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Multivariable Disturbance Observer-Based Finite-Time
Sliding Mode Attitude Control for Fixed-Wing UAVs
under Matched and Mismatched Disturbances

Ngo Phong Nguyen Hyondong Oh

Abstract—1In this letter, we propose a multivariable distur-
bance observer-based finite-time sliding mode attitude control
(MDOB-FT-SM-AC) for fixed-wing UAVs in the presence of
both matched and mismatched disturbances. Compared with
existing sliding mode attitude controllers, the significant im-
provements of the proposed MDOB-FT-SM-AC are the multi-
variable control structure, strong robustness, and high precision
performance with continuous control input signal. In the pro-
posed MDOB-FT-SM-AC, we first develop multivariable finite-
time disturbance observers such that the precise estimation of
both matched and mismatched disturbances is ensured. Next, a
nonsingular terminal sliding manifold is designed such that the
fixed-wing UAV is driven to track its desired attitude command
in finite time. We finally present a multivariable super-twisting
reaching law such that the finite-time convergence of the sliding
variable and its derivative to zero is guaranteed. Attentive finite-
time convergence analysis is derived based on the Lyapunov and
homogeneity theories. Simulation results are given to illustrate
the superiority of the proposed MDOB-FT-SM-AC.

I. INTRODUCTION

In recent years, unmanned aerial vehicles (UAVs) have
received an increasing interest in both control algorithm
developments and practical applications [1]. Among various
UAV configurations, the fixed-wing UAV has acquired a
considerable attention due to its attractive properties such
as simple structure, low design cost, long flight range, and
high airspeed [1]. Currently, the applications of fixed-wing
UAVs can be found in different fields including agriculture
mapping, environmental monitoring, and target localization.
Under most of these missions, the attitude control is crucial
to safe and successful operations. Note that the rotational
motions of fixed-wing UAVs are thoroughly influenced by
several types of internal and external disturbances (e.g.,
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model perturbations, wind conditions) [1]. Thus, it is essen-
tial to design the robust algorithm for the attitude control of
fixed-wing UAVs under such disturbed environments.

Over the years, numerous robust solutions were developed
for attitude control of fixed-wing UAVs. Among them, the
sliding mode control (SMC) in [2]-[8] offers the good
robustness (i.e., insensitivity feature) against different kinds
of disturbances. Although the effectiveness of the aforemen-
tioned SMC for fixed-wing UAVs had been examined in both
practical and theoretical aspects, there are still three major
technical challenges that require further investigation:

(1) In [2]-[8], the multiple single-channel attitude control
laws were designed based on the single-variable sliding
mode reaching law. In view of the design perspec-
tive, compared with the single-variable scheme, the
multivariable scheme is more preferable. In fact, as
shown in [1], the fixed-wing UAV attitude dynam-
ics is strongly nonlinear and coupled. Therefore, the
multivariable technique might be more appropriate for
the fixed-wing UAV because it does not require any
decoupling operations during the control design and/or
convergence analysis. In view of the implementation
perspective, compared with the single-variable scheme,
the multivariable scheme is much simpler. In fact,
under the same mission, the number of parameters of
the multivariable approach is considerably smaller than
that of the single-variable one. This implies that the
multivariable control scheme is easy to implement;

The sliding mode attitude controllers in [2]-[8] were
developed without the consideration of the influences
of mismatched disturbances on the fixed-wing system.
As regards of [9], we note that mismatched distur-
bances refer to disturbances that appear in the different
channel with the control input. Meanwhile, matched
disturbances mean that disturbances remain in the same
channel with the control input. On the one hand,
as shown in [1], under several missions, the fixed-
wing UAV has to operate in a highly disturbed en-
vironment that includes different types of internal and
external disturbances (e.g., model perturbations, wind
conditions). Note that some of these disturbances (i.e.,
mismatched disturbances) might directly affect the
states rather than through the control input channels.
On the other hand, the SMC is insensitive to matched
disturbances but sensitive to mismatched disturbances.

