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Abstract: Unmanned aerial vehicles must achieve precise flight maneuvers despite dis-
turbances, parametric uncertainties, modeling inaccuracies, and limitations in onboard
sensor information. This paper presents a robust adaptive control for trajectory tracking
under nonlinear disturbances. Firstly, parametric and modeling uncertainties are addressed
using model reference adaptive control principles to ensure that the dynamics of the aerial
vehicle closely follow a reference model. To address the effects of disturbances, a modi-
fied nonlinear disturbance observer is designed based on estimated state variables. This
observer effectively attenuates constant, nonlinear disturbances with variable frequency
and magnitude, and noises. In the next step, a two-stage sliding mode control strategy is
introduced, incorporating adaptive laws and a commanded-filter to compute numerical
derivatives of the state variables required for control design. An error compensator is
integrated into the framework to reduce numerical and computational delays. To address
sensor inaccuracies and potential failures, a high-gain observer-based state estimation
technique is employed, utilizing the separation principle to incorporate estimated state
variables into the control design. Finally, Lyapunov-based stability analysis demonstrates
that the system is uniformly ultimately bounded. Numerical simulations on a DJI F450
quadrotor validate the approach’s effectiveness in achieving robust trajectory tracking
under disturbances.

Keywords: aggressive trajectory tracking; adaptive control; disturbance observer; state
observer; commanded filter; UAVs

1. Introduction

Unmanned aerial vehicles (UAVs) are flying robots that can be controlled au-
tonomously or semi-autonomously from a ground station. Recent technological advance-
ments have driven a significant rise in the use of UAVs across a wide range of applica-
tions, including military, remote sensing, wind turbine crack detection, commercial, and
industrial domains. Due to their versatility, high maneuverability, lightweight design,
cost-effectiveness, and vertical takeoff and landing (VTOL) capabilities, quadrotor UAVs
have emerged as a prominent platform for various applications [1-5].

The propulsion system of a quadrotor UAV consists of four rotors mounted equidis-
tantly from the center of gravity in the body frame, as illustrated in Figure 1. Quadrotors
are inherently underactuated systems, with four control inputs and six outputs, including
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attitude angles and Cartesian positions. Significant research efforts have been dedicated
to the control design of quadrotor UAVs. However, the growing demand for innovative
and dynamic applications has introduced new challenges in control system development.
Moreover, the highly nonlinear and complex dynamics of quadrotors, coupled with distur-
bances, modeling and parametric uncertainties, actuator inefficiencies, sensor noise, and
the need for aggressive maneuvers, make achieving effective trajectory tracking control a
formidable task [6,7].

Body frame

N
: J’Ev\l/%
Earth axis

Op

Figure 1. Quadrotor schematic.

Standard controllers based on linear and nonlinear control algorithms have been ex-
tensively utilized for quadrotor control. Linear control schemes typically require the model
to be linearized, after which feedback control methods are employed to design controllers
and achieve desired control objectives. Examples of such controllers include proportional—-
integral-derivative (PID) controllers [8], linear quadratic regulators (LOR) [9-11], and
linearized model predictive control (MPC) [12-14]. However, linear control systems often
neglect highly nonlinear dynamics, such as Coriolis terms, to meet the requirements of a
linearized model. For instance, small attitude angles and slow linear or angular velocities
are commonly assumed to be negligible.

To address the limitations and challenges associated with linear controllers, nonlinear
control strategies such as sliding mode control (SMC), backstepping control, nonlinear
dynamic inversion, nonlinear PID, model reference adaptive control (MRAC), and fuzzy
controllers have been developed for quadrotor UAVs. These techniques are designed
to achieve superior performance compared to linear controllers. Moreover, the afore-
mentioned approaches effectively handle the complex dynamics and nonlinear coupling
inherent in quadrotor UAVs, thereby achieving robustness and improved trajectory tracking
performance [15].

