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Abstract: In the real-world operation of unmanned helicopters, various state constraints, system
uncertainties and multisource disturbances pose considerable risks to their safe fight. This paper
focuses on anti-disturbance adaptive safety fixed-time control design for the uncertain unmanned
helicopter subject to partial state constraints and multiple disturbances. Firstly, a developed safety
protection algorithm is integrated with the fixed-time stability theory, which assures the tracking
performance and guarantees that the partial states are always constrained within the time-varying
safe range. Then, the compensation mechanism is developed to weaken the adverse impact induced
by the filter errors. Simultaneously, the influence of the multisource disturbances on the system
stability are weakened through the Ito differential equation and high-order disturbance observer.
Further, the fuzzy logic system is constructed to approximate the system uncertainties caused by the
sensor measurement errors and complex aerodynamic characteristics. Stability analysis proves that
the controlled unmanned helicopter is semi-globally fixed-time stable in probability, and the state
errors converge to a desired region of the origin. Finally, simulations are provided to illustrate the
performance of the proposed scheme.

Keywords: unmanned helicopter; safety protection algorithm; fuzzy logic system; fixed-time stability
theory; command filter; high-order disturbance observer

1. Introduction

Due to their simple operation and low price, unmanned autonomous helicopters
(UAHSs) have been widely used in many fields in recent decades, such as the military [1],
agriculture [2] and logistics [3]. With the increasing attention, the shortcomings of un-
manned helicopters, such as uncertainties, multiple disturbances and high nonlinearity,
their security controls have received a lot of attention [4-6]. In addition, UAHs usually use
a variety of sensors, such as Global Positioning System (GPS), Inertial Measurement Unit
(IMU), air pressure sensors, etc., so they have strong coupling characteristics. For example,
changes in sensor data will direcly affect changes in various states of the UAHSs. In addition,
there is coupling between the communication system and the data processing unit, the load
and power system, and the thermal management system and the power system. To this
end, many nonlinear control methods have been proposed. In [7], the authors employed
the feedback linearization technique to a laboratory helicopter system, which reduces the
conservativeness of the robust compensator design. Based on the adaptive backstepping
technique, the authors developed the output-feedback baseline controller for helicopters
in [8], where the adaptive control technique improves the shock absorption capability of
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the controller. Subsequently, because the backstepping technique can through repeated
iteration and adjustment make the controller have a more superior performance, it is em-
ployed by the majority of scholars for unmanned helicopter control, such as in [5,9-11].
In order to reduce the controller computational burden in the backstepping technique
due to iteration, the dynamic surface control (DSC) scheme was adopted [12]. However,
if the new filtering error obtained by the DSC method cannot be compensated, the system
performance will be reduced. Fortunately, the command-filtered backstepping control
(CFBC) scheme can solve the problem above by using a compensating signal to compensate
for the filtering error [13]. Since then, the CFBC and many advanced control methods are
used in unmanned helicopter systems [14,15]; for example, in [14], the authors employed
the CFBC-based fault-tolerant control strategy for drone interceptors. It can be observed
that the works above can only control the unmanned helicopter under ideal conditions.
However, UAHs have always suffered with system uncertainties and disturbances when
flying because of their special rigid structure and complex working environments; if these
situations are not considered when designing the controller, the control performance will
be reduced or even ineffective.

Given that the nonlinear functions can be approximated well by the fuzzy logic
system (FLS), the FLS control scheme has been applied for uncertain systems [16-21].
In [17], a proportional-integral-derivative (PID)-based adaptive fuzzy control algorithm
was developed for a UAH with system uncertainties, and the simulation shows that
the proposed controller method has a better effect on the system uncertainties. In [19],
based on Takagi-Sugeno FLS, an event-triggering controller is designed for the system
with DoS attack. The authors in [20] proposed a fuzzy wavelet neural adaptive control
scheme for a quadrotor UAV; the simulation represented the control performance of the
proposed control approach. The authors in [21] applied FLS to an unmanned aerial vehicle
formation system to solve the system uncertainties existing in the system. In addition to the
system uncertainties caused by complex dynamic models, the external disturbances often
occur during unmanned helicopter operations [22]. The authors estimate the maximum
value of the disturbance and convert it into a constant using inequality to eliminate it
in [23]. Then, in order to eliminate the effect of real-time disturbances on the system better,
the corresponding disturbance observer was employed [24-26]. In [24], to estimate the
unknown disturbances, the authors investigated the disturbance observer (DO). However,
the random disturbances in the unmanned helicopter system, caused by internal noise
and sensor measurement errors, are not mentioned. Because of its randomness, disorder
and rapid change on a small scale, the general disturbance observer can not deal with
random disturbances well. To this end, the authors in [27] developed the extended state
observer to approximate the random disturbances of the second-order stochastic multiagent
systems. Furthermore, It6 differential equation is composed of partial differential equations
with random terms, so it can deal with random disturbances contained in the system [28,29].
In [29], the authors suggested the It0 differential equation to solve the random disturbances
for a class of nonlinear stochastic Poisson signal systems.