(i)

7862



In other words, in the presence of mismatched distur-
bances, the sliding mode attitude controllers in [2]—[8]
might not ensure the desirable flight performance; and
(iii)) The attitude controllers in [2]-[6] only guaranteed
the asymptotic stability of the closed-loop system and
the attitude controllers in [2], [4]-[6], [8] induced
the serious chattering phenomenon owing to the uti-
lization of the discontinuous control component. The
asymptotic stability is not preferable as the attitude
tracking error only converges to zero when time goes to
infinity. The chattering phenomenon is also undesirable
for implementation as it might damage the system
actuators and degrade the performance of the system.
We here address all aforementioned challenges by propos-
ing the MDOB-FT-SM-AC. We now state the contributions
of this work in both practical and theoretical aspects.
Practical contributions: (i) The proposed MDOB-FT-SM-
AC generalizes the single-variable SMC structure for the
fixed-wing UAV to the case of multivariable structure. Under
the proposed MDOB-FT-SM-AC, the control design and
convergence analysis are performed without any decoupling
operations. This generalization is of important as the fixed-
wing UAV attitude dynamics is strongly coupled. Also, com-
pared with the single-variable structure, this multivariable
generalization introduces a simpler solution for implemen-
tation as the number of control parameters is significantly
reduced; (ii) The proposed MDOB-FT-SM-AC ensures the
strong robustness of the overall closed-loop system against
disturbances. In particular, under the MDOB-FT-SM-AC, the
overall closed-loop system is insensitive to both matched
and mismatched disturbances. This feature is of important
since under some control missions, the fixed-wing system
has to perform safe and successful operations in a highly
disturbed environment; and (iii) The proposed MDOB-FT-
SM-AC generates the continuous control input signal. This
feature is of important as the system actuators are protected
and smooth movement of the fixed-wing UAV is achieved.
Theoretical contributions: (i) The proposed MDOB-FT-
SM-AC belongs to a class of multivariable finite time control.
This feature is of important as the proposed MDOB-FT-SM-
AC ensures that the fixed-wing UAV is driven to track its
desired command in finite time; and (ii) Rigorous conver-
gence finite-time analysis of the closed-loop system is given
based on the Lyapunov and homogeneity theories.'
Notations: For a vector x € R™, ||x]| is the Euclidean norm
of x. For a positive definite matrix P € R™*™, A\, {P} and
Amin{P} denote the largest and smallest eigenvalues of P.

II. PROBLEM FORMULATION

In view of [1]-[8], the attitude dynamics of the disturbed
fixed-wing UAV can be described as follows:

O =Rw+d;, Iv=-wx (Iw)+M+dy, (1)

where ® = [¢p 6 ] € R3 denotes the Euler angle vector,
w=[p q r]T &R represents the angular rate vector,

INote that an additional theoretical contribution of this work can be found
in the discussions provided in Remarks 5 and 6.

M € R? is the control input vector, d; € R? and dy € R3
stand for the mismatched and matched disturbance vectors,
respectively, and R, I € R3*3 denote the transformation and
inertia matrices, respectively, that are defined as

[1 sin(¢)tan(f) cos(¢p)tan(d)
R=|0 cos(¢) —sin(¢)
|0 sin(¢)sec(f)  cos(p)sec(d)
[ I?c _Ixy _I:cz
I= (-1, I, —I,]|, (2)
__I:nz _Iyz Iz

with I, I, I, Iy, I, and I, are rotational inertias. Here,
©® and w are assumed to be available for the control design.

Assumption 1: For system (1), the Euler angles (i.e., ¢, 0,
and ) satisfy ¢,0 € (—7/2,7/2) and ¢ € (—m,7].

Assumption 2: The time-varying mismatched and matched
disturbances in (1) fulfill the following circumstances: (i) d;
is second-order differentiable and ||d||,||dy]],||d|| < Li;
and (ii) d is differentiable and ||ds||, ||d2|| < Lo, where L;
and Lo are known positive constants.

