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Disturbance Observer-Based Neural Network
Control of a 2-DOF Helicopter System With
Input Saturation and Output Constraints

Zhijia Zhao
Min Wang

Abstract—This article presents a disturbance observer (DO)-
based neural network (NN) control for a two-degree-of-freedom
(2-DOF) helicopter system with input saturation, external dis-
turbances, and output constraints. First, the uncertainties in the
helicopter system are approximated using a radial basis function
NN. Subsequently, a DO is used to approximate unknown
compound disturbances, involving errors from NN estimation,
input saturation, and external disturbances. To address the issue
of output constraints imposed at a prescribed time period, a
novel time-shift function and an adjusted barrier function are
employed. Through the direct Lyapunov method, the bounded-
ness of all control signals in the closed-loop system is verified.
Finally, the effectiveness of the proposed control method is
validated through numerical simulation results.

Index Terms—Adaptive neural network (NN) control,
disturbance observer, input saturation, output constraints, two-
degree-of-freedom (2-DOF) helicopter.

I. INTRODUCTION

IN THIS rapidly advancing era of technology, autonomous
aerial vehicle (AAV) technology stands as a pivotal
component within the modern aviation domain, continually
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innovating at an unprecedented pace. Helicopters, as a signifi-
cant type among UAVs, possess traits like lightweight, strong
maneuverability [1], and vertical take-off [2] and landing capa-
bilities, empowering them with a diverse range of tasks [3],
including disaster relief [4], and the execution of aerial
reconnaissance and support missions [2], [5], [6]. However,
the helicopter system is a multi-input—-multioutput (MIMO)
nonlinear system, and its complex dynamic model and inter-
linked nature among axes restrict its control performance
in various environments. Therefore, the development of an
effective controller to overcome these challenges is crucial.

To address the aforementioned challenges, researchers have
proposed a series of control strategies aimed at achieving sta-
ble control of helicopter systems. For instance, Chun et al. [7]
devised a Q-learning method to solve the linear quadratic
adjustment problem, thereby achieving optimal control of
the helicopter system. Maiti et al. [8] introduced a control
algorithm based on global stochastic optimization to ensure
stable tracking of various desired trajectories by the nonlinear
MIMO system. In [9], the Q-learning algorithm was applied
to solve the optimal output adjustment problem in helicopter
systems, demonstrating the anticipated convergence of the
system. It is worth noting that a major limitation of the above
studies is that they are based on accurate model conditions of
the helicopter system. However, in practical applications, there
are uncertainties in the helicopter system model. To ensure
that the system can achieve accurate tracking, it is necessary
to consider the existence of this uncertainty.

In addressing uncertainties within nonlinear systems, neural
networks (NNs) have emerged as pivotal tools owing to
their potent parallel computing and excellent generalization
capabilities [10], [11], [12], [13]. In the past few years, NNs
have attracted widespread attention and achieved important
results in multiple fields. For example, Yang and Zheng [14]
introduced an NN control that compensated for the dynamic
model of a helicopter system, ensuring stable tracking of the
system along its intended trajectory. In [15], a broad learning
NN control strategy was proposed for a two-degree-of-freedom
(2-DOF) helicopter system with actuator failure. In [16],
the uncertainties of the helicopter system were estimated
through a radial basis function NN (RBFNN)-based adaptive
control, enabling rapid convergence of system errors within a
finite time. Zou et al. [17] developed a control methodology
amalgamating NNs with sliding mode control, enhancing the
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control performance of a 2-DOF helicopter system. The afore-
mentioned studies concentrated on addressing the uncertainty
issue within helicopter systems and have shown significant
advancements in this area. However, in the real world, many
practical systems and devices often encounter input saturation,
which severely restricts system performance and may even
lead to system instability. This prompts us to conduct further
research on input saturation.

In practical engineering, due to the physical limitations
of actuators, system input signals are invariably bound by
upper limits [18], [19], leading to unavoidable input satura-
tion. In order to overcome the saturation effect in nonlinear
systems, researchers have developed a variety of methods.
For example, Song et al. [20] proposed an adaptive tracking
control for nonlinear systems with compound problems of
input saturation and unknown dynamics. In [21], efficient
tracking performance of rigid manipulator joints amidst input
torque saturation scenarios was guaranteed by an NN control.
Sun et al. [22] designed a fixed-time control strategy that used
an auxiliary system to compensate for the effects of input
saturation, achieving stable and rapid convergence of system
errors. Lv et al. [23] introduced an adaptive dynamic surface
control strategy to deal with the input saturation, ensuring that
tracking error asymptotically convergence to zero. However, it
should be emphasized that the studies mentioned exclusively
concentrated on addressing the problem of input saturation
in nonlinear systems, overlooking the impact of external
disturbances on the system. In the field of helicopters, the
system may be disturbed by external environmental factors,
thereby degrading the performance of the closed-loop system.
Therefore, a comprehensive consideration of external distur-
bances affecting the system is crucial to accurately reflect the
actual conditions of helicopter operation.