It is worth noting that the works above solve the stability problem of an unmanned
helicopter when there is system uncertainty, external disturbances and random distur-
bances. However, due to the complex working environments, the state constraint of UAHs
is also a topic worth studying. For the problem of dealing with constraints, scholars have
proposed many methods. For example, the model predictive control (MPC) [30,31], refer-
ence governor approach [32,33], barrier Lyapunov function (BLF) [34,35], the prescribed
performance function (PPC) [36-38] and so on. In [30], based on the Hammerstein model,
the authors developed the MPC method for unmanned aerial vehicles, which allows the
unmanned autonomous vehicles (UAVs) to track the target accurately. The authors in [33]
utilized the reference governor approach for the affine systems. The BLF was utilized
in [34] to constrain the output of the UAH. The PPC technique was employed in [38]
for the 3-degree-of-freedom helicopters, which can constrain the error within the safe
range. However, the MPC and reference governor approaches rely on system models,
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and unmanned helicopter models are highly complex, making it difficult to create accurate
mathematical models. BLF and PPC constrain the state by constraining the state error,
which depends on “feasibility conditions”, but the feasibility conditions are often difficult to
obtain. The proposal of the safety protection algorithm (SPA) solves the problem above [39],
which can obtain real-time boundary constraints through airborne sensors, and combined
with a preset expectation signals, generate a new safety expectation signals. However,
the methods above all use the general asymptotic stability method, the system may take a
long time to reach stability, and UAHs have high requirements for speed and accuracy.

The fixed-time stability theory can make the system settling time independent of the
initial state of the system [40,41], so it has been studied by most scholars. In the last decade,
the fixed-time stability theory and other mainstream methods have been combined for use
in various systems. In [42], the fixed-time stability theory was combined with the adaptive
control method for a class nonlinear systems. The authors in [43] combined the fixed-time
theory and DO to form a fixed-time disturbance observer, which guarantees that all states
and disturbance converge to the desired ranges in fixed time. In [44], the sliding mode
control-based fixed-time controller was developed, which improves the resource utilization,
robustness and response speed of the system. In [45], inspired by the Itd Lemma, the authors
developed a novel fixed-time stability criterion for the stochastic pure-feedback system.

Inspired by the works above, this paper investigates the adaptive safety fixed-time
tracking control scheme with a high-order disturbance observer (HODO) for the uncer-
tain unmanned helicopter suffering multisource disturbances and external disturbances.
The following are the chief contributions of this paper:

* In order to keep partial states of the unmanned helicopter system within the time-
varying safety boundary, the desired safety signals are constructed by SPA, which
avoids the disadvantages of traditional BLF and PPC, indirectly constrains the state
through constraint state errors and eliminates the assumption of feasibility conditions.
In addition, second-order DSC is used to make the desired safety signals continu-
ously differentiable.

e Compared with asymptotic stability control and finite-time stability theory, the fixed-
time stability theory ensures that the controlled unmanned helicopter system is semi-
globally fixed-time stable in probability, and the convergence time of the system only
depends on the devised parameters. Moreover, the compensation mechanism is em-
ployed to improve the tracking performance and robustness of the controller system.

¢ Unlike from the existing DO and FTDO in [43], the developed HODO provides an
unbiased estimate of the reciprocal of the external disturbances, which realizes the
precise control and compensation of the external disturbances. In addition, FLS and
the It differential equation are employed to handle the system uncertainties and
random disturbances.

The structure of this paper is as follows: Section 2 outlines the necessary preparations.
Section 3 presents the control strategy. Section 4 discusses the primary stability analysis.
Section 5 shows the simulation results, and Section 6 concludes the paper.

2. Necessary Preparation

In this section, the dynamic model of a UAH is provided, along with some of the
necessary problem formulation, Lemmas and Assumptions.

2.1. Modeling of the UAH

In order to make the research object more clear, the schematic diagram of the UAH
system is provided in Figure 1.

According to the aerodynamics and flight dynamics, the dynamics of 6-DOF UAH can
be expressed as [5].
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Figure 1. Schematic diagram of the UAH system.

dP = Vit

AV = (Z1/m+ G+ Afy +dy)dt + Gydw

dQ) = Hydt

dp = (=] X Ju+ Afy + ] 159 + da)dt + Gpdw,

where P = [X,Y,Z]",V = [u,0,w]",Q = [¢,6,¢]"andu = [p,q,7]" denote the position
vector, velocity vector, attitude angle vector and angular velocity vector of the unmanned
helicopter, respectively. m represents the mass of the unmanned helicopter. X1 = RFy
with Fy = [0,0, = Ty]T, %2 = [Zx,Zy,Z7]T. G = [0,0,4]" with g is the gravity ac-
celeration, Ty, %x, Xy, Xz stands for the inputs. R € R3x3 represents the coordinate
transformation matrix [5] and H € R3*3 stands for the attitude kinematic matrix [11].
J = diag{Jxx, Ty, J2z} is the inertia matrix. Afy € R3,A fu € R3 are the system uncertain-
ties, d; € R and dp, € R3 represent the external disturbances. Gy, G, are known functions.

In order to better demonstrate the dynamic characteristics of an unmanned helicopter
system, (1) can be divided into the position loop

dP = Vdt
(2)
av = (Zl/m +G+Afy + dl)dt + Gydw,
and the attitude loop
dQ) = Hudt
1 ®)
dpu = (=Fu+Afy + ] ' +do)dt + Gydw,

where F, = Ju X Ju.

