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Abstract

Tiltable quadrotors have the ability of independent control of position and attitude, which
can be more flexible in complex task scenarios. However, the inherent unmodeled dy-
namics, model uncertainties, and external disturbances pose significant challenges to the
control system design. Aiming at the the control problem of tiltable quadrotors, this paper
proposes a hierarchical adaptive coupling/disturbance utilization control strategy. First, an
error-dynamics model is developed, explicitly incorporating coupling effects and lumped
disturbances. Then, hierarchical adaptive coupling/disturbance utilization mechanisms are
designed to adaptively exploit coupling and disturbances to improve system performance.
Subsequently, super-twisting higher-order sliding-mode observers and robust tracking
control laws are synthesized to estimate lumped disturbances and guarantee system robust-
ness. Finally, through theoretical analysis, the stability of the closed-loop system and the
role of hierarchical adaptive coupling/disturbance utilization mechanisms are elucidated.
The effectiveness of the proposed control strategy is validated through simulations and
flight experiments.

Keywords: tiltable quadrotors; anti-disturbance control; coupling/disturbance utilization;
independent control of position and attitude

1. Introduction

Quadrotors, due to their high maneuverability and operational simplicity, are widely
used in applications such as aerial photography, delivery, and inspection [1-4]. However,
the coplanar rotor structure means that thrust can only be generated perpendicularly
to the body, resulting in system underactuation (i.e., translation and rotational motions
influence each other). This underactuation characteristic severely limits the deployment
of quadrotors in complex scenarios, such as navigation or physical interaction tasks in
confined spaces [5].

To overcome this limitation, tiltable quadrotors have received considerable attention.
By designing servo and rotation mechanisms, the rotor planes of tiltable quadrotors can
be actively tilted, thereby generating a three-dimensional thrust vector and enabling inde-
pendent position and attitude control [6,7]. However, the resulting model uncertainties,
unmodeled dynamics, and complex disturbances pose significant challenges to control
system design [8].
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In recent years, several representative studies have investigated the control of tiltable
quadrotors. The development of these approaches has evolved from linear control schemes
to nonlinear strategies, and further toward disturbance rejection frameworks. Based on
classical control theory, Ozdogan et al. linearized the tiltable quadrotor dynamics around
an equilibrium point and subsequently designed a proportional-integral-derivative con-
troller using the “manual loop shaping” method to achieve the desired frequency-domain
characteristics of the closed-loop system [9]. However, such linearization-based methods
are inherently sensitive to operating-point variations, and performance degradation is often
observed when the state of the system is perturbed from equilibrium. To better address
system nonlinearities, based on feedback linearization techniques, Ryll et al. developed
independent position and attitude control laws [7]. In [10], a decentralized backstepping
control scheme is proposed by Saif et al., in which controller parameters are optimized using
a differential evolution strategy. Shayan et al. introduced a nonlinear model predictive con-
trol (NMPC) method that explicitly accounts for feasible control allocation constraints [11].
To further enhance control performance and accelerate optimization convergence, Li et al.
incorporated servo dynamics into the NMPC framework [12]. However, such methods
typically rely on accurate models, and when deployed on real-world tiltable quadrotor
platforms, model uncertainties and external disturbances can affect their control perfor-
mance. To improve the anti-disturbance capability of tiltable quadrotor control systems,
techniques such as extended state observers (ESO) [13], disturbance observers (DO) [5], and
neural network-based methods [14,15] have been developed to estimate lumped system
disturbances, which are then actively compensated within the control law.

Despite their demonstrated effectiveness in simulations and experiments, most dis-
turbance rejection control schemes rely on the assumption that lumped disturbances are
always detrimental to closed-loop tracking, and thus adopt conservative full-compensation
strategies. However, growing evidence suggests that this assumption is not universally
valid and that properly exploiting disturbance information can even enhance control per-
formance under certain conditions [16]. Several studies on disturbance utilization-based
control have been demonstrated to be effective for systems such as permanent magnet
synchronous motors [17], satellites [18,19], manned submersible vehicles [20], and hyper-
sonic vehicles [21-23]. For example, in satellite systems subject to composite disturbances,
Teng et al. employed a sliding-mode observer to estimate the lumped disturbances and
subsequently introduced a disturbance discrimination operator to identify the nature of the
disturbances, i.e., whether they are beneficial or harmful to the system performance. Based
on this discrimination mechanism, a green control scheme was developed [18]. Similarly,
Sun et al. employed an ESO to estimate disturbances acting on a hypersonic vehicle and
designed a disturbance characteristic indicator to evaluate their effects on system perfor-
mance, thereby constructing a conditional disturbance negation-based active disturbance
rejection control framework, which was shown to outperform conventional disturbance
rejection control methods [22]. Wu et al. were the first to explore disturbance utilization
in tiltable quadrotor systems. Specifically, they employed an unknown system dynamics
estimator (USDE) to estimate lumped disturbances and then established a flexible distur-
bance compensation control framework by integrating a disturbance characteristic indicator
with a utilization mechanism [24]. However, this method only improves performance by
utilizing disturbances in the inner loops (velocity loop and angular rate loop), without
considering how to further enhance the performance of the outer loops (position loop
and angle loop). In addition, the binary form of disturbance utilization may induce the
chattering phenomenon.

Overall, there are still some key challenges in further applying the aforementioned
disturbance utilization control techniques to tiltable quadrotors.
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(1) The position and attitude subsystems of tiltable quadrotors are both second-order sys-
tems, where the outer loop corresponds to kinematics (position and attitude angle) and
the inner loop corresponds to dynamics (velocity and angular velocity). Disturbances
primarily exist in the inner loop. Existing disturbance utilization control schemes can
effectively improve the performance of the inner loop, yet provide limited capability
to adjust the performance of the outer loop. Therefore, it is necessary to investigate
the coupling between the inner and outer loops and to exploit it to improve overall
system performance.

(2) Most existing disturbance exploitation methods utilize beneficial disturbances and
fully compensated harmful disturbances. However, utilizing the negative impacts of
harmful interference can also enhance the system performance. In addition, distur-
bance characteristic indicators and utilization mechanisms based on binary decision
logic can easily lead to system chattering. Therefore, it is necessary to develop an
adaptive and smooth disturbance utilization mechanism.

To address the above issues, this paper proposes a hierarchical adaptive cou-
pling/disturbance utilization control strategy for tiltable quadrotors. The main contri-
butions of this paper are summarized as follows:

(1) A control-oriented error dynamics model is established for tiltable quadrotors, explic-
itly incorporating both inner—outer loop coupling and lumped disturbances. Based
on this model, coupling and disturbance characteristic indices are developed, thereby
laying the foundation for a hierarchical coupling/disturbance utilization control frame-
work. Compared with existing results [18,21,24], this approach has the potential to
further enhance overall control performance.