SMC is widely regarded for its inherent robustness against matched uncertainties and
disturbances. However, it introduces chattering in the control input due to its switching
control strategy [16-18]. Furthermore, its robustness is only guaranteed when the upper
bound of unknown uncertainties and disturbances is known [19]. In [20], a two-step SMC
technique combined with adaptive laws was designed using Lyapunov stability criteria for
quadrotor control. By incorporating a noise filter and a saturation function, the approach
addressed sensor noise and modeling uncertainties. In [21], an adaptive SMC technique
was employed to tackle the input saturation problem. Additionally, the use of adaptive
laws facilitated disturbance rejection and eliminated the need for the empirical tuning
of control gains. However, the inherent chattering issue, which causes wear and tear in
actuators, remains unresolved in these methods.
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In [22], a high-order sliding manifold was constructed to design a robust SMC tech-
nique that achieves a chattering-free controller and ensures asymptotic stability. The ap-
proach was combined with a high-order sliding mode observer (HOSMO) and a deadzone-
based method for adaptive laws to tackle unknown disturbances during low-altitude
grasping applications. A similar control technique with finite-time stability was proposed
in [23], where all states were estimated using HOSMO based on the quadrotor’s transla-
tional and rotational outputs. In this method, HOSMO provided disturbance estimates,
which were utilized in the controller to achieve simultaneous disturbance rejection and
chattering attenuation. In [24], saturation was introduced in the control input to solve
the chattering issue. However, due to saturation function, the robustness of the control
system was compromised. Other notable control techniques employing high-order sliding
mode methods for solving chattering are presented in [25-28]. However, the high-order
observer techniques in these controllers were sensitive to noise, and state convergence was
not explicitly considered. Moreover, the chattering issue was not completely resolved.

Backstepping control is well-known for its Lyapunov-based design, which enables the
development of chattering-free control algorithms to address wear and tear in quadrotor
actuators. Its recursive design methodology, along with the cancellation of indefinite
cross-coupling and nonlinear terms, ensures stability at each step and facilitates global
stability [29-31]. Using the backstepping control technique, lateral position and altitude
tracking performance were achieved in [32]. In this work, position and attitude tracking
errors were first defined, and the Lyapunov method was applied to ensure negative semi-
definiteness by canceling unwanted terms. In [33], backstepping control was combined
with a correction term derived from the super-twisting algorithm to ensure disturbance
attenuation and finite-time global stability of the origin. However, the recursive nature of
backstepping control requires higher control effort due to cross-cancellation. Additionally,
backstepping algorithms are susceptible to the ‘explosion of complexity’ phenomenon caused
by the repeated differentiation of virtual inputs and state variables [34].

Based on the first-order differentiator, the dynamic surface control (DSC) technique
has been incorporated into the backstepping design procedure to address the issue of the
repeated differentiation of virtual inputs, as presented in [35,36]. Additionally, adaptive
control laws have been introduced to avoid the conservative tuning of control gains while
ensuring the desired quadrotor performance. In [37], a commanded filter using Levant’s
differentiator was employed to compute numerical derivatives of the state variables and
virtual control inputs. In this approach, tracking errors were first defined between the
quadrotor outputs and the desired trajectory, and a commanded filter with error compen-
sation was integrated into the controller to replace the derivatives. The concept of the
commanded filter was extended in [6], where it facilitated numerical differentiation and
disturbance attenuation through adaptive laws, enabling trajectory tracking in uncertain
environments. However, implementing adaptive laws requires an accurate quadrotor
model. Furthermore, adaptive laws are sensitive to noise and disturbances, which can lead
to inaccuracies or instability in quadrotor performance [38].

Using an ideal quadrotor model, the model reference adaptive control (MRAC) tech-
nique has been employed for quadrotor attitude control, as demonstrated in [39]. In this
method, an ideal reference attitude model was first designed, and an error was defined
between the reference model and the actual quadrotor model. Adaptive laws were then
formulated to satisfy matching conditions, followed by the design of a robust SMC-based
control law. In similar research, quadrotor attitude stabilization was achieved in [40], but
these techniques were limited to fully-actuated quadrotor attitude systems.

In [41], an MRAC-based trajectory tracking control strategy was proposed, achieving
uniformly ultimately bounded (UUB) stability, and successfully validated through flight
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tests on quadrotor systems. The self-regulation criteria in this technique ensured robust-
ness against sensor noise and external disturbances. Although actuator dynamics were
not explicitly considered, accurate quadrotor position and attitude measurements were
essential for controller implementation. In [42], neural networks were incorporated into the
MRAC framework to achieve disturbance attenuation and trajectory tracking for quadro-
tors with parametric uncertainties. However, the closed-loop system only demonstrated
asymptotic convergence. Additionally, inevitable external disturbances, such as wind gusts,
were neglected. Furthermore, selecting a suitable reference model remains a significant
challenge, as the real quadrotor must accurately track the output of the reference model.

To address unknown disturbances, disturbance observers (DOs) have been extensively
studied for quadrotor UAVs. Combined with controllers, disturbance observer-based con-
trol (DOBC) aims to simultaneously attenuate disturbances and achieve desired control
objectives [43,44]. For disturbances with slow-varying behavior, they are often approxi-
mated as constant, enabling the lumping of all disturbances and uncertainties into a single
term with an upper bound. A DO can then be designed for estimation, as illustrated in [45].
However, real-time quadrotor flights are subjected to nonlinear disturbances without
known bounds, posing a challenge for DO design.