2.2. Problem Formulation

The stochastic nonlinear system can be expressed as

h(t) = F(h)dt + G dw,h(0) = hy, (4)
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where i € R", F(h) : R" — R" and G(h) : R" — R"*™ are the state and smooth functions.
w is r-dimension Brownian motion. For system (1), it has W (%, t) € C2! and the differential
operator L is defined as

oW oW . 1 *W
LW =—— + —f+-tr{ GT——G }. 5
at Tan/ T2 r{ % } ©)
Lemma 1 ([42]). For any variables 31,3y € R, I3 > 0,34 > 0,5 > 0, one has
x x C\\S‘g, . 34 %3 L Cx
|33, |54 < 23 S3+54 e S, |3+ 6
1173 S2[ < S5+ 3y 5131 + ERRE %4|\fz| (6)

Lemma 2 ([44]). Consider the FLS as follows:
Rule: If hiy is X, nd hip is NS - Ty i N},
Thenyis p',i=1,2,--- ,k

where h = [hy,hp, -+ ,hy)T and y represent the input and output of the FLS, respectively. Nj-

and p'(i =1,2,--- ,k,j =1,2,--- ,n) denote the fuzzy sets corresponding to fuzzy membership
function aN;; and a ;, respectively. k is the number of rules. Through a series of operations, FLS can

be written as

i 0T “N;i(hj)

y= )
Z?:l [H;lzl A (hj)}
where j; = rynea% ai(y).
The fuzzy basis function is defined as
[Ty ayi (7))
ki = p - ,i=1,2,---,k (8)
Li-1 [ o1 g (hj)]
Then the FLS can be represented as
f(h) = &'3(n) ©)

where & = [§1,72, -+, §x) T and E1(h) = [Ea(h), -, Ex(h)]T are the adjustable parameter
vector and fuzzy basis function vector, respectively.
Further, Lemma 2 can be redefined as follows:
If there is a known function f(h) defined on a compact A, then FLS can approximate it
as follows:
f(h) = @"E(h) + o, (10)

where o* is the approximate error.
Lemma 3 ([42]). For (1), there exist some constants K > 0,0 <7 <1,L >0,{>1,0< M <

0,0 < p <1, such that
W(h) < —KW/(h) — LW (h) + M, (11)

then, (4) means a semi-globally fixed-time state in probability. The settling time is estimated as

Lo,
Ko(1—j)  Lp(t—1)

T < Tmax : (12)
Lemma 4 ([43]). There exist some constants satisfying 0 < j < 1, > 1,m; € R, then one
can obtain (my + my + -+ +my) < m) +mh +7+mly, 01 (my+my+ -+ my)t <
my 4+ mb + - -+ mb,.
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Assumption 1 ([5]). The external disturbances dq,dp and dy, do are bounded.
Assumption 2 ([5]). The desired signals and their 1- and 2-order derivatives are bounded.

Assumption 3 ([5]). All states of the UAH system (1) are measurable.

3. Controller Design

In this section, the safety trajectory vectors P, = [X,, Y, Z)5,Qp = [¢r, 0, ¢,]T are
designed through the SPA. The adaptive safety fixed-time anti-disturbance controller is
designed with the backstepping technique. The control diagram is provided in Figure 2,
and the variables contained therein will be introduced later.

L=t P
Z
Second-

®

” Position Inverse
order DSC controller solution
P z, A
Virtual a, —4 Position loop ‘
SPA
controller f
A

Time-varying constraints
‘ Ito differential equation-based HODO External disturbances
‘ adaptive fuzzy control scheme Random disturbances
 / System uncertainties

Virtual F’" Command ,‘ +
controller filter 1
- —4 Attitude loop ‘
# i v
Compensation

Attitude ?

controller

Figure 2. Control diagram of this paper.

3.1. Desired Safety Trajectory Generation

In order to obtain the expected safety signal, based on the SPA, take the X-axis, and
for example, define X, and Xy, as the upper and lower bounds of the smooth safe
boundaries, then the generation steps of X; are as follows:

Casel: X; > Xup — €x:

X = xi) €,

CaseII: X; < Xjpw +€x°

X0 = x4

- “low X

lo

Case IT: X\ 4 ¢l7) < x,; < x{) — &)

wherer = 1,2. ex = hx(Xup — Xjo) represents the time-varying margin with 1 € (0,0.5).
Therefore, YC(T), zﬁ*) and ¢£’), 957), 1/)?) can be obtained by the same process.
Remark 1. For the common BLF

k2

where z = x — x4 with x and x4 are the state and desired signal, k is the constraint of z. This
method of constraint converts the original state constraint into new bounds of the tracking error.
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This approach has a disadvantage; that is, when the difference between the error and the constraint
condition is small, a larger control force is needed to adjust the performance of system. The biggest
difference between the SPA and BLF constraints used in this article is that SPA can evaluate the
expected signal in advance and then compare it with the original expected signal to generate a new
expected safety signal, and use the constrained desired safety trajectory to design the controller.
Therefore, there is no need to constrain the state error, and the input cannot be too large beyond the
safe range of the system. In addition, the time-varying safety margin € is considered in this paper,
which further improves the safety performance of the system.

However, the generated segmented safety expectation signal cannot be directly differentiated.

In order to be able to use the backstepping technique, a second-order DSC is used to convert the
T T
r

segmented (. into a continuously reversible (. Define 6; = Zr, g]T with y and r; as the estimates
of T and {, respectively. Then, the second-order DSC can be represented as
5@ = A05§ + Bolc, (14)
where (. and  are the input and output of the second-order DSC, respectively.
—01 0 -0y
AO = , BO = [ ‘| 7

Then, a theorem is given as follows:

Theorem 1. Let (. pass through the second-order DSC (14), then the generated trajectory { is
smooth and differentiable.