The disturbance observer (DO) can estimate unknown exter-
nal disturbances within the system, thereby compensating for
these disturbances and ensuring the stability and reliability
of system performance [24]. In recent years, there has been
a dedicated effort toward designing DO, resulting in the
development of various control schemes based on DO. For
example, Zhang and He [25] designed a piecewise switching
nonlinear DO for eliminating the effects of system uncertainty
and unknown disturbances. In [26], by introducing an NN
control strategy with a discrete-time DO, uncertainties and
unknown disturbances within UAV systems were addressed.
In [27], an adaptive control strategy combining observers and
sliding mode functions was proposed for systems facing the
compound challenge of time-varying disturbances and actuator
failures. Zhang et al. [28] proposed an output feedback control
algorithm that mitigates the adverse effects of bounded distur-
bances through a DO, significantly enhancing the robustness
of the system. Although the above-mentioned studies on DO
have made significant achievements, the output constraints of
the helicopter systems are overlooked. In actual application,
the helicopter may be limited by the external environment
during operation, leading to constraints on the system output
and consequently impacting its stability and performance.
Therefore, the impact of output constraints should be consid-
ered in controller design.
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For the past few years, a wide variety of scholars have
developed various control methods to address the issue of
output constraints. For example, Ni and Shi [29] devised
an adaptive NN control strategy, integrating an integral bar-
rier Lyapunov function (BLF) to resolve output constraint,
ultimately achieving globally stable control for nonlinear
systems. In [30], a self-triggered control approach was tailored
for uncertain nonlinear systems featuring output constraints.
In [31], barrier function analysis technology was applied to
propose an adaptive NN control strategy aimed at resolv-
ing the trajectory tracking issue of the system. In addition,
Yan et al. [32] devised a control barrier function to address
output constraints in unknown multiagent systems, ensuring
the safety of system operations. In [33], an asymmetric time-
varying BLF (ATVBLF) was introduced, and an adaptive
NN control method was proposed to address the tracking
control problem for a class of uncertain nonlinear strict-
feedback systems with time-varying full-state constraints.
Farzan et al. [34] proposed a control method based on
control Lyapunov functions and barrier functions to ensure
stable and safe operation of robots under output constraint
boundaries. It can be observed that the aforementioned studies
primarily focus on exploring output constraints within an
infinite time range (1>0). However, in practical applications,
it is essential to consider output constraints imposed at a
prescribed time period (OCIPT). This means that constraints
can be imposed on the system during a certain period of
time, and it remains unconstrained during other periods. An
intuitive example would be a helicopter starting in open space,
navigating through a tunnel, and then emerging into another
open space. This sequence involves the system transitioning
from an unconstrained state to a constrained one and then
back to an unconstrained state. This situation motivates us
to delve further into our research. In addition, as far as we
know, although significant advancements have been achieved
in studying output constraints, external disturbances, and
input saturation in individual facets of nonlinear systems,
research addressing the composite issue of concurrent output
constraints, external disturbances, and input saturation within
a 2-DOF helicopter system remains relatively scarce. This
has motivated us to conduct this research. Inspired by the
previous discussions, we aim to investigate an adaptive NN
control strategy for achieving trajectory tracking control in
a 2-DOF helicopter system with output constraints, external
disturbances, and input saturation. The primary contributions
of this study can be summarized as follows.

1) Differing from [25], [26], and [27], this study intro-
duces a DO to address the adverse effects caused by an
unknown compound disturbance, encompassing errors
during NN approximation, errors due to input saturation,
and external disturbances. This method enhances the
robustness of the system.

2) Unlike the output constraints in [29], [30], and [31],
this study proposes a control strategy that employs a
new time-shift function and an adjusted barrier function.
This method addresses the OCIPT issue and ensures
stable tracking performance of the system. Furthermore,
the proposed control strategy can handle scenarios with
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Fig. 1. Model of a 2-DOF helicopter.

no output constraints or continuous output constraints
without requiring modifications to the control structure,
thereby enhancing its versatility.

3) Dissimilar to [20], [28], and [29], this study proposes
an adaptive NN control based on DO, effectively
addressing the interplay among input saturation, external
disturbances, and output constraints. Moreover, rigorous
Lyapunov stability analysis validates the boundedness of
the closed-loop system.