Nonlinear DOs, combined with observer-based SMC, have been utilized to estimate
and reject faults and external disturbances in [46]. In this approach, a sliding mode
observer was used for state estimation, while control objectives were achieved via SMC.
Furthermore, actuator faults were addressed through sliding mode estimation. However,
the chattering issue remained unresolved. Using the reinforcement learning approach,
the fault tolerance was enhanced in [47]. In [48], a chattering-free DOBC was developed
using robust control combined with nonlinear DO to handle exogenous wind disturbances
and parametric uncertainties. However, the DO required prior knowledge of the constant
peak-to-peak magnitude and frequency of disturbances, making it unsuitable for real-time
implementation. Moreover, significant steady-state errors were observed in numerical
simulations. In [49], state estimation for the time-delayed measurements was designed.
This technique addressed uncertainties while utilizing the state-estimations for control
performance. Other notable research on DOBC for quadrotors is presented in [50-56].

Implementing DOBC requires an accurate mathematical model of the quadrotor system
and precise state information. However, inefficient sensors and actuators make achieving an
effective DOBC algorithm challenging. In [57], fuzzy logic was combined with robust SMC
for helical trajectory tracking. Although SMC is robust to bounded matched disturbances,
the emphasis was on utilizing state estimation for quadrotor outputs and disturbance
rejection. In [58], the controller and DO were designed separately, but this decomposition
required a fully actuated control input and the assumption of no parametric uncertainties
in the quadrotor system. In [59], disturbances were treated as an extended state, and state
estimation criteria were employed for disturbance rejection using quadrotor outputs only.
However, treating disturbances as an extended state necessitated an accurate quadrotor
model. And ensuring that disturbance estimation dynamics were significantly faster than
the control algorithm was difficult due to the coupled dynamics of state extension.

In recent years, Kalman filters (KFs) and their extended versions have gained popular-
ity for quadrotor state estimation. For example, in [60], a Kalman filter was designed using
control composition, quadrotor outputs, and model linearization to estimate position and
attitude. However, disturbances were lumped into a constant bounded term prior to estima-
tion, which is inadequate for real-time quadrotor flights. Additionally, the filtering problem
for uncertain nonlinear quadrotor systems was not addressed. In [61], the load variation
problem was solved using KFs. This method used KFs to predict outputs, followed by
extended state estimation for disturbances. Other key works on KF and EKF applications
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include [62-64]. Although KFs are optimal in minimizing mean square error and deliver
remarkable results, they require the system to be linear, the state-space model to be known,
and the noise to follow a Gaussian distribution with zero mean [65]. Additionally, the
covariance matrices of noise must be known beforehand [66].

The high-gain observer (HGO) technique utilizes quadrotor outputs and nonlinear
models to estimate states and their rates. HGO offers fast convergence, nonlinearity, and
robustness to measurement noise [67,68]. However, it has not been extensively applied
to quadrotor trajectory tracking. In limited literature, such as [69], HGO-based DOBC
was used for state and fault estimation in the position control of quadrotors. Feedback
linearization and adaptive laws were also introduced for online gain tuning. In [70], the
HGO technique was modified by incorporating a dynamical filter on quadrotor outputs
instead of measured outputs, addressing delayed measurements. An adaptive HGO-based
backstepping control law combined with DO was proposed in [71]. This method eliminated
reliance on measurable outputs, using estimated states and rates throughout the control
algorithm, and simultaneously achieved state and disturbance estimation. Although the
HGO technique has demonstrated significant potential in state estimation and control for
quadrotors, its application to trajectory tracking remains relatively unexplored.

In summary, despite significant advancements in control algorithms using HGO for
quadrotor trajectory tracking, notable research gaps persist. Based on the extensive literature
review, studies such as MRAC combined with SMC [41,72] and MRAC integrated with
DO [73] represent promising developments. However, to the best of the authors” knowledge,
the integration of MRAC with SMC in conjunction with HGO-based state estimation has not
been explored. Furthermore, the use of commanded filters within the MRAC framework to
achieve the numerical differentiation of state variables and virtual control inputs remains
uninvestigated. To bridge these gaps and address the challenges associated with trajectory
tracking control design, this work makes the following key contributions:

1. Different from [39-42,72], the MRAC technique is combined with adaptive SMC based
on commanded-filter and nonlinear DO to handle the high dynamics and aggressive
maneuvers of the quadrotor.

2. Unlike prior works [19,38,44,52], a novel algorithm for nonlinear DO is developed,
capable of estimating exogenous disturbances, constant disturbances, nonlinear dis-
turbances with unknown variable frequency and magnitude, Gaussian-distributed
random disturbances, uniformly-distributed random disturbances, and band-limited
white noise.