Remark 1: Taking into consideration of mechanical con-
straints, Assumption 1 is mild and sensible for the (practical)
fixed-wing UAV. Also, Assumption 2 is weak and reasonable
as disturbances acting on the fixed-wing UAV generally have
finite energy with bounded changing rates (see also [1]-[8]).

Remark 2: Compared with the corresponding rotational
equations of the fixed-wing UAV in [2]-[8], the considered
dynamics in (1) are more reasonable for a practical system.
In fact, the mismatched disturbance d; is used to describe
the influences of internal perturbations due to model simplifi-
cation, actuator failure, and measurement bias as well as the
effects of discretization in practical implementation. Mean-
while, the matched disturbance ds is included to illustrate
the effects of wind conditions and model uncertainties.

Control objective: For the system (1) with Assumption 1
and 2, we design a new attitude control structure, without any
decoupling operations to the original rotational dynamics,
which ensures the fixed-wing UAV to converge to its desired
command in finite time under continuous control signal.

I11. MAIN RESULTS
A. Tracking error dynamics

We first introduce the auxiliary variable as w = Rw. The
time derivative of w along the dynamics in (1) is as

w=Rw-RI"'wx (Iw)] + RIT'M + RI"'dy. (3)
From (1) and (3), the following equivalent dynamics is given:
O=w+d, w=F+RI"'M+d,, 4)

where F and d, are described as follows:

F=-RI''{R '@)x IR '@)]}
dy = R(R™'®) + RI"'d,. ©)
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Now, for the equivalent system in (4), we define the
following tracking errors: € = @ — O, €0 = W — @ref,
where e; denotes the attitude tracking error vector, e
represents auxiliary (angular speed) tracking error vector, and
©®,.r and Qrcf represent the desired command vector and its
corresponding derivative. Here, we suppose that ®,¢¢ and its
(consecutive) derivatives are bounded. Then, by taking the
derivative of e; and ey along the system dynamics in (4),
we acquire the following (attitude) tracking error dynamics:

é1=e+dy, &2=F—0O,s+RI"'M+d,. (6)

Remark 3: (i) In view of Eq. (2) with Assumption 1,
the matrix R is invertible. Besides, the matrix I is
generally invertible with the proper mechanical design.
Hence, the dynamics in (6) are well-defined; and

(i) In view of Assumptions 1 and 2 with examination
of mechanical constraints of the (practical) fixed-wing
UAV, it is reasonable to consider that the matched dis-
turbances dy in (6) is differentiable and ||ds||, ||d2 || <
Lo, where Lo is known positive constant.

B. Control design

1) Multivariable finite-time disturbance observers design:
We introduce the following multivariable finite-time mis-
matched disturbance observer:

Zo1 = Vo1 + €2,211 = V11,%21 = V21

z
Vo1 = Aoiller — ZOlz/B(EZEiﬂ + 213
Zo1
vii = Auiler — ZOll/S(el—zmﬂ + Z21
0 = /\21M, (7)
el — zow|

and multivariable finite-time matched disturbance observer:

Zgs = Vo2 + F — Ot + RIT'M, 215 = vi»

—
Vo2 = Aozllez — zo2||M? (| 2 — Zzz|)| + 212
Vig = A ZM (8)
ez — 2o’

where Ag1, A11, A21, Ag2, and Ao > 0 are observer coeffi-
cients. Note that these coefficients are selected appropriately
based on the bounds of &1 and ds, which are defined in As-
sumption 2 and Remark 3 (see [10] for relevant discussions).
For the disturbance observer (7), zg1, Z11, and zs; denote the
estimates of e1,d;, and dl, respectively. For the disturbance
observer (8), zg2 and z;5 represent the estimates of e, and
d,, respectively.