II. PROBLEM AND PRELIMINARY FORMULATION
A. Problem Formulation

The model of a 2-DOF helicopter is displayed in Fig. 1.
The helicopter is designed with dual propellers. A horizontally
positioned rotor generates a force, denoted as F), at a distance
rp from the midpoint of the helicopter, serving to control
pitch. Concurrently, a vertically positioned rotor produces a
force, denoted as F), at a distance ry, from the midpoint of the
helicopter, utilized for yaw operation.

According to [35], using the Lagrange formula allows for
the description of the system’s dynamical equation as

(Top +mi2)® = LgVyp + LiaVyy — mygola co5(©)
— Dpp® — m,2W? cos(©) sin(®)
(D
(T + 0l 052 (©)) B = LypVyp + LaaVyy — Dy¥

+ ZmVZE{(;)\if cos(®) sin(®) 2)

where W and ©® are the yaw and pitch angles, respectively,
l, is the distance from the origin of the body-fixed frame to
the action point, m, is the mass of the helicopter, g, is the
gravitational constant, Ly, Ly, Lgr, and Lyy denote the thrust
torque constants, Dy, and D, denote the viscous damping of
the yaw and pitch axes, respectively, and Ty, and T, represent
the moments of inertia of the rotating beam around the yaw
and pitch axes, respectively.

Define the state variable x = [x1, xz]T, where x; =[O, \IJ]T
and x, = [®, W], Considering the comprehensive challenges
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of internal uncertainties within the system, input saturation,
and external disturbances, we transform (1) and (2) into the
following state-space equations:

X1 =x2 3)
J2 = B(x1, x2) + AB(x1, x2)

+ (N(x1, x2) + AN(xq, x2))S(u) + d(2) )

y=ux 5

where AB(x1, x2) and AN(x1, x2) represent the internal uncer-
tainties within the system, and B(x1, xz) and N(xj,xp) are
given as follows:

[~ —mygylacos(©)— Dy ®—m, [2Wsin(O)cos (W)
o TyptmylZ (6)
—Dyy ¥ +2m, 20 @sin(®)cos(©)
Tyy+myl2cos?(O)
Tpp+myl, Tpp+myl
Lar ‘ Lgq ‘ : 7
L Tyy+mylicos?(©) Tyy+mylicos?(©)

B(x1,x2) =

N(x1,x) =

Furthermore, d(r) is the external disturbance, y is the
system output, u# is the system control input, and S(u) =
[Vip, Vyy]T denotes the output of saturation nonlinearity, which
is described as follows [36]:

Umax, if U > Umax
S(u) = sat(u) = 1 u, if  Umin < U < Umax (8)
Umin, if ¥ < Unmin

where upmax > 0 and wupin, < O are the upper and lower
bounds of the saturation, respectively. Obviously, the designed
nominal input # can occasionally exceed the actually provided
actual input S(u). Therefore, there exists a bounded difference
between the nominal and actual control inputs [37]

§(u) = S(u) — u. 9
Substituting (9) into (4) yields

X2 = B(x1,x2) + AB(x1, x2) + N(x1, x2) (8 (1) + u)
+ AN(x1, x2)(8(u) + u) + d(t)
= B(x1,x2) + N(x1, x2) (8 () +u) + d(t) + P(x, u)
(10)

where P(x, u) = AB(x1, x2) + AN(x1, x2) (8 (1) + u).

To facilitate the acceptance of a viable solution within the
system in consideration, the following lemmas and assump-
tions are made.

Lemma 1 [38]: Due to its strong capacity for generaliza-
tion and adaptation within dynamic environments, RBFNNs
are frequently employed to handle uncertainties in nonlinear
systems. Then, the following RBFNN to approximate the
continuous and unknown function J,: Rf — R:

Ja(X) = WIH(X) Y

where the input vector X e R weight vector W =
[W],Wz,...,Wj]T € PR, with j > 1 being the num-
ber of NN nodes, and basis function vector H(X) =
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[h1(X), ha(X), ..., Bi(X)]T, with h, being chosen as the
Gaussian function in the following form:
T
—(X—hy) (X hq)}

hq(X) = exp|: 2
q

12)

where hy = [hg1,hgp, ..., hgl" and 1 are the center of
the receptive field and the width of the Gaussian function,
respectively.

Based on (12), a suitable node selection enables RBFNNs
to effectively approximate any continuous function J(X) as
follows:

JX) = WTHX) + n(X) (13)

where W* represents the optimal weight matrix, and 7n(X)
denotes the approximation error and satisfying ||[n(X)| < 7,
with 7 being an unknown constant. The optimal weight matrix
of RBFNN is given by

sup [J(X) — WTHX)| .
XeQyx

W* = arg min (14)

WeR/

Lemma 2 [39]: For a positive definite and continuous
candidate Lyapunov function, if it remains bounded at the
initial condition V(0) and the following equation holds:

V(x) < —aV(x) + C (15)

where a > 0, C are constants, then V(x) is bounded.