3. A commanded-filter with error compensation is designed to perform numerical dif-
ferentiation without relying on direct differentiators, thus avoiding computational
delays in the control systems.

4. Two types of adaptive laws are proposed for online control gain tuning. First, an
adaptive law is developed for the MRAC technique based on the tracking error
between the reference model and the real model. Second, adaptive laws are introduced
for the SMC control law based on the tracking error between the desired trajectory
and quadrotor outputs. This approach also addresses the inherent chattering issue in
SMC by reducing it through adaptive laws.

5. By employing the separation principle, the quadrotor outputs and their rates are
replaced with the estimated states obtained using a HGO.

2. Mathematical Model and Preliminaries

Table 1 represents the nomenclature of mathematical model and the physical parame-
ters of the DJI-F450 quadrotor UAV. It is assumed that the airframe inertia for roll, pitch,
and yaw may vary depending on the drone and its propulsion system.



Drones 2025, 9, 181

6 of 30

Table 1. DJI-F450 quadrotor parameters [74].

Nomenclature Representation Unit
Position x(t), y(t), z(t) m
Attitude angles (1), 0(t), w(t) rad
Attitude control u; () i€ (¢,6,9) Nm
Position control Up(t) N
Position virtual control U;(t) j€ (xy,2) N
Angular velocities Wy ke (1,2,3,4) rad/s
Parameter Symbol Value Unit
Gravity g 9.81 m/s?
Mass m 2 kg
Length [ 0.225 m
Thrust coefficient b 9.86 x 107 Ns?
Drag coefficient d 1.6 x 1077 Nms?
Rotor inertia Jr 2.8 x107° kgm?
Airframe inertia of roll Iy 0.0035 kgm2
Airframe inertia of pitch Iy 0.0035 kgm?
Airframe inertia of yaw I, 0.0035 kgm2

2.1. Mathematical Model

Define p = [x,y,z]T and @ = [¢, 0, 1] to represent position and attitude quadrotor, re-

spectively. The rotational and translational velocities by Q = [p, g, r]T and v = [y, vy, 0,7,
respectively. Thus, the quadrotor motion can be given by the following [2]:
pP=0
. T
U= —gZ + ERzg
R =RS(Q)
IfQ = -0 x IfQ—Ga—i-Ta

where z, is the unit vector along the z-axis in the earth-fixed inertial frame, S(Q) is a
skew-symmetric matrix, and R is the rotational matrix given as follows [2,47]:

cosficosp sinBsinypsing —sinycos¢d sinfcosypcosp + sinysing

R = [cosfOsiny sinfsinysing +cosPpcos¢ sinbdsiniycos¢$ — cosypsin¢ (2)

—sind cos fsin ¢ cos 0 cos ¢

T, = [11, T2, 13" is the vector of torques generated by the rotors, where:
T = bl(wi - w%), = bl(w% - w%), = d(w% + Wi — wi — w%) 3)

The four control inputs of the quadrotor, combined with the total thrust, are given

as follows:
T up b b b b}
n| _ |Up| |0 —bl 0 bl |w3 @
ol |Up| |-bl 0 bl 0f|w?
3 Uq; —d d —d d wi

After mathematical derivation and simplification, the dynamical model of the quadrotor
can be expressed as follows:
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% = (cos¢psinbcosy +s1n4>s1n1p)—”
7= (c os4)sm€sml/)—sm<,bcostp)
Z= (os4>cos€)——g
(Iy—L) I (5)
¢ =0 o0, k4 Uy L
b= gipterr) ’Z ”‘ — g + Ut
. Ix '] u
lp — (Pe( I y) + TZIIJ

where (), = w; — wy + w3 — wy. Next, for the state-space model of the quadrotor UAYV,

define ¢ = x1(t), ¢ = x2(t), 0 = x3(t), 6 = x4(t), ¥ = x5(t), § = x6(t), x = x7(¢),
x=xg(t),y =x9(t), y = x10(f), z = x11(t) and z = xq5(¢). Simplification yields

X1 (1) x2(t)
Xa(t) apxy(t)xe(t) + bpxa(t)Qr + cplUy(t)
xX3(t) x4(t)
X4(t) agxa(t)xe(t) — bxa (£)Qy + coUs(t)
Xs5(t) x6(t)
Xo(t) | _ ayxz(t)xa(t) + cyly(t) ©)
X7(t) xs(t)
xg(t) L(cos¢(t) sinO(t) cos () + sin () sinyp(t))Up(t)
Xo(t) x10(t)
x10(t) %(cos ¢(t)sin(t) sinp(t) —sing(t) cos(t))Up(t)
*11(t) x2(t
| X12(t) | i % cos x1(t) cos x3(t)Uy(t) — g |

where ay = (I, — L) /L, by = I /I, cg =1/ Iy, a9 = (I, — Ix) /1y, by = I, /1y, co = 1/1,
a¢ = (Ix— Iy)/Iz/ C¢ = 1/Iz

2.2. Lemmas and Assumptions

This section presents the key lemmas and underlying assumptions that serve as the
foundation for the proposed control design methodology.