2) MDOB-FT-SM-AC design: The nonsingular terminal
sliding manifold is now developed with the sliding variable
defined as

t e

S = €9 + Z11 +/ I:k1||e1||7‘1 =
0 [[e1]]

e +z

+ ko|le2 + z11]|™ (2 1)

- |d7, (9)
llex + z11]]

where k1 and ks are positive constants, 11 = r4/(2—7r2) with
ro € (0,1), and z1; is given from (7). Next, by utilizing
the multivariable super-twisting reaching law, the MDOB-
FT-SM-AC is designed as

€1

el

T kofle + a2 C2 T 210) } + ur}a (10)
llez + z11|

M = IR_I{ -F+ éref — Vi1 — 212 — |:k1e1||7'1

where vy, is given from (7), z12 is provided in (8), and the
multivariable super-twisting reaching law u,. is defined as

—B1lls ||1/2 — Bas,
(11)
where 31, B2, 83 and (34 are positive constants, which satisfy
the following condition: 4333, > (833 + 95%)/35. Note that,
as shown in Remark 3, the matrix R is invertible, and thus,
the MDOB-FT-SM-AC in (10) is well-defined. Besides, for

implementation, R and F can be calculated at each timestep
in view of their definitions in (2) and (5), respectively.

. S
— Bos+ 2z, z=—[33

sl sl

C. Convergence analysis

Theorem 1: For the (attitude) tracking error dynamics in (6)
with Assumptions 1 and 2, the proposed MDOB-FT-SM-
AC renders the following properties: (i) the multivariable
disturbance observers in (7) and (8) ensure the finite-time
accurate estimation of disturbances and its derivative. In
other words, under the disturbance observers in (7) and (8),
Zo1 — €1,2Z11 = d17Z21 = d1 and Zp2 = €92,Z19 = d2 are
established in finite time, respectively; (ii) the multivariable
super-twisting reaching law u, in (11) guarantees that the
sliding variable s and its derivative s converge to zero in
finite time during the reaching phase; and (iii) the nonsingu-
lar terminal sliding manifold in (9) ensures that the attitude
tracking error e; converges to zero during the sliding phase.

Proof. The proof of Theorem 1 is divided into three parts.
We first show the convergence of the disturbance observers
in (7) and (8). Then, in the second and third parts, attentive
examination are provided to show the finite-time convergence
feature of sliding variable s and attitude tracking error e
during the reaching and sliding phases, respectively. We now
begin with the first part of the proof.

Part 1: The estimation error variables of the disturbance
observer in (7) are first introduced as og1 = €1 —2Zg1,011 =
d, — 211,091 = di — z2;. Then, from (6) and (7), the
estimation error dynamics of the disturbance observer in (7)
are given as

. 3 O

o= ulenl g, |

. oo

11 :*)\11”001”1/3“ H

0' )\21 + Cl1 (12)
o mH

We now introduce the estimation error variables of the dis-
turbance observer in (8) as g2 = €3 — zg2, 012 = do — Z15.
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Then, from (6) and (8), the estimation error dynamics of the
disturbance observer in (8) are expressed as

02
Oo2 = —)\02||0'02||1/2

looz |
+ds.

012

0' )\12 (13)

lo ozH
In view of [10], [11], the dynamics in (12) and (13) are finite-
time stable with proper observer coefficients. In other words,
Zpo1 — €1,Z11 = dl,Zgl = dl and Zp2 = €92,Z19 = HQ are
exhibited in some finite time T; and T, respectively. This
completes the first part of the proof.

Part 2: First, the time derivative of s in (9) along the
tracking error dynamics in (6) can be obtained as

§$=F — O, + RI"'M +ds + 714
(e2 +211)
e H ez +zu1 ||

Then, by substituting the proposed MDOB-FT-SM-AC in
(10) and (11) into (14), the sliding variable dynamics are
given as follows:

= —Bulsl| /-

+ Faled |7 —

lles + z11 || +————

(14)

,BQS+Z+O'12, Z:—ﬁg —545.