Proof. Defining gg = [Zr,?]T with Zr =, — ¢, 7=71— ", onehas
gg = Aggg + Ng, (15)

where N; = [03, {].
Select the Lyapunov as

W, = 6} P;o;. (16)
Taking the derivative of (16), one can obtain
A ST AT N ST
5TH 5 5T
Invoking Lemma 1, one has
257 P;N; < 6} P2og + |INg||*. (18)
Substituting (18) into (17) yields
We < =07 (Qg — P2)o; +20; PN
= —aggnggg + Mg, (19)

where a; = Apin(Q7 — Pg)/)\minujé)/Mé = ||INg||
Integration of (19) yields

M M M
0<W; < TC + [Wg(o) - 5}e”¢f < W;(0) + =t (20)
4
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From (16), one has

[Ty =Tl < 112l < /2(Wr(0) + Mr/ar), 1)

where' € {X,Y,Z,$,0,9}.

It can be shown that by selecting suitable upper and lower bounds, designing parame-
ters ar, er and passing through the second-order DSC, the real-time constrained desired
signals can be obtained, where ar, er satisfy the following conditions:

ar >0
er > \/z(wé(O) + Mq/ar).
This concludes the proof. O

3.2. Design of the Command Filter

The tracking errors are provided as

zZ1 = P — 51, (22)
2 =V =0, (23)
Z3 = Q- 53, (24)
Zy = U — by, (25)

where 61, 03, 03 and J, stand for the outputs of command filter, which are constructed as

o1 =T
(26)
m = =2y —T1(61 — ),

oy =T

(27)
12 = —2vaTo10 — (0 — 1),
03 =T33

(28)
173 = —2u3T3113 — [3(d3 — Vy),
oy = Tans

(29)
s = —2v4T4ns — T4 (04 — a3),

where 7;, (i = 1,2,3,4) are auxiliary variables of the command filter, and &y, a, are the
virtual controller to be designed later. I'; € R3x3, (i =1,2,3,4) stands for the design matrix,
and v; € (0,1], (i = 1,2,3,4) are design parameters. In addition, é;(0) = P»(0),5,(0) =
0(2(0), 53(0) = Vr(O),§4(O) = 0(4(0) 171‘(0) = 03.

To eliminate the effect of filtering errors, the compensations mechanisms are defined as

er = z1 — 01, (30)
er = 2o — 02, (31)
e3 = z3 — P3, (32)

€4 = Z4 — P4, (33)
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where p1, p2, 03, p4 are compensation functions and designed as follows:
P1 = p2+ 0 — a1 — ko, 1
p2 = —kp,02
(34)

03 = Hps + Hoy — ap — kp3p3
P4 = —kp,p4,
where ko1, ko2, kp3, kps are positive design parameters.

3.3. HODO-Based Adaptive Safety Fixed-Time Tracking Controller Design

To handle the impact of Afy and Af,, on the system, the FLS is utilized, as follows:

T
AlAfV =0y &1 + U'T,
and

MDA fw = ‘DEEZ + 03,

(35)

(36)

where A; = AZ.T € R3%3, (i = 1,2) are design matrices, and o7, 0 are estimate errors.

Then (2) and (3) can be rewritten as

dP = Vit
dV = (Z1/m+ G + A{'@] 2y + Dy)dt + Gydw,

and

dQ) = Hydt
dp = (=Fy + A, '@ 5y + Dy + [ ' Es)dt + Gudew,

where D; = d; + Alo?, (i = 1,2)

i

Step 1: By invoking (22), (23), (26), (30), (31) and (34), one has
dey = (2 + ko, 01 — 01 + ap)dt.
Select the Lyapunov function as

1
W1 = 1 (6{61)2.

Take the derivative of V;, and utilizing (39) produces
LWy =ef Ay (e + ko, 01 — b1 + a1),

where A; = diag{e?;; e3,; €3}
Invoking Lemma 1, one can obtain

3 1
e?Alez < 76¥A1€1 + ZlegAzez,

where A, = diag{e;; €3,; €3, }.
Substituting (39) into (41) yields

. 3 1
LW, Se;rA1(kp1p1 — 01+ 161 +ap)+ 16514262,

(37)

(38)

(39)

(40)

(41)

(42)

(43)
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Choose the virtual controller as
wyp = —hnA?_lel — hpA¥ ey + 4
—%AlAfzel — 2@1 — kp1P1, (44)
where h;; € 1373 = 0,hp € B33 = 0,(i = 1,2, 3,4) are design matrices.
Substituting (46) into (44), one yields
LW =— e¥h11A$]7161 — e{hle%Zflel
+ %LegAzez + %012. (45)
Step 2: Taking the derivative of (31) yields
dey = (Z1/m+ G+ A '@] By + Dy — 8 + koypp2)dt + Gydw. (46)

In order to approximate the compound disturbance D;, the HODO is constructed as

Dy =511 +knn Xy,
1 = —kn (% +G+Dy +A1’1(D1T51) + Dy,
Dy = 112 + k12Xy,

12 = —k1z(% +G+ Dy +A1’1colT.El) + Dy,

A (r—1
DY =i+ kX,

e = —ki (32 4+ G+ D1 + A0l &),

where Dy € ®3,D; € R3,..., Dy_l) € R3 are the estimates of Dy, Dy, ...