Lemma 1. According to [2,58], quadrotor dynamical model can be decoupled into attitude and
position subsystems using small-angle approximation which states that 6 ~ 0 implies cos 6 ~ 1
and sin @ =~ 0.

Lemma 2. According to [75], for a continuous function with a bounded initial condition, define
Vt € RT and satisfy V(t) > O; then, for positive constants ay and by, the function V (t) is
uniformly ultimately bounded, if it can be deduced that V(t) < —ayV + by.

Lemma 3. First order Levant differentiator for an input signal; v, defined for the time interval

[0, 0] is given by ¢1 = v; (o = —kasign(g1 — vy), where k1 and xy are positive design constants.
1.

v = —K1lg1 — vr|2sign(g1 — vr) + Gop [761.

Lemma 4. The error between differentiated signals using the Levant differentiator and real signal
is bounded by a small constant, i.e., |g1 — vy| < €, where ¢ > 0 is a small constant [37].

Assumption 1. Roll and pitch angles stay within (=%, %) [2].

Assumption 2. The desired reference trajectory is continuous and bounded.
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Assumption 3. Quadrotor attitude and position are measurable.

3. Control Design and Stability Analysis
3.1. Attitude Control

Without loss of generality, consider the decoupled roll model in the attitude state-space
representation, subject to nonlinear disturbances. The controller is designed to achieve
tracking control performance, and the state-space model is given as follows:

X1(t) = xa(t)

X2 (t) = apxa(t)xe(t) + bpxa(t)Qr + cpUy(t) +dy(t) @

where d(t) represents the bounded nonlinear disturbance estimated using the technique
given by dy(t) = zy(t) + wy(t), where

zp(t) = — pg(apxa(t)xe(t) + bpxa(t)Qy 4 cplUy(t) + wyp(t) + z4(t)) ®
we () = pexa(t)

where py denotes a positive DO control gain. Next, the error dynamics can be analyses by
defining d(t) = dg(t) — cf¢(t). Thus, it can be derived that

A

dp = dp(t) — dp(t)

=dg(t) — (—pe(agxa(t)xe(t) + bpxa () Q4 coUp () + wg(t) + 2o (1)) + pgta(t))

=dg(t) — (—pe(agxs(t)xe(t) + bpxa()Qr + coUp(t) + we(t) + 24 (1)) 9)
+ g (apxa(t)x6(t) + bpxa(t)Q + cpUp(t) +dp(t)))

= d(t) = g (dp () — dp (1))

Introducing Young’s inequality and simplify

(1+43)

dy

dg(t) < — pgdy(t) +

< — ugpdp(t) +

(10)

N\HN\’—‘

where d_¢ > max{1+ dé} is a maximum bound. Since, d_¢ > 0Vt > 0, therefore, with
#e > 0 sufficiently large, the nonlinear DO will converge and estimate the disturbance.

Next, define
_ ). )|, 0
Xy = [xz(t)]' F¢(t) = lfzp(t)]/B(p = 1 (11)

1
where fy(t) = apxa(t)xe(t) + bpxs(t)Q)r. Hence, it can be written that

0
; Dy =

X¢ = F¢(t) + B¢U¢ + D¢d¢(t) (12)

The MRAC control technique developed in this research requires the matching conditions
to be satisfied between the real and reference models. Therefore, the roll model must be
transformed into the desired model in matrix form. Based on this, the roll control input,
Uy(t), for feedback linearization is chosen as follows:

BTB

U¢(f)—< ! >B¢{A1X¢—F¢()+Blv¢(t)} (13)
¢

where v is a virtual control input to be designed using the MRAC-SMC technique combined
T
with nonlinear DO. A; = [o 0;kp kz} and By = [o k3} withk; >0,k > 0and k3 > 0.
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Remark 1. A; and By are selected to ensure that the state variables are explicitly represented in
the linearized system following the introduction of feedback linearization, which is employed to
eliminate nonlinear coupled terms.