15)

Note that as represented in (15), the sliding variable dynam-
ics are suffered from the estimation error dynamics (13).
Hence, before investigating the convergence property of the
dynamics in (15), it is crucial to show that the estimation
error dynamics in (13) do not drive the sliding variable
dynamics in (15) to infinity in a finite-time interval. In that
context, we consider the following positive definite function:

S
sl sl

1 1
Vi= is—rs + §sz. (16)

By taking the time derivative of V; in (16) along the sliding
variable dynamics in (15), we obtain

T — ( Bullsl o5 525+z+012>

+ ZT( - 53i - 54S>
s
< —Bulls|*’? = Balisl* + lIslll|z]| + lIslllo sz
+ B3|zl + Balls|l[|z]
< lIs[lllz[l + lIs[[lo12]l + Bsl|zl| + Balls|l|[z]]
< (14 82) s> +lzl* | lsl*+1 Jr53||Z||2+1

LT 7 2
< Kh1Vi+ Lo, (17)

where o is a positive constant such that ||o12|| < o in view
of the first part of the proof and K; = 83 + 34 +0 + 1 and
Ly = 1(B3+0) are bounded (positive) constants. Therefore,
in view of (17), we can conclude that V7, and thus, s and z,
remain bounded for a finite-time interval. We now investigate
the finite-time convergence feature of the sliding variable
dynamics in (15). As shown in the first part of the proof,
o129 converges to zero in some finite time Ts. Besides, as
we discussed above, s and z remain bounded for a finite-time

interval. In that context, when ¢t > T, the sliding variable
dynamics in (15) are further expressed as

s , s
—ﬁlw —Pos+1z, 2= _ﬁBHTH — Bas. (18)

For system (18), by utilizing the ideas in [12], we consider
the following Lyapunov function candidate:

V2:<2B3+51>|| +< BQ)s s+z'z

55 T 19
+5152W—52S z — (19)

3 z's
sl
Then, by taking the time derivative of V5, we obtain

Vo = (253 + o ) (2@1 +B3)s"s

+92z2'7+ 5152” ”1/2 ﬂg(s z+s z)
1(s"8)(z's) z's+z's
T s e )

From the sliding variable dynamics in (18), we can verify

<= (Bt 2 )lsIP2 = (Basa+ 257 s
= (Bt 55088 ) 117 = (Busa+ ) s

+ Bt |1zl + 263 [sll 1]l + 36152Is ]|/ 2]

R L&
— - = . 20
Pellzl = 5 s 0
Next, we define the state vector: x = [[|s[|'/2 ||s|| ||z]|] !
Then, from (20), we obtain
; L o7 T
‘/2 S —WX QlX — X QZX, (21)

where the matrices €21 and 2, are defined as

358 + B1Bs 0 —5 01
0 = 0 B1Bs+ 25153 —%5152
| —36 — 3512 5601
B2f3 + 233 B2 0 0
Qy = 0 B2Ba+ B3 —P3
L 0 —33 B2

We can validate that €21 > 0 and Q5 > 0 if the following
conditions are satisfied:

43384 > (883 +9B3)B3, B > 0,i=1,...,4.

Hence, from (21), we can derive

1
X' x < - Amin () %[, (22)

. L
|Is]|1/2 8[|/
in view of Rayleigh’s inequality. Now, by defining the new
T
state vector X = {W S Z} , it can be validated that

[IX]l = |Ix||- Thus, we can rewrite (22) as follows:

: 1
Vy < 5 Amin (1)1 X%, (23)

- sl
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We mention that the Lyapunov function V5 (see (19)) might
also be expressed in the quadratic form 1, = XTPX
with the proper symmetric positive definite matrix P. There-
fore, in view of the Rayleigh’s inequality and the fact that

V2
lIs||/2 < [|X]| < 1/2(P) from (23), we have

0 < i (P)Aunin(€21)
2= Amax (P)

In view of (24), V5, and thus, s and z, converge to zero in

some finite time Ts3. Then, from (18), s also converges to

zero as t > T's. This completes the second part of the proof.