Assumption 1 [40]: For all t > 0, the desired trajectory xz
is a sufficiently smooth function, and x4, x4, and X; are known,
continuous, and bounded. Also, there exist constants x,; and
Xg4 such that x; < x4 < Xg.

Assumption 2 [41]: The control gain matrix N(xy, x2) is
bounded and invertible, and there exists an unknown constant
N satisfying 0 < [|[N(x, x2)|| < N.

Assumption 3 [42]: The external disturbance d(f) is
assumed to be continuous and possess finite energy, and there
exist unknown constants d > 0 and d; > 0 such that [|d(?)| <
d and [|d(@)|l < d1.

B. Time-Shift Function

The OCIPT includes three phases: 1) unrestricted; 2) con-
strained; and 3) back to unrestricted. The key is to ensure that
the constraints are effective only within the prescribed time
range (Ty and Ty) and to guarantee a smooth transition of
the controller between the unrestricted and constrained phases.
To address this challenge, the following time-shift function is
proposed:

()™

2m

e 21 , 0<t<T,
o) =11, T, <t<T, (16)
B (t—Ty)zm
e " t>T,

for [ = 1,2, where m is the order of the system, and ©; and
Wo are positive constants.
Invoking (16), we have the following properties.

3155

_“1:“2:0'1

1 —ﬂ1=[A2=0.5 ,
oy =py=0.9

0.8 b
=

= 06 J
3

0.4 b

0.2 b

. R ||
0 5 10 15 20 2 30 3 40 45 50

5
t[s]

Fig. 2. Variations in @; with Ty = 10 s and Ty = 30 s.

1) w; is monotonically increasing with time for 0 < ¢ < Ty,
and when t — T, oi(T;) = 1;
2) w; =1 always holds for T <t < Ty;
3) wy(t) with w;(Ty) =1 is monotonically decreasing with
time for t > T, and when t — 00, w; — 0;
4) the time derivative of wj; is continuous for ¢ > 0.
Define the tracking error as z; = x; — x4, with x4 =
[@4, W4]T being a desired tracking trajectory. Then, we intro-
duce the following auxiliary variable:

wiz11, 0 <t < Ty
2, Ti<t< Ty
wizig, t =Ty

W(t) = a7

where ¥ = [#,%2]7 € R? and o = [0, ]’ € R2
Through the transformation of (17), it can be deduced that
when 0 <t < T, and ¢t > Ty, since w; — 0, it ruselts in the
auxiliary variable 9 — 0.

Remark 1: Fig. 2 illustrates the variations in «; under
different values of @ and puy. For O <t < Ty, the parameter
(1 determines the rate at which w; approaches 1. A higher 1
results in a slower ascent of w; toward 1. As for t > T, itis u»
that governs the speed of w; convergence toward 0. A larger
o leads to a slower convergence of w; toward 0. Therefore,
smaller values of @) and u, facilitate a swift transition of w;
between nonzero and zero.

Remark 2: Based on the properties of w;, we understand
that when w; = 1, the system is in a constrained state; when
w; = 0, the system is in an unconstrained state. Therefore,
by setting 7y = 0 and 7) > 0, constraints can be imposed
during the initial time period (0 — Ty). When Ty > 0 and
Ty > 0, constraints can be applied after the system starts (from
T; to Ty). Moreover, setting 7, = 0 and 7, = 0 ensures no
constraints are imposed on the system for all # > 0.

C. Barrier Function

Due to inherent deficiencies in the definition of traditional
BLF-based control methods during the unconstrained phase,
they are unable to effectively address the OCIPT problem. To
handle this issue and simultaneously deal with unconstrained
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and prescribed time constraints within a comprehensive frame-
work, the following barrier function is proposed:
010z

(Qg1 + 1) (05 — ™)
where Qy and Q,; are time-varying functions representing the
upper and lower boundaries of output constraints, respectively.
It is shown from (18) that if the initial condition —Qp(0) <
%(0) < Qg(0) is satisfied, then for all + > 0, & remains
well defined. In addition, & tends to infinity if and only
if ¥ approaches either —Qg or Qp. Therefore, proving the
boundedness of & for all > 0 ensures —Qp < ¥ < Qg.