Next, substitute (13) into (12)

X(p = A¢X¢ + Bqﬂ)qj + Dq;dq) (14)
where
Ap = 0 1y, By = ’ (15)
¢ kl k2 g B‘P (B(}}B(p ) B(};Bl
where By (BTl&,,) B(%Bl = k3. Now, the virtual control input for the design of adaptive
9

laws using MRAC criteria is chosen as follows:
vg(t) = Rp(£) X + Ky, ()7 (t) — Koy (1) (8) (16)

where 7,4 () is the reference input, and K (t), Kr¢(t), and KU¢(t) are adaptive gains to be
designed. (t) is a chattering-free robust SMC for trajectory tracking. In next step, the
reference model is chosen according to the second-order dynamical system, given as follows:

i+ 20mWmkm + WXy = byt (t) (17)

where x,, is the state variable of the reference model. {,;, and wy, are the damping ratio
and natural frequency, respectively. They should be chosen such that the reference model
satisfies the Hurwitz criteria. Furthermore, by, is a constant and r(t) is the known reference
input. Simplification is given as follows:

Xin = AmXm + Burg(t); Ay = [_2)%1 _zgnwm]; By = [b?n] (18)
Error between real and reference model is defined as follows:
ep = Xop — X (19)
Time derivative is given by
ép = ApXp + Bpvg + Dgpdp — A Xm — Buryp(t) (20)

Substituting (16) into (19)

ép = (Ap + ByRp) X — AnXm + (B4>Kr¢(f) - Bm)fqb(f) — ByKa, (1)itg (t)
+ Dydy(t)

(21)

Matching conditions for designing adaptive gains for MRAC technique should satisfy

Ap + ByKp = An

, (22)
ByKy, = Bu

Next, (21) can be simplified as follows:

é‘P = (A(p + B¢K¢)X¢ — Ame — B(/;K(/;qu — B(/;Kﬂ’(t) — (B(’)Kr — Bm)r¢(t)

~ (23)
+ ByKo(t)iig(t) — BpKoilg(t) + Dydy(t)
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where
Ky = Ky — Ry(t); Ky, (t) = Ky, — Ky, (£); Ko,y () = Ko, — Ko, (1) (24)

where Ky, K, " and K, , are unknown positive ideal gains. Hence, it can be derived that
é¢ = A¢e¢ — B¢IZ¢X¢ — B¢K7¢T¢<t) -+ B(pKU(PlZ(p(t) — B¢Kv¢ﬂ¢(t) + D¢d¢(t> (25)
Next, the Lyapunov function is chosen as follows:

e N
_ T —-1%T 2 2
Vp = ehPey+ ¢y (K¢F¢ Ryt o Kot 55 K%) (26)

where PyAgp + A$P¢ =—Qy, Pp = Pg >0and Qp = Qg. Furthermore, I'y = 1"£ € R?*2,
ag and By are adaptive control tuning gains. Next, time derivative is derived as follows:

. ~ 2 2 ~ 2 2 . 2
_ 5T T 5 -1
V¢ = €¢P¢€¢ + E¢P¢E¢ + ¢ (ZK‘PF(P K¢ + @KTQpth + ‘B(I)K%K%) (27)
Substituting (25) into (27)
7o T AT TgTRT T RT - T
Vo = (epAf — XpRy By — rg(K], By + ()R], By + dg(t)Dy ) Pey
T % % _
+ €¢P¢ <A¢e¢ — B¢K¢X¢ — B¢Kf¢r¢(t) + B¢KU¢M¢(t) + D¢d¢(f)) (28)

~ 2 2 ~ 2 2 ~ 2
-1
—+ C¢ <2K¢F¢ K(/; + @KHPKWP + ’B(PKU‘PKU(p)

Simplifying
Vi = e (PpAg + Ay Pp)eg + 2¢4 PpBy(—Kp Xy — Kryrp(t) + Koy itg (1)
— Ko, (1)) + 26 Py Dypdp(t) + cp(2RyT ! Kp+ 2 Kr¢Kr¢ [324) (29)
X KU¢I%W¢)
Hence, it can be obtained
Vo =— eqT,Q(Pe(P + 2cpKy (qulkg — k3X¢e$P2> +2cpK;, (oclq,lér — kr¢r¢(t)e£
(30)

_ . 1 - _ _
X P2> + 24Ky, (mK% + k3a¢(t)e£P2) — 2ksey PoKy, g (t)
+ Zegpzdlp(t)

where P, is the second column of Py. Furthermore, ZeTP¢B¢ = 2k3eTP2 € Rand 2el Pq, Dy =
Ze¢ P, € R. Choose adaptive laws as follows:

K;{;(t) = —F¢X¢e£152; Kr¢(t) = —a¢k3r¢(t)eqT,P2;Kv¢(t) = —‘B¢k3ﬂ¢(t)€4€p2 (31)
Substituting (31) into (30) yields

V4, = —€£Q¢€¢ — 2k3€£P2Kvﬁ¢(t) + Ze£P2d¢(t)