(2) Super-twisting sliding mode observers and robust tracking control laws are designed
to improve the convergence speed of disturbance estimation and tracking error regula-
tion, respectively. Compared with existing disturbance utilization control frameworks
employing observers such as DO [5], ESO [13], and USDE [24], as well as backstepping-
or dynamic-surface-based control laws [25,26], the deployed observers and control
laws can theoretically achieve faster convergence.

(3) An adaptive coupling/disturbance utilization mechanism is developed. The proposed
mechanism not only avoids the chattering phenomenon induced by traditional binary
decision logic [17,20], but also enables a smooth exploitation of both beneficial cou-
plings/disturbances and the negative of detrimental ones, thereby improving overall
system performance.

The remainder of this paper is organized as follows. The problem formulation is given
in Section 2. The proposed control scheme is designed in Section 3. Sections 4 and 5 give
the simulation and experimental results, respectively. Finally, conclusions are drawn in
Section 6.

2. Problem Formulation
2.1. Dynamics Model

The dynamic models of the position and attitude subsystems of the tiltable quadrotors,
illustrated in Figure 1, are given as follows [13,24,27]:

p= (1)
Z.):G?Jfa_‘_fv'l_dvf
0 = GQ(U, (2)

w:GwTa+fw+dw/
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where p = [x,y,z]" and v = [0y, vy, v;]" are the position and velocity vectors, respectively;
Q = [¢,0,¢]" and w = [p, q,7]" are the attitude angle and angular rate vectors, respectively.
Here, ¢, 0, and ¢ represent the roll, pitch, and yaw angles, respectively, while p, g, and
r represent the corresponding roll, pitch, and yaw angular rates. Moreover, G, = %RZ,
where m denotes the total mass of the vehicle and Rj represents the rotation matrix from
the body frame to the inertial frame. In addition, G, = | b_,;, where [, , denotes the inertia
matrix. The matrix G, is defined as:

1 tanfsing tanBcos¢

Go = |9 cos ¢ —sing¢
sin ¢ cos ¢
cos @ cos

Figure 1. Tiltable quadrotor schematic and the relationship between the virtual and actual control inputs.

The model terms f and f, together with the lumped disturbance terms d, and d,,,
are given as:
4 2

1
fU:g_aRzzzmij(wx(wxpe,ij))r (3)
i=1j=1
1 4 2
dz; = AG‘Ufg + Af‘u - ER?, Z E mi]’ (fj&ij + 2w X pe,i]' 4+ w X pe,ij) + dv,ex, (4)
i=1j=1
1 1 2 b
fo=Tba [2 )3 (pe,ij X mine3> —wX ]bW] ’ (5)
i=1j=1

4 2
do = AGwTa+Df = Tya Y ) (Iij (@rij + @ X @y jj) + (@ + @ ij) X Jij(@ + @) + pei % fe,i]'> +dwex, (6)
i=1j=1

where AG,f,, Af ,, AG, T4 and Af | represent inherent model uncertainties, while dy ex
and d,, .x denote external disturbances.
The control force f, and control torque T, are given by:

lfa
Ta

where A denotes the control effectiveness matrix and

= AN @)

N = [Nl,lr Nv,lr Nl,Z/ N’U,Zl Nl,3/ Nv,?)r Nl,4r N’(}A]T
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is the vector of virtual control inputs. The relationship between the virtual control inputs
Nj; and N, ; and the actual control inputs #; and «; of the tiltable quadrotor is given by:

Ny =T, c.os(uci), @)
N = T;sin(a;),

wherei =1,2,3,4, T, = cTnZZ denotes the thrust generated by the i-th rotor, c is the thrust

coefficient, n; denotes the rotational speed, and «; denotes the tilting angle of the i-th servo.

For brevity, the definitions of the remaining symbols can be found in [24].

Assumption 1. To avoid the singularity, the pitch angle 6 is assumed to be constrained within the
range of (=%, 7% ).

Assumption 2. The lumped disturbances d, and d., and their time derivatives are bounded, i.e.,
there exist positive constants Dy, Ly, Dy and Ly, such that ||dy || < Dy, ||dy|| < Ly, ||dw|| < D,
and ||dy|| < Le.

Remark 1. In aircraft control, it is common and reasonable to assume that the lumped disturbance
and its time derivative are bounded. This is because the lumped disturbance typically comprises
wind, airflow effects, unmodeled dynamics, and modeling uncertainties, which are continuous over
any finite time interval.

2.2. Control-Oriented Error Dynamics

As shown in Equations (1) and (2), both the position and attitude subsystems of
the tiltable quadrotor are second-order systems. To facilitate the design of the hierarchi-
cal coupling/disturbance-utilization control architecture, and inspired by the modeling
method in [25], the following error dynamics models are defined as:

ép:ey+vc_pc,

, . ©)
ey = Gvfa+fv+dv_vC/
en = Ggew + (_;ch + fQ — QC, (10)
éw - Gwra +fw + da} - wC/
where ey, = p — p, and e, = ©v — v, denote position and velocity tracking errors,
respectively; e = Q — Q. and e, = w — w, denote attitude angle and angular

rate tracking errors, respectively; p., v¢, Q¢, and w, represent the desired commands;
G = diag{l,cos<p, %}; fa = lgtan@sin¢ + rtan 6 cos ¢, —rsinqb,q51n¢]T.

cos

Remark 2. In this paper, the considered coupling refers to the state coupling between the inner and
outer control loops. Taking Equation (9) as an example, the term e, in the position tracking error
dynamics é, represents the state coupling induced by the velocity control loop. Regarding such
coupling effects, as well as the disturbances d, and d, appearing in the system dynamics, most
existing control methods either neglect their influence or fully compensate for them to guarantee
Lyapunov stability. In contrast, by designing coupling/disturbance characteristic indices and
adaptive utilization mechanisms, this paper explicitly exploits these couplings and disturbances to
further enhance system performance.
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3. Controller Design

The proposed control framework consists of two subsystems, each of which adopts a
two-layer cascaded architecture, as illustrated in Figure 2. In the inner loops, super-twisting
sliding-mode observers (ST-SMOs) are employed to estimate the lumped disturbances.
Based on the estimated disturbances and the tracking errors of both the inner and outer
loops, coupling/disturbance adaptive utilization mechanisms (C/D-AUMs) are developed.
Subsequently, robust tracking control (RTC) laws are constructed using the tracking errors
together with the outputs of the C/D-AUMs and ST-SMOs. In addition, to avoid the differ-
ential explosion problem, the desired commands generated by the outer-loop controllers
are passed through first-order filters, and the filtered signals, along with their derivatives,
are used as the reference inputs for the inner-loop controllers. Finally, after the desired
forces and torques are obtained, control allocation and inverse mapping are performed to
generate the actual control inputs for the tiltable quadrotor.