(47)

. Wiy €

R3 are auxiliary variables, ki, € R3%3 0 are design matrices and X; = %y /m + G +

A'@l By + Dy

o T AT ST N—I\T1T it DS s s
Defining Dy = [D;,Dy,..., (D] ")']" with D} = D] = Dj,(s = 1,2, - -

one can obtain - _
D = K1D; + Dj + K{®] &5,
where K = diag{kq1;k12;-- -, k1, },

0 ky I - 0 0]
0 kip 03 Iz --- O3

D; = , Ky =
| D7 | ki, 03 03 --- 0]

,r—1), then

(48)

and Kj is a Hurwitz matrix. Thus, by choosing approximate design positive definite

matrices P; = PlT € NI *3 one can obtain
KiP, + PKy = —Qy,

where Q1 = Q € R,

(49)
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The Lyapunov function is constructed as

1 ~T = 1 -
Wo = *(3532)2 + D, PD; + —tr(@1001), (50)
4 2’)’1

where 7; > 0, (i = 1,2) are design constants and @; = @; — @; and ®; are the estimate
errors and estimates of @;, (i = 1,2).
Taking the derivative of W, produces

LW, <e3 Ax(E1/m + G + AT @] Zy + D1 — &3 + kp,02)

3 1 ~T A =T N
+ EegeZG%V — Ttr(a{{wl) + 2D, P, D;
1

~T = ~T
+ Dy (K{ P, + P1K1)Dy + 2D, P K} ®1 55, (51)

Invoking Lemma 1, one can obtain

2D, P,D} < Dy P2Dy + | |13, (52)
geEeZG€GV < ZEEA2€2| Gy l[* + Z (53)
2D, PIKi @&} < 83D |2 + |||, (54
where |[Py[[ - [[K[[ - |[Z7]| < &
Substituting (52)—(54) into (51) yields
LW; <e3 Ar(Z1/m + G+ A '@] By + Dy — 8 + kp,p2
+36allGy 1Y) = tr(@ldn) + D | + |1
+ Dy (TP, + PiKy + P2 + 6215,) Dy + 2, (55)
The adaptive law and actual controller are given as
Or =mE1 ApAT = L1y, (56)
Y= m(—hzu“?_lez — o AY ey + 8, — kp,00 — iez
~G—A'@1E — Dy - %Azez - ZezHGV\ ), (57)

where &; > 0, (i = 1,2) are design constants.
Substituting (56) into (55) yields

LW, <ed Ay(—hpn AY ey — hpp A2 ey + 6y — kpyp00 — iez —G-A{'oE - Dy
- %Azez - Z€2||GV||4 + G+ A @ By 4 Dy — 8y + kpyp2 + Z€2| IGy|[*)
- %tr(@f(WlElegAZAfl — §101)) + [|DF [ + [|1]* + f)f(KlTPl
+PiKy + P2 + 921;,) Dy + Z
1

_ . ~ 1
= — eghﬂA? 162 — eghzy‘\%é_]ez + atr(@r{(@l) + egAz (Azez + Dq — 4€2>

3 ~T ~
+ D 11* + it ||®1]|* + Dy (K{ Py + P1K; + P} + 9315,) D;. (58)
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1 oo o
fDlTDl. Then, (58) can be rewritten as

1
~elAZey + 5

Utilizing Lemma 1 yields e;rAz D; < >

LWy = — €2h21A -1 ey — €§h21A%Z 182 + e A2 <—A2A2 e

¢1 3
A2€2+D1—4€2) %tr( )‘f‘HDTHZ‘FZ
2, BT 1 2, g2 =
+ ||®1]]* + Dy (K Py + P1Ky + P; + 8713 + G1)Ds. (59)

1
where G| = diag{§I3 :03;---,03} € R3Ix3r,
To determine Ty, ¢ and 6, from £ = RFy € R3 = [Z11, Z15, Z13]7, one has:

0, = arctan[(X17 cos Py + Lqpsin ;) / Zq3)
¢4 = arctan[cos 07(X11 sin Py — X1p cos Pz) / X13] (60)
Tnr = —213/ (cos ¢z cos6y).
Step 3: Considering (24) and (25), (30) and (31) obtains
des = (Heyq — 03 + a + ko, p3)dt. (61)

The Lyapunov function is designed as

1
W5 = ZL(e§e3)2. (62)
Invoking (71) and (72) produces
LW; <el As(Heq — 83 + ag + ko, 03), (63)
where Az = diag{es1; es2; €33}
Invoking Lemma 1, one can obtain
1t
€§A3H€4 < Z€§A3H463 + 4€4A4€4, (64)
where A4 = diag{641; €47, 6’43}.
By employing (73)—-(76), one yields
T : 3. 4 1
LW3 <ezAz(—d3+ kosp3 + a2 + ZH e3) + 164 Agey. (65)
Choose the virtual controller as
251 _ . 3
Ky = —]’l31A3] e3 — hngée 163 + (53 — kp3p3 — ZH4€3. (66)

Substituting (80) into (78) yields

LW3 §6§A3(—53 + kp3p3 + —h31A§]_163 — h32A2K_1€3 + 53

3 3 1t
— kp3p3 — 7H4€3 + ZH4€3) + e4 A4€4

1
=—e h31A 2= 83 —e3 I’lngN 163 + —ey A4€4 (67)

4
Step 4: According to (3), (25) and (31), one can be obtain

deg = (—Fu+ Ay @) By + ] 155 + Dy — 8y + ko, p4)dt. (68)
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In order to approximate the external disturbances D,, the HODO is constructed as
Dy = +kn Xy,

i1 = —kat (<F + 7152 + D + A7 @1 3, ) + Dy,

Dy =1 + knXa,

2 = —ka (*Py + ] 1%+ Dy + Az_la)gEz) + Do, (69)

A(r—1
Dg ) =1+ kor X,

oy = —kor (_Fy + ]7122 + Dz + Agla)gﬂz),

where D, € R3,D, € R3, ..., Dg_l) € R3 are the estimates of D5, Dy, .. ., Dér_l). oy € N3
are auxiliary variables, ky, € R3%3 — 0 are design matrices and X, = —F, + J71%, +
Ay @l By + Ds.
Defining D, = [DJ, 15; o, (DY T with Dy = DS — D5, (s = 1,2,- -+, — 1), then
one can obtain B
Dy = KyD; + D; 4+ K3 @153, (70)

where K3 = diag{koi; koo; - - -, k2r },

[0 hkoy I3 -+ 0 0]
0 ko 03 Iz --- 03

D; = , K2 - ’
LD ] | koy 03 03 -+ 0]

and Kj is a Hurwitz matrix. Thus, there are positive definite matrices P, = Pg € R3rx3r,
and one can obtain

