 0.0362 0.0303 0.0292
Yaw tracking error  0.4872 0.4869 0.4844

Table 5. RMS results for control inputs.

of SMC, which further reduces chattering problem. Figure
15 shows the adaptive laws designed in adaptive UDSMC
for Case 2. Because Case 2 introduces control input satu-
ration, adaptive law is activated to compensate control input
error (from Figure 15(a)). Figure 15(c) and (d) show trends
of adaptive law 2, which are weights for RBFNN design.
Comparing with Figures 10 and 15, the adaptive law two
varies with system following attitude and dynamics,
therefore, the adaptive parameters in adaptive UDSMC are
also adaptive.

To compare the tracking results for these three con-
trollers numerically, the RMS values of the tracking
errors are shown in Table 6. The control inputs numerical
comparison results are calculated by the RMS are shown
in Table 7. Compare Table 4 with Table 6, control input
saturation and input disturbance do have impact on
control tracking performance. Comparing Table 5 with
Table 6, two adaptive control system can save more
energy than conventional SMC system because RBFNN
can estimate unknown dynamics and then adjust control
inputs synchronously.

4.3. Case 3: attitude tracking control with input
saturations, control input disturbances and
wind

In this experiment, control input saturation, control input

Channel SMC Adaptive SMC  Adaptive UDSMC  disturbances and external wind disturbances are introduced
Pitch motor input  18.8076 187572 18,6772 mto comparative experiments to further Verlfy.the e?ffec—
Y cor inout 167544 12,0701 | 1.8401 tiveness of the proposed control system. The wind distur-
aw motor inpu : : i bance is introduced to system from 12 s to 20 s with
25k T 1 T I T i
ok
1.5

-
T

e

Control input disturbance (V)
-
T

S
o
T

15 20 25 30

Figure 11. Disturbance introduced to input channel.
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perpendicular direction of yaw motion. Figures 16—19 show
the compared experimental results between the proposed
adaptive UDSMC algorithm, conventional SMC and
adaptive SMC (Zou et al., 2022) algorithms. From Figures
16 and 17, adaptive UDSMC system achieves better pitch
and yaw angle tracking performance with less overshoot,
smaller tracking error than both conventional SMC and
adaptive SMC algorithms. Comparing with Figures 17 and
13, larger deviation in yaw tracking can be observed be-
cause of external wind disturbance. Also, smaller overshoot
in the initial sliding phase can be observed in adaptive
UDSMC system from Figure 17 because of adaptive law 1
being introduced to compensate the error between desired

control input and saturated control input. From Figure 18,
three control systems could meet the control input saturation
requirements. However, vigorous chattering issue can be
observed from conventional SMC system because it cannot
deal with control input saturation and unpredicted control
input disturbance effectively. Also, because of avoiding the
overestimation of system uncertainties and disturbances, the
proper input gain makes the average value of the input
power of both adaptive SMC algorithms be smaller than that
of SMC, which further reduces chattering problem. Figure
19 shows the adaptive laws designed in adaptive UDSMC.
Because Case 3 also introduces control input saturation,
adaptive law 1 is activated to compensate control input error

(@
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04t e
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Figure 12. Pitch tracking comparison of SMC, adaptive SMC and adaptive UDSMC in Case 2 between (a) pitch angle tracking and (b)

pitch tracking errors.
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Figure 14. Comparison of control inputs in pitch and yaw motors in Case 2 between (a) SMC and (b) adaptive SMC and (c) adaptive

UDSMC.

Table 6. RMS results for trajectory tracking.

Channel SMC Adaptive SMC Adaptive UDSMC
Pitch tracking error 0.0493 0.0388 0.0292

Yaw tracking error 0.5109 0.4870 0.4844

Table 7. RMS results for control inputs.

Channel SMC Adaptive SMC Adaptive UDSMC
Pitch motor input 19.9438 7.4541 7.6484

Yaw motor input 23.7296 9.3316 8.7959

(from Figure 19(a)). Figure 19(c) and (d) show trends of
adaptive law 2, which are weights for RBFNN design.
Comparing with Figures 10, 15 and 19, the adaptive law 1
and 2 varies with system following attitude and dynamics,

therefore, the adaptive parameters in adaptive UDSMC are
also adaptive (Figure 19).

To compare the tracking results for these three con-
trollers numerically, the RMS values of the tracking errors
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Table 8. RMS results for trajectory tracking.

Channel SMC  Adaptive SMC Adaptive UDSMC
Pitch tracking error 0.0530 0.0455 0.0303
Yaw tracking error  0.5004 0.4872 0.4814

Table 9. RMS results for control inputs.

Channel SMC Adaptive SMC  Adaptive UDSMC
Pitch motor input 18.8681  7.4590 7.6961
Yaw motor input  23.7105 11.0389 11.6011

are shown in Table 8. The control inputs numerical com-
parison results are calculated by the RMS are shown in
Table 9. Comparing Table 6 with Table 8, wind disturbance
has more obvious impact on control tracking performance.
Comparing Table 7 with Table 9, two adaptive control
system can save more energy than conventional SMC

system because RBFNN can estimate unknown dynamics
and then adjust control inputs synchronously.

5. Conclusions

This study proposes an adaptive UDSMC control frame-
work for a 2-DOF helicopter system with control input
saturation, control input disturbance and external wind
disturbance. The invariant controller can achieve specific
control performance, the DSM inverter cancels the dy-
namics of the system and ensures the robustness, and the
RBFNN is used to approximate the dynamics and un-
certainties of the system. Combining them with the three
adaptive laws allows the design of the proposed adaptive
UDSMC without prior knowledge of the bounds of the
external disturbances and precise parameters from 2-DOF
helicopter model. The rigorous Lyapunov analysis was
exploited to ensure system global asymptotic stability,
achieving precise attitude tracking control of 2-DOF heli-
copter systems. Finally, comparative experimental results
reveal the more feasible and effective control performance
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of the proposed control algorithm compared with the
conventional SMC and adaptive SMC.

However, the adaptive UDSMC associated with three
adaptive laws presented in this study only considers con-
vergence stability by using Lyapunov stability analysis,
finite-time converge is not involved into this study.
Therefore, our next research is trying to combine the finite-
time SMC and finite-time RBFNN to establish a developed
model-free/data-driven control system design framework.
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