’ i (32)
< —eg Q¢€¢ + 7+ b¢
where 75 = 2(3¢ P, (k3 + 1) is a known constant, and by > 1 max{ 4,( )+ dé(t)} represents
an upper bound on the SMC input and disturbance. Therefore, the uniformly ultimately
bounded condition can be achieved, provided that P, is appropriately designed.
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It is important to note that since dy(t) is bounded, its square is also bounded. Further-
more, @iy (t) is a control input designed using SMC principles, which inherently ensures
boundedness if the control gains are chosen to be positive. Consequently, its squared value
is also bounded. The design of 7y(t) will be presented next after the model is redesigned
as follows:

Next, for the design of i1y (t), firstly the commanded-filter is introduced as Z¢ = PyZg,

|ﬁ£| — [_p1|21 _¢7|1/2 1] [Sign(zl _¢7)‘| (34)

Vel —pz 0 Z2

written as follows:

where ¢, is the desired roll angle to be differentiated. p; > 0 and p, > 0 are design con-
stants. Furthermore, z; = x° and z, = x° = ¢, represent the output of the commanded filter
and the derivative of the input signal, respectively. To handle the numerical differentiation
errors, a compensation system is designed as E¢ = ER¢IE¢ + X¢, written as follows:

G| _|-n 1
éz(t) -1 —TI

where r; > O0and rp > 0 are design constants. Next, the sliding manifold is chosen as follows:

g1

&l "

0

(x(1) - 4»)1 -

Sp = Cy (Xp = Zg — By) (36)

where Cy = [c1;1], with ¢; > 0. Next, the sliding mode surface dynamics are obtained
as follows:

. T B
S(p = C¢ (A4>X¢ + B¢1/l¢ + D¢d¢ — P¢Z¢ — 9{4,[@4, — X¢) (37)

Hence, the control input is chosen as follows:

_ T -1 T A~
g = — (CpBs)  (Ch(ApXp+Dody(t) — PypZp — RyEy — Xy
(38)
+ Lpsgn(Sy) + K¢S¢)

Since i1y € R, it can be written as follows:

iy = — k1—3 <c1 (x2+ p1)z1 — ¢V ?sign(z1 — ) — x°(t) + ¢r) + k1x1 + koxa
+ bpxa (1) +dg + (p2 — c1)z0 + (r1 + 1)& + (r2 — 1)& + LysgnSy (39)
+ K¢s¢)
where adaptive laws are governed as follows:
Ly = 14S4l; Ky = 11953 where Ly(0) = 0, Ky(0) =0 (40)
where 74 > 0 and 74 > 0 are control gains for adaptive laws.

Remark 2. Ly (t) and Ky (t) will be non-negative if the adaptive control gains satisfy vy > 0 and
Ny > 0.
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Next, define Lyapunov function as follows:
1 1 . 1 .
Vog==82+_—124+ —R2 (41)
270 29y 0 2y !
where Lp =L— ﬁ4, and KP =Ky — 124,. Now, time derivative is obtained as
Vs = SpSp— - Lyby— LKk 2)
S = - -
¢ 79 Lo Mo N
Next, by using (36) and (39), the time derivative can be obtained as follows:
. 2 ~ 1 A ~ 2 1 A
Vs < —L¢|S¢‘ - K¢S¢ + L‘P |S¢| — fL(P + K¢ S‘P - fK(P (43)
T Mg
Introducing (40) yields
Vs < —Ly|Sp| — KpS5, (44)

Hence, the controller is stable if the adaptive control gains, i.e., vy and 7, are designed
positive and sufficiently large. Since Ly () and Ky(#) remain non-negative if the adaptive
control gains satisfy 74 > 0 and 74 > 0, the positivity of these terms is evident from the
adaptive law design. This is because the right-hand side of both adaptive laws is always
non-negative. However, it should be noted that these terms will not increase indefinitely
over time, as the sliding mode surface eventually converges to zero, leading to a steady-state
condition for the adaptive laws.

Consequently, Ly(t) — Ly and Ky (t) — Ky, where Ly and Ky are unknown positive
constants, and the adaptive law ensures a dynamic convergence to these values.

Next, for obtaining the estimated roll and its rate, following the HGO technique is
designed Xy = Fp(t) + BolUy + Ky (yp — £1) (), where y» = xq is the real output of the roll
model and

Xq; = [3?1 332] T;Fx(t) = [xS Jfl(t)}T?BfP = [0 1] T;K<P = 812 [SFSM h22‘| (45)

where ¢ = (0,1], iy, > 0and 71y, > 0 are observer gains. f1(t) = ap2a(t)%(t) + bpa(t) Q.