K3P, + PKp = —Qy, (71)

where Q, = Qg € R is a positive definite matrix.
The Lyapunov function is constructed as

1 ~T =~ 1 o o~
Wy = —(ekes)? + Dy PoDo + ——tr(@r@). (72)
4 272

Taking the derivative of W yields

LWy <eyAy(—Fy+ Ay @) By + Dy — b4 + ko, p4)

3 1 s ~T
+ EegengGH - Etr(a)ng) +2D,P,D;

~T T ~ ~T g

Employing Lemma 1, one can obtain
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~T ~T =
2D, P,D; < D,PZD, + ||D;%, (74)
31, AT 31 4,3
§€4€4G;‘GF < 1€4A4E4||GP¢|| + 1/ (75)
=T =
2D, PK3 @3 55 < 83| Da* + | |22, (76)
where |[Pof| - [|K3 [ - [|Z3]] < B>
Then, (73) can be rewritten as
LW <efAy(—Fu+ "% + A7 '@} 2 + Dy = by + Ky 4
3 1 s ~
+ 3l GyII*) — ux(@fda) + |ID31 + 1821
Y2
~T ~ 3
+ D, (K3Py 4 P,Ky 4 P2 + 8313,) Dy + e (77)
Select the adaptive law and actual controller as
@2 = 12Ere  AsAy ' — Trddy, (78)
_ 21—1 _ .
Xp =] 1 (—h41A4] e4 — h42Ai£ 164 + 04 — kp4p4 + FP‘
1 N 3 4
*164 — Ay @0y Ey — Dy — §A4€4 — E€4||G;l|| . (79)
Substituting (78) and (79) into (77) yields
2j—-1 - :
LW, SE:{A;;(—FP - h41A4] eq — h42AZE 164 + 04 — kp4p4 + Fﬂ
1 AT N 3 _ -
— 16’4 — A2 1(@%.52 — Dy — §A4€4 — 164||GI4H4 +A2 1(ngz
. 3 1. - _ R
+ D2 — 04 +kpypa + ea Gpll*) — %tr(wE(wazeZAmz L= &)
~ ~T ~ 3
+ D312 + ||| [* + D2 (K3 Py + PoKa + PF + 9313r) Dy + 5
T A Ve T A2 4 S2 (0T Ta, (A 5,1
— a1 Ay ey —ejhy Ay e + ryztr(c’a2c’02) + ey Ay 44 + Do 464
3 =T ~
+ID311% + 5 + ||@2]* + Dy (K3 P2 + PKp + P3 + 8315,) Dy, (80)

_ 1 1 oo o
Utilizing Lemma 1 yields e4TA4 D, < Ee{Aiq + EDE D,. Then, (80) can be rewritten as

271 - 1 —
LWy = —efhpn Ay ey —ejhy AY ey + ] Ay <—2A4A2 %y

~ 1 . 3
Agey + Dy — 64) + étr(wg‘@) +[|D3|*+ =
4 Y2 4
~T ~
+||®@2|[* + Dy (K3 Pa + PKa + P§ + 0313, + G2) Dy. (81)

where G, = diag{%l3 :03;---,03} € RBO7,

4. Stability Analysis

This section provides the following theorem to perform the effectiveness of the controller.
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Theorem 2. For the uncertain UAH system with random disturbances and external disturbances.
If the second-order DSC is selected as (14), the virtual controller and actual controller are selected
as (44), (567), (66) and (79), the adaptive laws are constructed as (56) and (78), the command
filters are provided as (14), (26)—(29) and the HODOs are designed as (47) and (69), then based
on the SPA, the proposed control scheme ensures that all states of the unmanned helicopter are
semi-globally fixed-time stable in probability. In addition, the convergence time only depends on the
designed parameters.

Proof. Defining W = Z?:l W;, one has

4 4 2

T 2-1, T p20-1, 1 T

LW < —m 2 e]- A]. ej —a E 1e]- A]. ej +a 2 1 ,thr(a)]- @;)
: j= j=

—m Z 24 My, (82)

where a1 = min{Amin(j1), Amin (h2), (j = 1,2,3,4). &j, Amin(K[P; + PiKj + P? + 8713 +

Gj)/ (Amax(P)))?, (j = 1,2)} My = T4 (|ID] | + |12 ) +3/2.
Employmg Lemma 1, one can obtain

cO]) (83)

]

. 1 1
tr(@] @) < ﬁtr(w @;) — Etr(w]

Then, (82) can be rewritten as

4 4 2
T 421-1 T A20-1,. 1 oD,
LW < —a 2 e]-A]. ej —ay E e]-Aj ej — 2 7],“7(‘0]“”1)

J': j=1 j=1
. 1 T
where a; = min{a;, Eal},Mz My + Z] 1 2tr((o @;).
Employing Lemma 4 yields
d oo Lor oY
_a2];ej Aj ej < —47a2<4(ej ej) ) , (85)
4 1 l
—ap Y e]TBfA]zZ_lej < —41121 g, <4(e]-Tej)2) : (86)
j=1