N
Hierarchical coupling/disturbance adaptive utilization mechanism
(Equations{15)-(16)) 7 | Super-twisting sliding-

mode observer
(Equation (11)) p-v,
Q.0
—

¢,

P, ; Position control loop v, ‘>
— Q) FTC law —> Filter |y
7 (Equation (17))

Q, o Attitude angle control loop o, ]
_>®- FTC law Filter |o,
= (Equation (24)) X

[

g,

Velocity control loop
RTC law B
(Equation (18)) S

Control allocation and | 4
inverse mapping
(Equations (26)-(27)) J"

Desired command

Angular rate control loop
RTC law
(Equation (25))

So

7 | Super-twisting sliding- Q.0
mode observer

Hierarchical coupling/disturbance adaptive utilization mechanism (Equation (19))
(Equations{22)-(23))

Figure 2. Architecture of the proposed hierarchical adaptive coupling/disturbance utilization control.

3.1. Translational Control Subsystem
3.1.1. ST-SMO Design

To estimate the disturbances present in the translational dynamics described in (1),
the ST-SMO is constructed as [28]:

6 = Gvfa + fz; - L?lJ/ZAv,lsigl/z(ﬁ - U) + av/ (11)
d, = —LyAyosgn(o —v),

where 9 and d, denote the estimates of v and ds, respectively; A, 1 = diag{Ay 11, Ap 12, Ap13}
and Ayp = diag{A,21,Ap22,Ap23} denote the positive observer parameters; sig'/? (o
by — vy|V/2sgn(d, —vy), 0. — v2|"/? sgn(d, — v2)]T; sgn(-)

v) = [|0x — vx|'/2 sgn(0x —vx),
denotes the sign function.

By defining the state estimation error ¥ = ¥ — v and the disturbance estimation error
d, = d, — d,, the estimation error dynamics of the ST-SMO can be expressed as

= —LY22,15ig"/2(9) + dy,

{ . (12)
dy = —LyAyosgn () — dy,
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As can be seen from (12), the error dynamics are in the standard super-twisting form.
Therefore, by applying Theorem 3 in [29], it follows that the state estimation error ¥ and the
disturbance estimation error d, converge to the origin in finite time. The detailed proof can
be found in Theorem 3 of [29] and its associated derivation. Since finite-time convergence
for the standard super-twisting form is well established in the literature, it is omitted here
for brevity.

3.1.2. C/D-AUM Design

Motivated by [25] and guided by Lyapunov stability analysis, the coupling characteristic

indices J,, = [Jp,1, Jp2, Jp3l" T are
defined as:

and the disturbance characteristic indices J, = [Jo1, Jo2, Jo,3

1, sgn(ep,iez,,i) >0,

(13)
0, sgn(epieyi) <O,

]p,i =

]v,i _ 1, Sgn(ev,id,\v,i) >0, (14)
0, sgn(eyidyi) <0,

where i = 1,2,3 denotes the three channels of the translational dynamics. Specifically,
taking J,; as an example, J,; > 0 indicates that the coupling component e, ; negatively
impacts tracking performance of e, ;, whereas J,; < 0 implies that the coupling component
contributes beneficially. For convenience, the special critical case sgn(ey, i¢,,;) = 0is grouped

together with the case sgn(ep,l-ev,l-) > 0.
To avoid the chattering phenomenon induced by the binary-form characteristic indices
in (13) and (14), the hierarchical coupling/disturbance adaptive utilization mechanisms

&y =1[6p1.Cpo, Zpa)T and &, = [Eo1, 802, Co3]T are designed as:

‘gp,i = Cp,1i tanh(’?p,i

ep,il) sgn(epiey,i) + (1 — cpoitanh(npile,l)), (15)

érv,i = Cyli tanh(ﬂv,i|ev,i|) Sgn(ev,idAv,i) + (1 — Cy2i tanh(”]v,i|ev,i|))r (16)

where tanh(-) denotes the hyperbolic tangent function; c;j1; > ¢j2 > 0, and 7;; > 0
(j = p,v) are controller parameters to be designed.

Remark 3. Compared with directly employing the binary-form characteristic indices in (13)
and (14), the hierarchical coupling/disturbance adaptive utilization mechanisms developed in this
paper offer the following two advantages: (1) the chattering phenomenon induced by the switching of
the characteristic indices is effectively avoided, resulting in smoother utilization or compensation of
coupling/disturbances; (2) the proposed mechanisms not only exploit beneficial coupling/disturbances
but also utilize the negative of detrimental ones. Taking [, ; as an illustrative example, as shown in
Figure 3, when ], ; < 0 (red region), a portion of the beneficial disturbance is utilized; when [,; > 0
(blue region), the detrimental disturbance is not only fully compensated but also partially exploited
in a reverse manner.

Remark 4. It should be noted that Equation (16) is formulated in terms of dy, rather than dy,
because dy, is not directly available in practical systems. Accordingly, employing d., serves as an
implementable surrogate and preserves closed-loop stability, as established in Section 3.3. To reduce
the impact of the disturbance estimation error d,, on the proposed C/D-AUM, we adopt a finite-time
convergent ST-SMO to estimate dy, thereby expediting the convergence of the estimate. Moreovet,
a sign mismatch between dy and d,, is prone to occur when d, lies in a small neighborhood of the
origin or when d, changes sign. As reported in [30], this issue does not degrade the performance
of the disturbance-utilization control framework. A related practical remedy is the threshold-based
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compensation activation mechanism proposed in [31], which enables disturbance compensation only
when the estimation error is below a prescribed bound.

2

Figure 3. Illustration of the coupling/disturbance adaptive utilization mechanisms.

3.1.3. RTC Law Design

To achieve rapid convergence of position tracking errors, the robust tracking control
law for the position loop is designed by incorporating the C/D-AUM in (15) as:

vg = —ky8ig"" (ep) — kypsig??(ep) + p. — &y D eo, (17)

where kp,l = diag{kpfll, kp,12/ kp,13}, kp,z = diag{kpm, kp,22/ kp/23}, ’)/pll > 1, and
0 < ¥p2 <1 are positive design parameters, and ® denotes the element-wise multipli-
cation (Hadamard product).