Part 3: We first define the new state variables as e; =

e; and €; = e + z1;1. Then, we can obtain the following
equivalent (attitude) tracking error dynamics:

L1

v, /2 24)

6 =6 +0,6= ]<?1Hel||r1

25)
As shown in (25), the equivalent tracking error dynamlcs are
suffered from the dynamics in both (12) and (15). Hence,
before investigating the finite-time convergence feature of
€1, it is crucial to ensure that the dynamics in (12) and (15)
do not force the equivalent tracking error dynamics in (25)
to infinity in finite time. In that context, we consider the
following positive definite function [16]:

Vs = [[e1]l + llezf- (26)

The time derivative of V3 in (26) along the equivalent
tracking error dynamics in (25) is given as

. 1
V3 = ﬂé? (ég + 0'11)

e _ €2 .
= Bl o ke +s)
|| || ( e H = el

< V3 + 2max{ky, ko jmax{V3"*, V5?} + L, 27)

where L is a positive constant such that |lo11]| + ||$]| < L
in view of Parts 1 and 2. We consider the following cases:
Case 1: For V3 < 1, it is straightforward to conclude that
|[€1]| and ||€2| remain bounded in a finite-time interval.
Case 2: For V3 > 1, Eq. (27) can be further expressed as
Vs < (1+2max{ki, ko }) V3 + L, which implies that V3, and
thus, ||€1]| and ||€z]|, stay bounded in a finite-time interval.
Hence, from the aforementioned two cases, we can state

Now, as illustrated in the first and second parts of the
proof, 011 and $§ converge to zero in some finite time
T4 = max{Ty, T3}. Note also that as we discussed above,
€e; and e; remain bounded for a finite-time interval. In that
context, when ¢t > Ty, the equivalent tracking error dynamics
(25) can be further expressed as

e
e H e ||

In view of [13], [14], [16], we introduce the following
Lyapunov function candidate:

6 =8,6 = /<?1H€1||'1 (28)

ritl

Vi = ||€1||T1+1 + ok

llea|?. (29)

Then, by taking the derivative of Vj in (29) along the
equivalent tracking error dynamics in (28), we have

T
. _ €, e rl +1 = 62
Vi = (r1 +1)ler]|™ 7= €2l 7=
feddl e
ko(ri+1) _
— -2l Dy, <o,
and thus, V4 is negative semi-definite. In view of the LaSalle
theorem, we can observe that the set A = {V; = 0}
includes of €, = 0. Besides, we can easily investigate that
the only invariant set inside €2 = 0 is &g = € = 0.

Hence, €; and €5 will converge to zero asymptotically [13].
Now, by considering the vector field (28) and the dilation
(f::?, f:T?, f:’“_?, 1_1, ,1_1_ ,1_1 ), we can observe that
2 T2 72 T2 T2 ()
the vector field (28) is homogeneous of degree —1. There-
fore, in view of [14], the dynamics in (28) is finite-time
stable. In other words, the attitude tracking error €; (i.e., ;)
converges to zero in finite time. We complete the proof. []

Remark 4: This work mainly concentrates on the design of
the new attitude control structure for fixed-wing UAVs. The
signal measurement and processing are different problems,
which are beyond the scope of this paper. Hence, the
influences of measurement noises are neglected during the
control design and analysis. Meanwhile, the robustness of the
closed-loop system under measurement noises is investigated
through numerical simulation in Section IV.

Remark 5: The MDOB-FT-SM-AC can generally be ap-
plied into the following disturbed multivariable integrator
system:

X1 =Xp +di, % =f(x1,%2) +u+do,y =x1

where x1,x5 € R™ are the state vectors, u € R" is the
control input vector, y € R™ is the system output vector,
f(x1,%x2) € R™ is the state function vector, and d;,ds €
R™ stand for the mismatched and matched disturbance
vectors, respectively. Note that in the absence of mismatched
disturbances, the MDOB-FT-SM-AC is reduced to the case of
multivariable finite-time control under matched conditions.