Remark 3: From the expressions of (17) and (18), it can be
deduced that & — oo if and only if z1; = —(Qg/w)) or 21y —
(Qp/wp). According to Remark 1, for 0 <t < T and 1 > T,
w — 0OF. Consequently, we derive that —oco < z1; < +o00.
By combining z; = x; — x4, we conclude that —oco < x1; —
Xqi < 400, which implies that —oco 4 x; < x1; < +00 + Xg1.
Therefore, the system state variable x; is unconstrained for
0 <t < T,andt > T,. Similarly, from (16), it is observed that
w; =1 for Ty <t < Ty, which means that —Qg < z1; < QOf.
Consequently, we derive that —Qg +x; < x1; < Of +Xq1. By
defining Eg; = —Qg + x4 and Ep; = Qy + X1, we establish
Egi < x11 < Ep;. Therefore, the system state variable x; is
constrained for Ty < t < Ty, with Epg; as the upper bound and
Eg; as the lower bound. Based on the preceding analysis, the
OCIPT is achievable.

& = JA=1,2

(18)

III. CONTROL DESIGN

From (10), it is observed that due to the uncertainties
in P(x, u), model-based control design may not be feasi-
ble. To address these issues, we employ the RBFNN from
Lemma 1 to approximate the uncertainties and enhance system
performance through online estimation. Therefore, the follow-
ing is derived:

MpP(x, u) = WHX) + n(X) (19)

where Mp = MLT) € R?>*? represents the design matrix
of the DO, W* denotes the optimal weight matrix, and
X = [xlT,xg,xg,icg]T represents the input vector. n(X) is the
approximation error that satisfies ||n(X)|| < 1, when 7 is an
unknown positive constant.

Substituting (19) into (10) yields

% = B+ Nu+ N8(u) + My W H(X)
+ Mp'n(X) + d(t).

We establish the following compounded function of distur-
bances:

(20)

D(1) = N8(u) + Mp' n(X) +d(2). 1)

Based on the bounded properties of both §(x) and n(X),
along with Assumption 3, we can derive that [|[D(@)| <
D(¢) [43]. Then, we rewrite (20) as

% = B+ Nu+My'WHX) + D(1). (22)
Define the error variable of the system as
e =x)—a 23)
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where o represents a virtual control variable.
Substituting (22) into é; results in

¢y =B+ Nu+Mp'WHX) +D - a. (24)

A. Design and Analysis of Nonlinear Disturbance Observer
To approximate the unknown variable D(f), we devise the

following nonlinear DO:

(25)

D =o0+Mpx
0 (26)

= —Mp (B 4 Nu+ i)) —WTHX) + e

where o is an auxiliary function.
Considering (25) and (26), we obtain

A

D = ¢+ Mpip
=M (D — f)) +WTHX) — WTHX) + 2. (27)

Defining W=W-W*and D = D—]f), and considering (27),
we have

D=D—-D=D—MpD+W'HX)—es.  (28)
Invoking (28), we obtain
DD = DTWTHX) + DD — D"MpD — DTes.  (29)

Taking into account the following inequalities gives:
e lago 1. lops 1.

D'D < D™D+ - D> < =D"D+ ~D* (30

=3 +5IP17 = 5 +5D7 G0)

o~ - 1 -
D"WTH(X) < 0.527?|D|* + 2—H||W||2 (31)
where ||[H(X)|| <Y, and E > 0 is a design parameter.

According to the inequalities (30) and (31), then (29) can
be rewritten as

- 1.4~ 1_- - ~ 1 .
D'D < EDTD + EDZ —D™MpD + 2—w||W||2
+0.5272|D|)> = DTes
~T 1 —~~r2 2
= —D"|Mp — (5 +0.587" )Inx> \D

| B 1. -
+ —|IW|> + =D?> — Des. (32)
28 2
B. Design and Stability Analysis of Adaptive Neural
Network Control

Before embarking on the design of adaptive NN control, we
take the derivative of the barrier function &

& = Bizu + siwp — V105 + viQqi (33)
where B = [Qu04(QuQs + 97)/(Qq + 9% (0 — 91?1,
e = —[Qu04z5,(Qn — Qo1 — 291)/(Qg1 + V1> (O — V1)?1,
Vi = [Qutiz1/(Qgr + 91/ (Qgi + 91)*(Qp — 9?1, and y; =
[Qn1z1(Qp — D)/ ( Qe + 9> (Qp — )*]  1=1,2.