In the velocity loop, by incorporating the lumped-disturbance estimate in (11) and the
C/D-AUM in (16), the robust tracking control law is designed as:

fae = Go' (—koasig’ (en) — ko2sig?®2(en) = f, + 0 — &, ® o), (18)

where k.1 = diag{ky11, ko2, ko3}, kop = diag{kyo1, ko2 kop3}t, Y01 > 1, and
0 < 79y < 1 are positive design parameters. Moreover, 7. is generated by the first-order
filter t, 0. + v, = v,.

3.2. Rotational Control Subsystem
3.2.1. ST-SMO Design

Similar to (11), the ST-SMO for the attitude dynamics (2) is constructed as:

W =GyT, + fo— L}Uﬂ)\wllsigl/z(d) —w)+ dy, 19)
d, = —LwAwosgn(@ — w),

where @ and d,, denote the estimates of w and d., respectively; Ay, 1 = diag{Aw 11, Aw12, Aws}
and Ay, » = diag{ Ay 21, Aw22, Aw23} are positive observer gain matrices. The state estima-
tion error @ = @ — w and the disturbance estimation error d,, = d,, — d,, exhibit finite-time
convergence. The corresponding analysis is provided in Section 3.1.1.
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3.2.2. C/D-AUM Design
In the rotational control subsystem, the coupling characteristic indices J, = [Ja,1,Ja2, Jo3]"

and the disturbance characteristic indices J,, = [Ju,1, Jw,2, Jw3] T are defined as:

—_
~

enitwi) = 0,
]Q,i _ Sgl’l( O, w,z) = (20)
sgn(eq,iew,i) <0,

=)

]w,i _ 1, sgn(ew,idfu,i) >0, (21)
0, sgn(ey,idy;) <0,
where i = 1,2,3 denotes the three channels of the rotational dynamics. The interpretations
of the coupling characteristic indices and the disturbance indices are the same as those
in (13) and (14) and are therefore omitted for brevity.
Based on (20) and (21), the hierarchical coupling/disturbance adaptive utilization

mechanisms & = [€n 1,02, 0]t and €, = [Ew1, Cwp Cws] T are designed as:

), (22)

o, = caoqitanh(na,ilea,]) sgn(ea,iewi) + (1 — capi tanh(na,ileq i

éw,i = Cw,1i tanh(”]w,i |€w,i |) Sgn(ew,idAw,i) + (1 — Cw)2i tanh(ﬂw,i ‘ew,iD)r (23)

where ¢;j1; > ¢jo; > 0,and 77;; > 0 (j = O, w) are controller parameters to be designed.

3.2.3. RTC Law Design

By incorporating the C/D-AUM in (20), the robust tracking control law for the attitude
angle loop is designed as:

wg = Gg' (—ka,1 58" (eq) — k2sig™2(eq) — fo + Q — Gn(En ®ew)),  (24)

where ko1 = diag{ka11,ka12,k013}, koo = diag{kao1, ko2, ka2s}, vo1 > 1, and
0 < vq2 < 1are positive design parameters.

In the angular rate loop, by incorporating the lumped-disturbance estimate in (19) and
the C/D-AUM in (21), the robust tracking control law is designed as:

Toe = G (—kw,sig?e (ew) — koo siglo? (ew) — fo, + @We — & ® fiw), (25)

where k1 = diag{kw,11, kw12, k013}, kw2 = diaglke 21, kw22, kw23}, Y01 > 1, and
0 < Yw2 < 1 are positive design parameters. Moreover, w, is generated by the first-
order filter t,w,; + w, = wy.

3.2.4. Control Allocation and Inverse Mapping
After obtaining the desired force in (18) and the desired torque in (25), the virtual

fu,c] , (26)

Ta,c

control input N can be given by:

N=A"

where A" denotes the Moore—Penrose pseudo-inverse of A.

Due to the inability of pseudo-inverse control allocation to account for actuator satura-
tion issues, the geometric saturation model proposed in [24] is further applied to modify
N, resulting in N, which satisfies the actuator saturation constraints. Finally, according to
Equation (8), the actual control inputs are obtained as follows:

https://doi.org/10.3390/aerospace13030269


https://doi.org/10.3390/aerospace13030269

Aerospace 2026, 13, 269 10 of 26

B ( N; i )

«; = arctan ,
Ns 0,1 (27)

2 2
Ns 1i + Ns v,i
n = ——==-
cr

3.3. Stability Analysis

This section analyzes the stability of the closed-loop system and elucidates the role of
the proposed hierarchical adaptive coupling/disturbance utilization mechanisms.

Theorem 1. Consider the tiltable quadrotor system described by (1) and (2). Under the control
laws (17), (18), (24), and (25), together with the ST-SMOs (11) and (19) and the C/D-AUMs (13),
(14), (20), and (21), all the closed-loop error states are uniformly ultimately bounded.

Proof. Consider the following Lyapunov function candidate:

1 1 1 1 1 1
V= 3 Eep + 2e v€u + zeQeQ + 2e wlw + = 2 v+ Eéz,éw, (28)
where e, = v, — v; and &, = w. — w,; denote the filter errors.
Taking the time derivative of V yields:
V = epéy + eyeo + eheq + epew + Byo + Bl (29)

Recalling the filter definitions in (18) and (25), the following error dynamics
are obtained:
- .- ew .
ep=— —Vyw=—1" @ (30)

Substituting the control laws (17), (18), (24), and (25), together with the ST-SMOs (11)
and (19) and the C/D-AUMs (13), (14), (20), and (21) into the error dynamics (9) and (10),
and further into (29), yields:

V= e; (0 +20 — kp1sig"ri (ep) — ko sig?(ep) — &), @ eo)

01518701 (e) — kyp sigT%2(ey) — &, @ dy + dy)