Remark 6: In [15], the SMC with mismatched disturbances
is considered for a scalar system. Meanwhile, in [16], the
SMC with matched disturbances is examined for a multivari-
able system. Different from [15], [16], we here focus on the
multivariable finite-time SMC with mismatched disturbances
that is more proper for systems with strong couplings.

IV. SIMULATION VERIFICATION

For verification, the information of the inertia matrix
I is borrowed from the Aerosonde UAV (see [1]). Also,
for system (1), the initial conditions are zero. In light of
[9], we set d; = [0.3sin(t) 0.1sin(2t) 0.2sin(1.5¢)]T and
dy = [0.4sin(2¢) 0.2sin(1.5¢) 0.15sin(¢)]".> The desired
command vector is Oer = [—0.15+0.15sin(1.5¢) —0.05+

21t is straightforward to verify that d; and do satisfy Assumption 1. Also,

d; and d2 are set as sinusoidal signals to show the capability of eliminating
the effects of time-varying disturbances of the MDOB-FT-SM-AC.
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Fig. 2. Robustness verification — The proposed MDOB-FT-SM-AC.

0.12sin(¢) —0.1+0.25sin(0.8¢)] ". The controller parameters
of the proposed MDOB-FT-SM-AC are selected as \g; =
2LY% Ay = 1.5V2LY3, Mgy = 111y, Agp = 3L Az =
21L5, Ly = 5.0,Ly = 5.0,k; = 5.0,ky = 3.5,1 =
3/77 ro = 3/5,ﬂ1 = 5.0,ﬁ2 = 1.0,53 = 8.0, and ﬁ4 =10.0.
Besides, for observers (7) and (8), the initial conditions of
the terms zg1,211, Z21, and zgz, Z12 are all set to zero.? For
comparison purposes, the DOB sliding mode attitude control
(DOB-SM-AC) in [5] and the multivariable sliding mode
attitude control (MSM-AC) in [16] are implemented. For
an adequate comparison, the control input torque for each
channel is restricted in the range of [—4.0;4.0] (N.m).

As shown in Fig. 1, compared with the DOB-SM-AC
and MSM-AC, the MDOB-FT-SM-AC exhibits the markedly
better flight performance. In fact, the DOB-SM-AC and
MSM-AC only drive e; to some region around zero with
considerable fluctuation due to the presence of mismatched
disturbances. In addition, the DOB-SM-AC induces the seri-
ous chattering phenomenon. In contrast, the MDOB-FT-SM-
AC enforces the attitude tracking error e; to zero precisely
and smoothly with significantly better control accuracy under
the influences of mismatched disturbances. Besides, under
the MDOB-FT-SM-AC, the chattering is noticeably allevi-
ated.

We now verify the robustness of the MDOB-FT-SM-AC
under measurement noises (see Remark 4). As regards of [1],
the measurement noises, which adhere a normal distribution
with a zero mean and variances of 0.0042 and 0.0022,

3Note that the initial conditions of the terms zo1, 211, Z21, and Zg2, z12
should be selected appropriately depending on conditions of each flight
scenario of the fixed-wing UAV such that the desirable control performance
is achieved and the control input constraint is met.
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Simulation results — From left to right: DOB-SM-AC, MSM-AC, MDOB-FT-SM-AC.

are included in the Euler angle and angular rate signals.
As shown in Fig. 2, the desirable flight performance and
reasonable chattering alleviation are obtained even with noisy
measurements.

V. CONCLUSIONS

This letter considered the MDOB-FT-SM-AC for disturbed
fixed-wing UAVs. Possible future work is further improve-
ment of the MDOB-FT-SM-AC under measurement noises.
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