Let ¢ = [E,6] € R, 0 = [o,wm]! € R%
Or = [0/1.0n1" € R% Q, = [Q,0p1" € R%
B = diag[p, 2] € R¥? ¢ = diagle,e2] € RP2,
Y = diag[y, ¥2] € R¥>2, and y = diag[y1, 2] € R¥>*2.
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Note that z; =
expressed as

x1 — xg and (3), the derivative of z is
21 =X — Xq. (34

Now, the coordinate transformation is defined as e; = &.
According to (23), (33), and (34), the derivative of ey is derived
as follows:

=Ble2+a —ia) +ed— YO + v Q. (35)
The Lyapunov function Vj is chosen as follows:
V) = %e{el. (36)
Deriving its time derivative yields
V)= elTél
=] Blex+a—ia) +ef (e —vOr + Q). (37)
The virtual control variable is designed as
a=—B (kiet + e — YO +y Q) + iu (38)
where k is a design positive parameter.
Substituting (38) into (37) yields
Vi = —elkier + ¢ Bes. (39)

From (38), it can be observed that a repeated differentiating
« results in an explosion of complexity problem. To address
this challenge, we utilize the dynamic surface control technol-
ogy. Introducing a first-order filter py and allowing « to pass
through it [44], we then derive

ap(0) = a(0)

where T denotes the time constant of the filter.
By defining the surface error as p = apy — o, we obtain

Ty + oy = a, (40)

p=ay—«a

0 Ja . o . oo o oo .
==+ |-k - 0~ D

T 0x1 axd 0xg Jw ow

oo - oa .. . .

Ly Ly, WL

0 a0 an T

P ..
=-7 + Y(x1, X4, %a, @, Of, Or, g, Op) (41)

where Y(-) represents a continuous function related to €2(-).
As the set Q(-) is compact, there exists a maximum value ¥
within the set €2(-), such that ||Y] < Y.

Then, (41) can be rewritten as

p<-L47. “2)
T
We select the candidate Lyapunov function V; as
1 r
Vo=V + 562 e). 43)

Its time derivative can be derived as
Vz = Vl + eg e
= —eTkier + e[ ez + e [ B+ Nu+ M5 W HX)|

+62TD—e2Td. (44)
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The adaptive NN control law is proposed as

u=N"" [—B — My"WTHX) — pTB — D + éyy — kzez]

(45)
with k> being a design positive parameter.
The updating law of W is designed as
W= Aw[HOO MG — o] (46)

where Aw represents a constant gain matrix, and o denotes
a small positive constant.

Substituting (45) into (44) yields
Vo = —elkie) — el kaer — XM WTH(X)
+e2D+ez<—;+Y). 47)

The candidate Lyapunov function is defined as follows:
o, —15 lor= 1 7
Vi=Vo+4tr EW Ay W +§D D+§'O p. (48)

Invoking (32), (42), (44), and (46), the time derivative of
V3 yields

Vi= Vs +tr{WTAV—V1W} +

IA

—elkier — ejkaer + (5 — p) (_g * )?)

- 1 -
- DT[MD - (E + 0.55T2>12X2}D

—awtr{wTW}+ W2 + 202 (49)
Considering the following facts leads to:
T
e P I 7 I 7
-2 < — — 50
. _ZrezeerZTp P (50)
_ 1 1_
T T 2
p<lpr + L2 (52)
pY < 2/) pt5
—owtrf W} < —ZLIWIE + W (s3)

Substituting (50)—(53) into (49), we obtam

. 1/1
V3 < —elkie) — eg[kz - 5(_ +12x2)]€2
ow 1 2 ~
(W M ——(1 ET) D
(2 )n - [D 1+ }

1/1 1_ -
- pr(; +12x2)]p + ZXIWP 4+ 3D +

2
< —-aVz+C (54)
where
. 1/1
a=min {2Amin(k1), 2Amin| k2 — 5 ; +hyo )|,
2(07W B %> ! 2
| Mp — - (14 8Y )]
)\mdx(AW 1) mml: b 2
1/1
2)"mm|:_<_ +]2><2)i“ (55)
2\t
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and

o 1._ _
C =Y w2 + =D* + 1~ (56)
2 2
To guarantee a > 0, the parameters ki, k2, T, ow, &, and
Mp are selected as

1/1
Amin(k1) > 0, Amin |:k - E(; +12><2>i| >0
W _ LN 20 | M 1(1 + ’“Tz) 0
—_— = > i - = B >
) g s Amin D )

Amm[l(l +1M>] ~0. (57)
2\t

Theorem 1: Considering the 2-DOF helicopter system
described in (3)-(5) with input saturation, external distur-
bances, and output constraints, the barrier function is given
as (18), the nonlinear DO are designed as (25) and (26), and
the updating law is proposed as (46). Under the adaptive NN
control law (45), the signals of the closed-loop system are
semiglobally uniformly bounded. Moreover, the error signals
er, €2, W, D, and p will converge into the compact sets €2,
Qeys Qs Lo and €2,, respectively, defined by

2, = [er e B¥{lles]l = VN} (58)
2, = [e2 e B¥{lle2)l = VV} (59)
Qp =\ WeR?|W| < (60)
@, = [D e R||D| < VA} 61)
;= {5 e Rl < VN (©2)

where N = 2(V3(0) + (C/a)), and a and C are two positive
constants.
Proof: Multiplying both sides of (54) by ¢ yields
d
E(Vgea’) < Ce™.