+ey(—k
( — ka1 sig" (eq) — kayp sig’2(eq) — Ga(€q ® ew) + Gaew) (31)
ew(—k

w1 5igTw (ew) — ko sigT?(ew) — & @ dy + dw)

e e
+f_3;l;<—tv —f?d> +EE,<—tw —d}d>.
v w

Next, consider the coupling/disturbance adaptlve utilization terms e ( -5 ® ev),
el (Gaew — Ga(En®ey)), el (—&, ® d, + dy),and el (—¢, ® dy +dy). To illustrate the
analysis, the terms eg (€0 — ¢, ® ey) and el (—&, ® d, + dy) are selected as representative
examples. Noting that ¢, ® e, = [Cp1€01, Cp2eop, gplgev,g]T, 0 < tanh(7,,le,|) < 1, and
lep,ieoil — epieyi > 0, and assuming that ¢, 1; > cp2; > 0and ¢, 1; > ¢y2; > 0, the following
inequalities hold:
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T 3
€p (e0 — Cp® er) =) (1- Cpi)epico,i
i=1
3
= Z (*Cp,h‘ tanh(17,i]e,i|) sgn(ep,iey,i) €p,i €vi + Cpoitanh (i ilep,i|) ey i ev’i)
lzl (32)
= 2(—%,11- tanh(17,ilep,il) lep,i 2itanh(77,ilepi|) ep,i ev,i)
i=
3
< Y —cpoitanh(1, ey ] (lep, el — epien;) < 0.
i=1
T A 3 X X )
e, (_gv ®dy + dv) = 2 (-Cp,li tanh(’?v,i|ev,i|) Sgn(ev,idv,i)ev,idv,i - (1 — Cy2i tanh(ﬂv,i|ev,i|))ev,idv,i + ev,idv,i)
i=1
: ~ ~
< 2 <_Cv,2i tanh (17, [eo i) ( — ey ily) — ev,idv,i) (33)
i=1
3 7 ~
< _ev,idv,i = _e;l;dy,
i=1

where d, denotes the disturbance estimation error.

Then, the error-related terms are further analyzed. Consider eg (—kp,1sig’ (ep) —
kysig?2(ep)).Since 7,1 > 1and 0 < 7,,» < 1, forany x € R, itholds that [x|7»1 7! > |x|2
when |x| > 1, and |x|772"! > |x|? when |x| < 1. Therefore,

e;(_kp,l sig’n! (ep) — kpp sig? (ep)) = — Z( pli |epz|7’g1Jr +kp2i |epz|%12+1)
i=1
> (34)
< - Z( pli |epz| +kp21 |epz| )
i=1
T
S —hp epep/
where k;, = min{ Amin(kp,1), Amin(kp2) } > 0.
Substituting (32), (33), and (34) into (31) and invoking Young's inequality yield:
V= e};é?, — kpe;ep — koele, — erd, —kaeheq + eb,Gaew
- 1
—kpele, —eldy, — —ele, —ervy — —e) e, — ez,wd
to tw
<—k—leTe—k—1eTe—k—| eTe (35)
> P 5)rer LA v Q w
1 1 1
- (g—l)evez, (a—l)ew w+ d2+ dz E z,z-l—i 2
< =2cV 4 A,
where ¢ = min{kp—%, ko— 1 ko — 150l Ky — 1, L -1, %_1}, — 1324142 4
%O’UZ + %(7(3. Here, d,, d,,, 0, and 0, are positive constants satisfying ||dy|| < do, ||dew|| < dew,

lo4]] < 0w, and ||wy|| < 0w. This completes the proof. [

The effect of the proposed hierarchical coupling/disturbance adaptive utilization
mechanisms can be further elucidated through Lyapunov stability analysis. Specifically,
consider the term L, ey (em épriev,i) . Based on (32), L, ; can be reformulated as:

L= [—cpisgnlepies) + Cp,Zi] tanh(;yp,i|epri|) ep,iC,i- (36)
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When sgn(epie,,i) > 0, it follows that

Lp,i = (fcp,li + Cp,Zi) tanh(ﬂp,i|ep,i|) €p,i€y,i < 0, (37)

which indicates that L, ; is consistent with the sign of V and therefore contributes to
accelerating the convergence of the Lyapunov function V.
Furthermore, considering the limiting cases, one has

lelir|r_1) 0(_Cp,li + cp2i) tanh(1y, ilep il)eqi = 0, (38)

pi

e ligw(_cp,li + Cp,Zi) tanh(ﬂp,i|ep,i|>ev,i = (_Cp,li + Cp,Zi)ev,i~ (39)
pi

These results demonstrate that the proposed hierarchical coupling/disturbance adap-
tive utilization mechanisms enable a smooth and bounded utilization of coupling and
disturbance effects. Moreover, the proposed mechanisms not only effectively exploit bene-
ficial coupling/disturbances but also partially exploit detrimental coupling/disturbances
in a reverse manner.

Remark 5. To facilitate practical implementation, a brief guideline for tuning the parameters of
the proposed controller is provided. First, for the controller parameters, the exponents in the error
power terms are typically selected as ;1 = 1.2 and vy, = 0.8(i € {p,v, ), w}). The control gains
kiij>0(i€{p,v,Q w}, j=1,2,3) should be chosen positive and generally follow the rule that
the inner loop gains are larger than the outer loop gains. Second, for the observer parameters, A; 1
and Ajpi(i € {v,w},j = 1,2,3) can be set to 1.5 and 1.1, respectively. The gain L;(i € {v,w}) is
related to the differential upper bound of the lumped disturbance and should be selected larger than
this bound. Finally, for the C/D-AUM parameters, 1;; > 0 (j € {p,v,Q,w}, i =1,2,3) can be
interpreted as a smoothing factor. If 1; ; is too large, tanh(-) tends to behave like the sign function,
which may induce chattering. The parameters cj; and ¢j;(j € {p,v,Q,w}, i = 1,2,3) should
satisfy cj1; > ¢jpi > 0. When the disturbance/coupling is beneficial, (Cj,li + Cj/zl') represents the
maximum utilization factor of the disturbance/coupling. When it is detrimental, —(c;1; — ¢;2i)
represents the maximum utilization factor of the disturbance/coupling.

4. Simulation Results

In this section, comparative simulations and Monte Carlo simulations are conducted
to verify the effectiveness and robustness of the proposed hierarchical adaptive cou-
pling/disturbance utilization control method.

4.1. Comparative Simulations

In the simulations, the physical and geometric parameters of the tiltable quadrotor
are adopted from [24], while the dynamic parameters are estimated using the parameter
estimation platform (https:/ /www.flyeval.cn/ (accessed on on 25 April 2025)). Based on
the dynamic analysis and control capability constraints, the control inputs are limited to
0 <n; <800rad/s and —60° < &; < 60° to ensure flight safety.

Two control methods are employed for comparison: (1) the Flexible Disturbance
Compensation Control (FDCC) method [24], and (2) the proposed control scheme with-
out the coupling/disturbance adaptive utilization mechanism (denoted as “Proposed
w/o C/D-AUM”). These comparisons are conducted to validate the effectiveness of the
proposed control framework as well as the hierarchical coupling/disturbance adaptive
utilization mechanism.