Invoking (84)—(86) yields

LW < — a3 Z( g e])2>f o i(i@?eﬂzy

j=1

j=1 r)/j j=1

2 1 T 4 2 ~T =2 ]
+a3(2 2‘tr(cocho]-)) +a3<z D; Pij> ) (87)
=
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where a3 = min{a, /2, 45,4120~ g,}.
Employing Lemma 1, one can obtain

=T = L B B
a3<DjPJD> <a3(1—))77 + ) (D; PiDj)?,

»—n‘\
_|_
7]
N

2 4 ]
@(Z Ttr(wf ])> <az(1—j)™

j=147j

Invoking (88) and (89), (87) can be rewritten as

1or o) 1o o)

LW < —a3 1(6]-6]') — a3 i(eje]-)
=T

j

—a32—trwa) —a3ZD ]D] + M;

2 1 AT ~ 4 2 ~T =~ 4
j=1<1]
where M3 = M, + 2a3(1 — t)tﬁ.
=T ~
Assuming (D; PiDj)* <1land tr(cD]TcDj) < 27;, then one can obtain

l l
~T ~ 4 1 T
a3<.2 Dj P]‘D]‘> @,(Z Mtr(@?(@ﬂ)

j=1 7]

4 ] 2 ]
1 ~T  ~
j=1 j j=1
=KV —LV' + M.
where K = a3, L = 3'fa3, M = M;.
The proof is concluded. [

5. Simulation

(88)

(89)

(90)

1)

(92)

(93)

Some necessary parameters are provided, including the following: assume that the
unmanned helicopter has 10% uncertainties. The random disturbance coefficient matrices

and external disturbance are provided as follows:
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0.03Yyp [ 0.01uw
Gy = | 0.1cos(0.3y) |, Gy = 0 ’
0.006sin(0.62) 0.02sin(0.1w)
i 1.6c0s(0.1t — 2) i 10sin(0.1t)
d = 0.5sin(0.1t + 0.3) , dy = 5sin(0.1t + 0.3)
| 0.4c0s(0.3t) + 0.1cos(0.1t) | 4c0s(0.3t) + 1cos(0.1t)

Table 1 provides the necessary parameters.

Table 1. Fuselage parameters.

Symbol Value Unit
g 9.8 m/s2
m 800.0 kg
Ux, Ty, Jz) (358.4,777.9,601.4) kg - m?

The desired parameters are provided as j = 0.8,/ = 1.1,h;; = 0.1diag{1;1;1},
hip = 4diag{1;1;1},hy; = 0.01diag{1;1;1},hyy = 1diag{1;1;1},h3; = 0.1diag{1;1;1},
hs, = 16diag{1;1;1},hy = 0.01diag{1;1;1},hyp = 6diag{1;1;1},07 = 1diag{1;1;1},
o, = 0.1diag{1;1;1},T; = 5diag{1;1;1},I, = 0.3diag{1;1;1},I'3 = 1diag{1;1;1},
Iy = 0.1diag{1;1;1},kp, = ko, = kp, = kp, = 2diag{1;1;1}, Ay = Ay = 3diag{1;1;1},
ki1 = kip = 2diag{1;1;1},kyy = 1.5diag{1;1;1},kypp = 4diag{1;1;1},71 = 1,72 = 6,
G1=3C=111=051rn=v3=1and vy =0.2.

For FLS used in this paper, choose the number of rules k = 11, and the fuzzy member
functions are chosen as

. —(h; — 12+ 2i) .

H-exp(m2 ,Jj=12,,...,6 (94)
B —(h; —36+2i)\ .

H—exp(w ,j=78,,...,12 (95)

wherei = 1, 2, . 11.[h1,h2, h3, Fl4, 715, hé, h7, hg, hg, th/ hll, h12, ]T = [X, Y, Z, u,o,w, (P, 9,
¥,p.q1"

The initial conditions, desired signals and state constraints are provided in Table 2.

According to the information above, the following figures illustrate the performance
of the control scheme.

Figures 3-10 are the state tracking responses of the UAH under the system uncertain-
ties and multisource disturbances, Figures 3-10 correspond to the position, velocity, angle
and angular velocity tracking curves of the UAH, respectively. It can be observed from
Figures 3 and 7-9 that the position P and attitude (2 of the UAH system are restricted within
the time-varying security boundaries, and because of the time-varying margins, P and Q)
always maintain a certain range with the security boundaries, which further improves the
security of UAH. In addition, the velocity and angular velocity of the UAH system can
track the desired signals accurately and quickly, which also meets the requirements of the
actual system for fast, accurate and stable.
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Table 2. Parameters of simulation.

Symbol Value Unit
X4 8 + 3c0s(0.1¢ 4 0.1) + 4sin (0.2t 4 0.8) m
Yy 4c0s(0.01f + 1) + 8sin(0.06t) m
Z —12 — 10c0s(0.1¢ + 2) — 2sin(0.05¢) m
Pa 0 deg
Xup 14 + 1sin(0.1¢) m

Xiow 3+ 0.6c0s(0.02t) — 1sin(0.2t) m
Yup 9 —1.2c0s(0.1¢) m
Yiow —7 + 1sin(0.06¢) m
Zy -2 m
ZloZ) —22 + 1c0s(0.7t) m
Pup 115 + 1.15sin(0.1¢) deg
Prow —11.5 — 5.7c0s(0.06t) deg
Oup 114.6 — 11.5c0s(0.08t + 0.2) deg
010w 45.8 deg
Pup 17.2 deg
Yiow -17.2 deg

0 20 40 60 80 100 120 140 160 180

Figure 4. Tracking performance of Y-axis.
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Figure 11 stands for the inputs of the system, where, Ty, £x, Zx and X represent the
main rotor pull, yaw moment, pitching moment and rolling moment of UAH, respectively.
They work together to realize various maneuvers of the UAH in three-dimensional space.
In addition, it can be observed that although there are large vibrations in the T = 0 s, they
can quickly reach stability, and meet the output range of the actual system.