Integrating (63), we have

(63)

C C C
Vs < <v3(0) _ ;>ew+ SEHO+S 6

For convenience of analysis, we define N = 2(V3(0) +
(C/a)). Invoking (48), we derive

elTel <N, 62Te2 <N, tr{VVAV_VlW} <N,

D'D <N, p"p <N. (65)
Then
N N
letll < VN, lleall < VN [W] <= | —F—
Amin(A5)
ID| < VN, 1151l < VN. (66)

Therefore, the proof is completed.
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IV. NUMERICAL SIMULATION AND COMPARISONS

To confirm the validity of the proposed control, we conduct
three sets of numerical simulations to study the trajectory
tracking problem of a 2-DOF helicopter system. First, we
impose the output constraints to a prescribed time period
based on different values of T, and Ty, aiming to verify the
effectiveness of the proposed control in addressing the OCIPT
issue. Subsequently, the proposed control is compared with
a control method that approximates uncertainty using fuzzy
logic systems (FLSs) to verify its feasibility. Finally, to further
validate the superiority of the proposed control, it is compared
with the simulation results of the ATVBLF presented in [33].

In the presented simulation, the system’s parameters are set
as follows: T, = 0.0215 kg - m?, Ty, = 0.0237 kg - m?, I, =
0.0025 m, m, = 1.0750 kg, D, = 0.0071 N/V, Dy, = 0.0220
N/V, Ly = 0.0011 N-m/V, Ly = 0.0021 N-m/V, Ly =
—0.0027 N-m/V, and Lzz = 0.0022 N-m/V. Moreover,
the desired trajectory is given by x; = [0.5(tanh(5(r —
Ty)) +tanh(5(t — Ty)))sin(¢) + 0.3cos(t), 0.5(tanh(5(t — 7)) +
tanh(5(¢z — Ty)))cos(?) + 0.3sin(r)]7, and the external distur-
bance is defined as [—0.2sin(0.6¢+0.4), —0.2sin(0.6¢+0.2) +
0.1cos(0.40)]7.

For the proposed adaptive NN control, the variance is
chosen as 16, the initial weights are set as W) = 0, and
25 nodes are allocated for each Hj(X), with centers selected
from the range of [—1,1] x [—1,1] x [—1,1] x [—1, 1] x
[—1,1]x[—1,1] x[—1, 1] x [—1, 1]. Furthermore, the control
parameters are set as Aw = 15[33x32 and ow = 2. The other
parameters are selected as v = 0.01 and E = 1. The design
matrix of the DO is set as Mp = diag[10, 8]. The upper and
lower bounds of the saturation are chosen as upy,x = 24V and
umin = —24V, respectively.

A. Proposed Control With Different Values of Ty and T,

1) Case 1: We set Ty = 10 and T, = 30, implying that
output constraints are imposed between 10 and 30 s after the
system runs for a period, with no constraints at other times. In
addition, the initial system’s conditions are x| = [0.3, —O.S]T
and x» = [0, O]T. The control parameters are designed as k1 =
diag[15, 15], k» = diag[15, 15], and pu; = wy = 0.7. The
constraint boundaries of the system error are Qr; = Qpp =
0.08+0.02sin(¢) and Qg1 = Qg2 = 0.09+0.025sin(¢), and the
upper and lower boundaries of the state variable are Ep; =
Ery» =0.440.02sin(¢) and Eg; = Egp = —0.41 — 0.025sin(¢)
respectively.

The simulation results are shown in Fig. 3. The responses
of ® and W are shown in Fig. 3(a) and (b) respectively. As
expected, the system satisfies constraints within the prescribed
period of 10-30 s, being restricted between state boundaries
Er; and Eg;, while there are no constraints during the
other periods 0-10 s and 30-50 s. It is evident from the
tracking errors in Fig. 3(c) and (d) that the errors eq and eq>
are bounded, and the system can quickly track the desired
trajectory. Furthermore, Fig. 3(e) and (f) illustrates the control
input voltage and input saturation voltage, respectively. It
can be concluded that this control method can still achieve
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Fig. 3.  Control performance for case 1. (a) Tracking response of ©.
(b) Tracking response of W. (c) Trajectory of ejy. (d) Trajectory of ep;.
(e) Input voltages u; and uy. (f) Input saturation voltages S(u) and S(up).

excellent control performance even when subjected to satura-
tion conditions.