The simulation scenario is configured as follows. The tiltable quadrotor first takes
off to an altitude of 5 m and then tracks a square reference trajectory with a side length of
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5 m in the horizontal plane. To evaluate the control capability when position and attitude
maneuvers are performed simultaneously, the attitude angle commands are varied within
[—15°, 15°] during the position maneuver. The control parameters used in the simulations
are summarized in Table 1. The model uncertainties are introduced as 4+-20% variations,
such that AG, = 0.2Gy, Afy, = 0.2f,, AG, = 0.2Gw, Af, = 0.2f,,. The external disturbances
are given by

0.8sin(0.3t) 1.4sin(0.2f)
doex = kg, [0.6sin(0.2f) |,  dwex = kg, | 1.5sin(0.3t) | . (40)
0.7 sin(0.3¢) 1.6sin(0.2f)
where k; = k; = 1.
Table 1. Controller parameters.
Method Parameter
FDCC o = Nw = 0.08, wyp = w0 =08, = {n =20, cp1=rca1=28,

Cpg =C02 = 16, kp = 1,kv = 3, kQ = 3,kw =5.
Mot = A1 = diag{1.5,1.5,1.5}, Ayp = A, = diag{1.1,1.1,1.1},
L, =L, =038,
Ypl = Yo1 =701 = Yo1 =12,7p2 = Y02 =102 = Yw2 =08,
cp1 = diag{0.3,0.3,0.3}, 2= diag{0.1,0.1,0.1},
1, = diag{1,1,1},
Proposed method, Cp1 = Qiag{0.5,0.5,0.5}, ¢y = diag{0.3,0.3,0.3},
Proposed w/o C/D-AUM o = dlag{l' 11}, )
kp1 = diag{1,1,1}, kpy = diag{1,1,1},
ko = diag{15,15,1.5}, ky, = diag{1.5,15,5},
co = diag{2,2,2}, cnp = diag{0.5,0.5,0.5}, # = diag{1,1,1},
¢ = diag{1.8,1.8,1.8}, ¢, » = diag{0.5,0.5,0.5},
1, = diag{1,1,1},
kQ,1 = d1ag{3, 3,3}, kQ/z = dlag{3, 3,3},
k.1 = diag{5,5,5}, k,» = diag{5,5,5}.

Figure 4 shows the position and velocity tracking curves (with the z-axis of the inertial
coordinate system pointing downward, using altitude to replace the z-coordinate). It can
be observed that both the proposed method and the comparison methods achieve good
tracking control accuracy. Since the desired velocity commands for the proposed and
comparison methods differ, to avoid redundancy, only the velocity tracking curves for the
proposed method are shown in Figure 4c.

To better highlight the comparison between the proposed method and the comparison
methods, Figures 5 and 6 show the three-axis position/velocity errors and the three-axis
C/D-AUM outputs. From the zoomed-in view (blue dashed line) in Figure 5a—c, it can be
observed that the proposed hierarchical C/D-AUM significantly improves the position-loop
tracking accuracy by effectively exploiting the velocity tracking error as a coupling state. As
shown in Figure 6a—c, since both the proposed method and the FDCC employ a disturbance
utilization mechanism in the inner loop, they achieve better tracking performance than
the Proposed w/o C/D-AUM scheme. Additionally, by combining Figures 5 and 6, it is
confirmed that using disturbances only in the inner loop (velocity, angular rate) does not
improve the tracking performance of the outer loop (position, angle), thus validating the
effectiveness of the proposed hierarchical C/D-AUM.

Figure 7 presents the performance curves of the rotational control subsystem (attitude
angles and angular rates). Similarly, to avoid redundancy, only the angular rate tracking
curves for the proposed method are shown in Figure 7b. Figures 8 and 9 show the three-axis
angle/angular rate tracking errors and the corresponding three-axis C/D-AUM output
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curves. It can be observed that, under the proposed method, the tracking performance of
both the outer loop (attitude) and the inner loop (angular rate) is markedly improved by
adaptively exploiting the coupling and disturbance.

e ‘ ‘ i Bt
Desired Command 0 5 10 5 20 25 30
= = = Proposed Method . .
........ Proposed w/o C/D-AUM 0 Y Desired Command
FDCC s \ = = = Proposed Method
Y N e Proposed w/o C/D-AUM | |
N \ FDCC
4+ ) i
P m—— T S
0 5 10 15 20 25 30
Time(s)
(b)
2F T T T =
T‘{’
£ 0
%
>
2k L | L L 1 k|
0 5 10 15 20 25 30
2F T T T T T 3
"o
£ 0
>
>
2k L | L L L k|
0 5 10 15 20 25 30
0 T T T T T
"o
g r ]
N Desired Command
> — — = Proposed Method
-2F | L . | L ]
0 5 10 15 20 25 30
Time(s)
(c)

Figure 4. Three-dimensional position and velocity curves in comparative simulations. (a) Three-
dimensional position tracking curves. (b) Three-axis position tracking curves. (c) Three-axis velocity
tracking curves.

To provide a clearer and more quantitative performance comparison between the pro-
posed method and the baseline methods, Tables 2-4 report the mean absolute error (MAE),
root mean square error (RMSE), and mean bias error (MBE) obtained in the comparative
simulations. These metrics characterize the tracking performance from two perspectives,
namely, the average magnitude of the error (MAE and RMSE) and the bias property of
the error distribution (MBE), thereby demonstrating the effectiveness of the proposed
method. According to the MAE results summarized in Table 2, the proposed method
achieves overall performance improvements of 39.27% and 31.97% compared with FDCC
and the Proposed w/o C/D-AUM scheme, respectively. In addition, the RMSE and MBE
results are consistently lower than those of the comparison methods. These results indicate
that the proposed method improves both the dynamic performance and the steady-state
performance. Additionally, Figure 10 shows the control input curves. Both the proposed
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method and the comparison method maintain control inputs within reasonable ranges,
validating their feasibility.

0.05 T T T T T 0.05 T T T T T
7 L, :
— 13 S o _
éx 0 | e e e e - 3 _ _.:._:_______2. f e \E})\
© A 7 if ®
i (X
-0.05F [ - T prg : 1
— posed Method L L L -0.05 L L = = =P,
___________ posed Method
0 ::Bnggsed w/o C/D-AUM 15 20 25 30 0 5 10 15 | Proposed wio C/D-AUM 0
FDCC
1.02 1.01 T T P
)
1.01F Y '\ 1 b ' n - ,“ _________
tas o oo~ P - b -
~ 17~ o s 7’
e r=======- 40 il R T ~ (Y (I
WS | II\\| :I\ 5 | W2 0991 11N |I\/
0.99 || | " - V1 1,
L 1 1 | 0.98+ 1! N
0.98 1 l\, W !
I\ 1 1 L 097 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time(s) Time(s)
(a (b)
T T T T T
0.05F # = = = Proposed Method
---------- Proposed w/o C/D-AUM
Iy FDCC
— "’.i
S 13
= Mg
[0} ol ‘ P e —— o s s S A 1T 220
‘_ ’ /’
i 1 1 1 1
0 5 10 15 20 25 30
1.02
1.01F
) I}‘
P LY P e e e e e —— ]
o ' .-
o \
wr 1 4
0.99F I\~
11
098 11
Iy
| | | .
0 5 10 15 20 25 30
Time(s)

(o)

Figure 5. Three-axis position tracking errors and the outputs of C/D-AUM in comparative simula-
tions. (a) x-axis position tracking error and C/D-AUM output §,1. (b) y-axis position tracking error

and C/D-AUM output Gp,2- (€) z-axis position tracking error and ) 3.