) x10% 5 %108
—~ 2
—~~ 1 E 1
= l—d.l_,bq_,-,.,,)\l_,b«gr .
~— | 1 1 1 1
< Z 0T r—t ll
& o rE
AN
2
-1 L 3 L L L
0 50 100 150 0 50 100 150
Time (s) Time (s)
6 x10° ‘ ] x10°
— 4 ~—
g 0.5
2 g
= ol . ! | | > 0 | | | I | I
2 ~
nw, W 05
) : : : -1 : :
0 50 100 150 0 50 100 150
Time (s) Time (s)

Figure 11. Control inputs of the designed scheme.

Figures 12 and 13 show the tracking errors of position, velocity, angle and angular
velocity, respectively. It can be observed that all states of the closed-loop system converge
the desired region in fixed-time even through suffering the time-varying safety boundary
constraints, stochastic disturbances and external disturbances.

Figures 14 and 15 are the tracking responses of the dy, d, and dy,d». Due to the influ-
ence of random disturbance, although there are pulses in the observation process of HODO,
the designed observer can still observe the external disturbances quickly and accurately.
In addition, compared with the traditional NDO, the HODO obtains the unbiased estimate
of the time derivatives of external disturbances, which further improves the observation ac-
curacy of the observer. In order to show the change in the flight trajectory of the unmanned
helicopter more clearly, Figure 16 provides a three-dimensional diagram.

—10 = °
S = L
— 5 g ofo— .
P ~—
N 3
0 N 5
0 50 100 150 0 50 100 150
Time (s) Time (s)
‘ . . . .
—~ 0 w 2l
\
~— 5 1 0
> £l
10 1
. . 4 . . .
0 50 100 150 0 50 100 150
Time (s) Time (s)
2 ' —~ 5 ' '
)
BE =
N—’ 2 B S 0
N ~—
N 0 3
-2 ‘ N 5
0 50 100 150 0 50 100 150
Time (s) Time (s)

Figure 12. Tracking performance of position subsystem.
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Figure 13. Tracking performance of attitude subsystem.

| | | | | | |
0 20 40 60 80 100 120 140 160 180
Time (s)

| | |
0 20 40 60 80 100 120 140 160 180
Time (s)

| | | | | | |
0 20 40 60 80 100 120 140 160 180
Time (s)

Figure 14. Tracking performance of d;.
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Figure 15. Tracking performance of dj.
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— - original desired trajectory
----- safety desired trajectory
——actual trajectory

Figure 16. Three-dimensional trajectory diagram.

In addition, in order to show the performance and effect of the designed controller,
we provide a comparative experiment, as shown in Figure 17, taking X as an example,
which contains the tracking curve obtained by different control methods. It can be observed
that although X of the proposed control scheme without FLS can track the desired signal,
the oscillation is more severe. X of the control scheme without SPA will cause the UAH
system to cross the safety boundaries, which may cause the UAH to collide with the
obstacle boundaries during operation or coincide with the airframe crash. Though X of the
proposed method in [25] can make the output tracking the desired signal, there is slightly
larger error. Although the method proposed by [43] can quickly track the desired signal,
FTDO has no way to determine an unbiased estimate of the disturbance, resulting in a
slightly larger error. The X of the control scheme without HODO can hardly accurately
track the time-varying safety expectation signal. In order to make the comparison more
clear, we provide Table 3, including the maximum X-axis error and convergence time
information under different methods, which clearly shows the superiority of the control
strategy proposed in this paper.

T T T T

I I

18 —— X with the proposed control scheme wwe Xy,
===- X without FLS X without HODO

—Xu - = X with He, W. 2017

. X with Ma, H. 2023

0 20 40 60 80 100 120 140 160 180
Time (s)

Figure 17. Tracking performance of X under different control schemes.
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Table 3. The maximum error and convergence time of different methods in the X-axis.

Control Method tef(r)“;)éo]s X (m)| Convergence Time (s)
proposed control scheme 125 2.5
without FLS 13 2.8
without HODO 16 —
proposed schene in [25] 8 10
proposed control scheme in [43] 13.2 2

References

It can be seen from the results presented in the above figures that the control scheme
has good control performance for unmanned helicopters with system uncertainties, random
disturbances and external disturbances.

6. Conclusions

An HODO-based adaptive safety fixed-time tracking control scheme is constructed for
the uncertain UAH under random disturbances and external disturbances. In order to keep
P and Q) constraints within the real-time security boundaries, the SPA is proposed, which
can ensure the safety of the unmanned helicopter first when the system state conflicts
with the security boundaries. The second-order DSC is utilized to ensure the desired
safety signals are continuously differentiable. Then, the system uncertainties and the
external disturbances are approximated by FLS and HODO. The It differential equation
is utilized to solve the stochastic disturbances. Based on the fixed-time stability theory,
the combination of the adaptive backstepping technique and Lyapunov stability theory,
all signals of the unmanned helicopter are semi-globally fixed-time stable in probability.
The compensation mechanism is utilized to weaken the impact of the filter error. In addition,
the convergence time only depends on the devised parameters. Finally, the simulations
prove the performance of the proposed control scheme. Therefore, the problem of parameter
adjustment and optimization of fixed-time theory of unmanned helicopters under discrete
time needs further study.
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