2) Case 2: We set Ty = 0 and T\, = 30, indicating that the
output constraints are imposed on the system during the initial
0-30 s, after which these constraints are lifted. In addition,
the initial system’s conditions are x; = [0.24, —O.SS]T and
x2 = [0,0]7. The control parameters are presented as k; =
diag[60, 60], k» = diag[60, 60], and u; = wr = 0.7. The
constraint boundaries are the same as case 1.

The responses of the system are depicted in Fig. 4, where
Fig. 4(a) and (b) illustrates the evolution of attitude angles
tracking. As expected, the system conforms to constraints in
the prescribed 0-30 s, confined within the state boundaries
of Er; and Eg;. Once the system reaches the 30 s mark, the
constraints are removed. Fig. 4(c) and (d) depicts the tracking
error of the attitude angles, suggesting that the errors are
bounded and convergent to a small range centered around
zero in a short period. Fig. 4(e) and (f) shows the input
voltage and input saturation voltage, respectively, concluding
that the system maintains good control effectiveness even
under saturation conditions.

3) Case 3: We set T, = 0 and T, = 0, meaning that the
system remains free from output constraints for all £ > 0. In
addition, the initial system’s conditions are x; = [0.35, 0.07]T
and x, = [0,0]7. The control parameters are presented as
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k; = diag[40, 40], k» = diag[50, 50], and p; = pr = 0.03.
The constraint boundaries are the same as case 1.

The system’s dynamical responses are illustrated in Fig. 5.
Fig. 5(a) and (b) depicts the tracking performance for ®
and W, respectively. As anticipated, the system is unbounded
for all # > 0. An analysis of the evolution of errors depicted in
Fig. 5(c) and (d) indicates that the errors remain bounded and
eventually approach zero. Fig. 5(e) and (f) shows the input
voltage and input saturation voltage, respectively, and it can
be concluded that the system can still maintain satisfactory
control effect under saturation conditions.

Through the simulation results presented above, we can
observe that the proposed control enables a smooth transition
of the system between unrestricted and restricted phases.
Simultaneously, the proposed method successfully expanded
multiple applications (such as cases 1-3) under a unified con-
trol framework by adjusting 7%, Ty, and associated parameters,
effectively solving the OCIPT problem. In addition, it also
ensures satisfactory tracking control and input performance,
thereby verifying the feasibility of the proposed control.

B. Comparison of the Proposed Control and FLS

To validate the feasibility of the proposed control, we
compare the simulation results of case 1 with those obtained
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Comparative results between the case 1 and FLS. (a) Tracking

response of ®. (b) Tracking response of W. (c) Trajectory of ejj.

(d) Trajectory of eq.

using FLS. For ease of comparison, this control employs the
same design parameters as those used in case 1. The simulation
results are illustrated in Fig. 6. Fig. 6(a) and (b) depicts the
tracking performance of ® and W, respectively. Evidently, the
proposed control method can track the desired trajectory better
than the FLS. Fig. 6(c) and (d) represents the trajectory errors
e11 and eq>. The results demonstrate that the proposed method
can consistently achieve smaller errors compared to the FLS.
Therefore, compared with the FLS, the proposed control can
better track the expected trajectory.

C. Comparison of the Proposed Control and the ATVBLF

To verify the superiority of the proposed control method, it
is compared with the control method using the ATVBLF. For
consistency, the same design parameters as in case 1 are used.
The simulation results are presented in Fig. 7. Fig. 7(a) and (b)
illustrates the tracking performance of ® and W, respectively.
The proposed control method demonstrates more satisfactory
tracking performance. Fig. 7(c) and (d) shows the trajectory
errors eq1 and eqp. The results indicate that, compared to the
ATVBLE, the proposed control achieves faster convergence of
the tracking error to a very small range and exhibits smaller
oscillations in the trajectory error. This strongly validates the
superiority of the proposed control.
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Fig. 7. Comparative results between the case 1 and ATVBLF. (a) Tracking

response of ©. (b) Tracking response of W. (c) Trajectory of ejj.
(d) Trajectory of eq3.

V. CONCLUSION

In this study, an adaptive NN control was proposed for
a 2-DOF helicopter system with input saturation, external
disturbances, and output constraints. First, an RBFNN was
used to estimate uncertainties within the helicopter system.
In addition, a DO was used to mitigate the adverse effects
of unknown compound disturbances, including errors in NN
estimation, input saturation, and external disturbances. To
address the OCIPT problem, a new time-shifted function and
an adjusted barrier functions were introduced. Subsequently,
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Lyapunov function stability analysis was used to ensure

the
the

stable performance of the closed-loop system. Finally,
effectiveness of the proposed adaptive NN control was

validated through simulation results. In the future, we will
delve deeper into the input delay and state constraint issues
present in actual helicopter operations, aiming to enhance
flight control performance.
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