Table 2. MAE metrics in comparative simulations.

Channel Proposed Method Proposed w/o C/D-AUM FDCC
x (m) 0.0047 0.0099 0.0131

y (m) 0.0050 0.0086 0.0122

z (m) 0.0024 0.0052 0.0075
vy (m-s™1) 0.0181 0.0226 0.0190
oy (m-s™) 0.0162 0.0204 0.0189
v, (m-s 1) 0.0104 0.0132 0.0113
¢ (°) 0.0330 0.0415 0.0749

0 (°) 0.0324 0.0407 0.0591

¥ (©) 0.0349 0.0452 0.0811

p (s 0.1654 0.2215 0.2167
g s 0.1636 0.2670 0.2247
r-sh) 0.1274 0.2360 0.2281
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Figure 6. Three-axis velocity tracking errors and the outputs of C/D-AUM in comparative simulations.
(a) x-axis velocity tracking error and C/D-AUM output ¢, ;. (b) y-axis velocity tracking error and
Co- (€) z-axis velocity tracking error and &y 3.
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Figure 7. Three-axis angle and angular rate tracking curves in comparative simulations. (a) Three-axis

angle tracking curves. (b) Three-axis angular rate tracking curves.
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Figure 8. Three-axis angle tracking errors and the outputs of C/D-AUM in comparative simulations.
(a) Roll angle tracking error and C/D-AUM output {n ;. (b) Pitch angle tracking error and ¢q 7.
(c) Yaw angle tracking error and ¢q 3.

Table 3. RMSE metrics in comparative simulations.

Channel Proposed Method Proposed w/o C/D-AUM FDCC
x (m) 0.0086 0.0149 0.0173

y (m) 0.0091 0.0117 0.0144

z (m) 0.0061 0.0102 0.0119
vy (m-s1) 0.0316 0.0406 0.0323
vy (m-s™) 0.0271 0.0360 0.0295
v, (m-s~1) 0.0230 0.0295 0.0237
¢ () 0.0564 0.0682 0.1138

0 (°) 0.0518 0.0627 0.0897

P (°) 0.0575 0.0712 0.1120

p (s 0.2542 0.3172 0.2836
g s 0.2535 0.3943 0.3101
r(°-s7h 0.2078 0.3518 0.3044
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Table 4. MBE metrics in comparative simulations.
Channel Proposed Method Proposed w/o C/D-AUM FDCC
x (m) 0.0000 —0.0008 —0.0007
y (m) 0.0000 0.0005 0.0014
z (m) —0.0011 —0.0019 —0.0027
vy (m-s™1) —0.0009 —0.0012 —0.0009
vy (m-s™) 0.0012 0.0015 0.0019
v, (m-s~1) —0.0015 —0.0019 —0.0015
¢ (°) 0.0160 0.0186 0.0295
0 (°) —0.0014 —0.0020 0.0032
P (°) —0.0122 —0.0144 —0.0268
p (°~s_1) 0.0240 0.0290 0.0193
q (°~s_l) —0.0057 —0.0167 —0.0080
r (O-s_l) —0.0015 —0.0025 0.0096
2 T T T T 02 N X > =
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Figure 9. Three-axis angular rate tracking errors and the outputs of C/D-AUM in comparative

simulations. (a) Roll angular rate tracking error and C/D-AUM output ¢, 1. (b) Pitch angular rate

tracking error and ¢, 2. (c) Yaw angular rate tracking error and ¢, 3.
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Figure 10. Control input curves in comparative simulations. (a) Rotor speed curves. (b) Servo tilt
angle curves.

4.2. Monte Carlo Simulations

In this section, 300 Monte Carlo simulations are conducted under model parameter
uncertainties, external disturbances, sensor noise, actuator dynamics, and communication
delays, to further validate the robustness of the proposed method.

The Monte Carlo simulation settings are specified as follows. The reference commands
for the position and attitude of the tiltable quadrotor are identical to those used in the
comparative simulations. The model parameters are randomly perturbed within +20%.
The disturbance coefficients k;, and k; , are randomly varied within [—2, 2]. The control-
input delay and the measurement/feedback delay are randomly selected within 1-3 control
periods. Sensor noise is modeled as additive Gaussian noise. The 1 — ¢ values for position,
velocity, attitude angles, and angular rates are set to 0.01 m, 0.03 m/s, 0.1°, and 0.2°/s,
respectively. The rotor speed and tilt angle dynamics are modeled as first-order inertial
elements with a time constant of 0.02 s.

Figure 11 illustrates the position, velocity, attitude angle, and angular rate tracking
error curves from a randomly selected Monte Carlo run, and Table 5 summarizes the
statistical results of the MAE, RMSE, and MBE over 300 Monte Carlo simulations. As
shown in Figure 11, incorporating practical factors of physical systems (e.g., sensor
noise and time delays) inevitably increases the tracking errors. For the tiltable quadro-
tors, position and attitude accuracy are of primary concern. As shown in Figure 11a,c,
the position and attitude angle errors can be maintained within £0.1 m and £0.5°, re-
spectively, indicating a high control precision. From the quantitative results in Table 5,
it is evident that, despite the presence of noise, delays, and other practical factors, the
proposed method still achieves satisfactory dynamic performance and steady state
performance in terms of MAE, RMSE, and MBE. These results further corroborate the
robustness of the proposed hierarchical adaptive coupling/disturbance utilization
control method.
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Figure 11. Tracking error curves in Monte Carlo simulations. (a) Position tracking errors. (b) Velocity
tracking errors. (c) Attitude angle tracking errors. (d) Angular rate tracking errors.

Table 5. Performance metrics in Monte Carlo simulations.

Channel MAE RMSE MBE
x (m) 0.0214 0.0272 —0.0066
y (m) 0.0203 0.0260 —0.0053
z (m) 0.0196 0.0244 —0.0089
vy (m-s™1) 0.1005 0.1244 —0.0038
vy (m-s™!) 0.1006 0.1245 —0.0026
v, (m-s~1) 0.1012 0.1250 —0.0045
¢ (°) 0.3285 0.5395 0.0138
6 (°) 0.3034 0.4723 0.0008
¥ (%) 0.1970 0.2497 —0.0179
p(c-s7h 2.3696 3.0715 0.0852
g s 2.0009 2.5725 0.0959
r(°-s 1) 1.8496 2.2766 0.0606

5. Experimental Validation

In this section, the proposed method is validated through flight experiments. The
hardware architecture of the tiltable quadrotor is shown in Figure 12.
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Figure 12. Hardware architecture of the tiltable quadrotor.
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The flight experiment scenario is configured as follows. The tiltable quadrotor first
takes off to an altitude of 1 m. It then hovers while the pitch and roll commands are varied
within £20°. After that, the vehicle tracks a square reference trajectory with a side length of
2 m in the horizontal plane. Two fans are placed near the center of the square and operated
in oscillating mode to generate a horizontal wind disturbance from varying directions,
thereby emulating a 360° horizontal wind environment with a wind speed of approximately
3m/s.

Figures 13 and 14 show the position and attitude angle tracking results from the flight
experiment. Due to factors such as modeling errors, disturbances, and sensor noise, the
control performance in the physical flight experiment is noticeably worse than the results
obtained in the simulation. However, the proposed method still achieves excellent control
performance. Additionally, since the rotor speed and servo tilt angles cannot be measured,
the expected thrust and torque curves are presented in Figure 15 to validate the feasibility
of the proposed method.

To provide a clearer quantitative performance comparison between the proposed
method and the baseline methods, Tables 6—-8 summarize the MAE, RMSE, and MBE
obtained in the flight experiments. Since the proposed method incorporates the hierarchical
C/D-AUM, it achieves improved tracking performance in both the outer loop and the inner
loop, as indicated by the generally smaller MAE values. For the inner-loop performance,
because both the proposed method and FDCC employ a disturbance-utilization mechanism,
their MAE values are lower than those of the “Proposed w/o C/D-AUM” scheme for most
channels. For the outer-loop performance, FDCC is slightly inferior to “Proposed w/o
C/D-AUM” in a few cases, suggesting that disturbance utilization in the inner loop alone
does not necessarily translate into improved outer-loop tracking accuracy. The RMSE
and MBE results are also competitive among the three methods, with no obvious bias
amplification observed. Overall, based on the averaged MAE across all reported channels,
the proposed method achieves performance improvements of 12.18% and 24.49% compared
with “Proposed w/o C/D-AUM” and FDCC, respectively.
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Figure 13. Three-dimensional position and velocity curves in the flight experiment results. (a) Three-
dimensional trajectories. (b) x-axis position and velocity tracking curves. (c) y-axis position and
velocity tracking curves. (d) z-axis position and velocity tracking curves.

Table 6. MAE metrics in experimental validation.

Channel Proposed Method Proposed w/o C/D-AUM FDCC
x (m) 0.0464 0.0554 0.0575

y (m) 0.0444 0.0552 0.0596

z (m) 0.0784 0.0833 0.1384
vy (m-s™1) 0.0237 0.0274 0.0256
vy (m-s™) 0.0249 0.0261 0.0255
v; (m-s™1) 0.1455 0.1584 0.1720
¢ (°) 0.7382 0.8876 0.8469

6 (°) 0.5291 0.5305 1.2145
p(s™h 1.2439 1.4128 1.3529
g (s 1.0349 1.2147 1.2827
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Figure 14. Three-axis angle and angular rate tracking curves in the flight experiment results. (a) Roll
angle and angular rate tracking curves. (b) Pitch angle and angular rate tracking curves. (c) Yaw
angle curves (In this paper, the yaw angle is controlled manually by the operator).
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Figure 15. Three-axis thrust and torque curves in the flight experiment results. (a) Three-axis thrust
curves. (b) Three-axis torque curves.
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Table 7. RMSE metrics in experimental validation.

Channel Proposed Method Proposed w/o C/D-AUM FDCC
x (m) 0.0876 0.0980 0.1013

y (m) 0.0829 0.0979 0.0996

z (m) 0.0967 0.1004 0.1501
vy (m-s™1) 0.0315 0.0335 0.0296
vy (m-s~1) 0.0308 0.0324 0.0319
v, (m-s~1) 0.1554 0.1644 0.2430
¢ (%) 1.0869 1.2805 1.1825
0(°) 0.9114 0.9339 1.4211

p (s 1.5261 1.7269 1.7713
g(s7h 1.4964 1.7170 2.7152

Table 8. MBE metrics in experimental validation.

Channel Proposed Method Proposed w/o C/D-AUM FDCC
x (m) 0.0008 0.0137 0.0086
y (m) —0.0046 —0.0146 —0.0140
z (m) 0.0785 0.0802 0.1334
oy (m-s™1) 0.0007 0.0199 0.0123
vy (m-s™1) —0.0008 —0.0163 —0.0133
v, (m-s™1) 0.1168 0.1444 0.2314
¢ (°) —0.1507 —0.5319 0.2330
0 (%) 0.0095 —0.0260 1.0432
p(s™h —0.5346 —0.8281 0.6767
g(°s7h 0.0914 0.1071 0.1490

6. Conclusions

A hierarchical adaptive coupling/disturbance-utilization control framework is pro-
posed to address the independent control problem of position and attitude. First, a control-
oriented error dynamics model is developed, incorporating both inner-outer loop coupling
and lumped disturbances, thus laying the foundation for the proposed framework. Then,
hierarchical adaptive coupling/disturbance utilization mechanisms are designed, which
enable the smooth exploitation of both beneficial couplings/disturbances and the advan-
tageous effects of harmful ones. In addition, super-twisting sliding mode observers and
robust tracking control laws are integrated into the overall control framework to guarantee
the system’s performance. Furthermore, the system’s stability and the role of the utilization
mechanisms are analyzed using Lyapunov methods. Simulation and flight experiments
validate the effectiveness of the proposed method.

Combining the hierarchical adaptive coupling/disturbance utilization mechanism
with optimal control methods to further enhance utilization efficiency and tracking perfor-
mance is a future research direction.
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Abbreviations

The following abbreviations are used in this manuscript:

NMPC Nonlinear Model Predictive Control
ESO Extended State Observer

DO Disturbance Observer

USDE Unknown System Dynamics Estimator

ST-SMO Super-twisting Sliding-mode Observer
C/D-AUM  Coupling/disturbance Adaptive Utilization Mechanism

RTC Robust Tracking Control
FDCC Flexible Disturbance Compensation Control
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