Corollary 1 ([67]). Design of sufficiently large state-observer gains results in the estimated-state
trajectories recovering the performance of the real-state trajectories, such that fy = (fp — f¢) —0
when t — oo,

In order to analyses error dynamics, define estimation errors as follows:

1. .
= =0 (46)

Let xo = [x1,x2)7; then, taking the derivative and simplifying yields exy = Axp + €5,
where matrices 6 and A are written as follows:

“hp 1) s |0 47
—Tig, 0]/ [ﬂl’] )

where A is Hurwitz due to the characteristic polynomial gains 7, and iy,. Now, choose a

A:

Lyapunov candidate function as follows:

Vi = x$Pxy (48)
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where P = [p11, p12; P21, P22] with positive constants such that P = PT > 0and p1 = po1. In
addition, P is obtained by solving PA + ATP = —I. With simple mathematical derivations,
the elements of the matrix P can be determined as p1; = ﬁ (1 + h¢2), P12 = po1 = —%,

and py = ﬁ (ﬁ (1+hg,) + h¢1) . Next, taking the derivative of Vi and simplifying it
2 1
along with using Young’s inequality yields:

Vi = — )(4T)X¢ + 2SX4T)IP’(5

e\ , ( €2 (1 )) @ (49)
< - (1-Z )3 (1- (1 +ny,) +n +
( 2>X1 2h4272 h¢1( ) the ) | xa+f

Hence, stable dynamics can be achieved by an appropriate choice of 7y, > 0, 71y, > 0 and
by designing ¢ € (0, 1] to be sufficiently small.

Corollary 2 ([77]). The state variables in the controller, adaptive laws, and nonlinear DO are
replaced with estimated state variables derived using a HGO to finalize the control methodology.

Theorem 1. The roll submodel subject to nonlinear disturbance presented in (7) ultimately achieves
boundedness uniformly, provided that the nonlinear disturbance observer is designed using (8) and
the controller as follows:

1

U, = (%) Bj (A1 Xo — Fy(t) + B1(Rp(£)Xp + Ky, (£)r (1)

— Ko, (1)1ig(1)))

(50)

where adaptive control gains are chosen according to (31), and i1y (t) is designed according to (38)
with tuning gains according to (40) and state-estimation according to (48).

Proof. Define a Lyapunov function as follows:

VR =V5+V¢+VH+VD
ey Ly Ly tpe, 1, (Iz¢r¢1zz; +leeg 1123,) -
2 274 21¢ Xy By

1
+ x4 Pxyp + Edg
Time derivative is obtained as follows:

. R P - s
Vi =5pSp = - -Lobo = Kok + (¢5Pep +epPég) +cp <2K¢F¢ Ky

2 ~ 2 2 ~ 2
+ @K,Kr + %KUKU> - X;X(p + 287((;1[”(5 — y(pd%(t)

(52)

Introducing the designed adaptive laws and controller followed by simplification yields
Ve < = Lg|Sp| — KoSj = e3Qpeg — x1xt — wax3 — popdy(t) + (53)
where ¢ is a maximum bound, such that ¢ = max{~yy + b + 2} and

k= (1 —82/2)

2= (1= 2/ (212) (1/g) (1+ ) + ) oY
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Hence, with the appropriate selection and design of controller gains, the time deriva-
tive of the Lyapunov candidate function, Vg, is shown to be negative semi-definite. This
ensures that the Lyapunov function Vg(t) is non-increasing along the system trajectories,
implying that the system state remains bounded. Furthermore, by invoking the properties
of Lyapunov stability theory, this result guarantees that the trajectories of the closed-loop
system converge to and remain within an invariant neighborhood of the origin.

As t — oo, the system state converges to a bounded region around the origin, de-
termined by the level sets of the Lyapunov function. This demonstrates the uniformly
ultimately bounded (UUB) stability of the system under the designed control law. Hence,
the stability analysis is complete, and the proof is concluded. O

With the similar control design, the controllers for pitch and yaw can be constructed.
The complete algorithm of attitude control is given in Algorithm 1.

Algorithm 1 Attitude Control

Require: Quadrotor parameters and desired attitude: @yes(£), Oes (£), Pues (t)
Ensure: Tracking error — 0 : ¢,s(£) <= §(), Oges () <= 0(t), Paes(t) < P(t)
1: while Attitude error # 0 do
2: forze(gbf)l[J)j€(135)andm€(123)d0

3: d; = z; + w; z,—yl(fl-i-clll +w,+z) = Hixj (t)

4: Xi:[] ]+1] Fz—[]-&-lfJ [OCJ, i:[()l]T

5: = [0 1 km km+1] Bm = [0 km+2]

6: kT ( ) = —TiX;el Piyq; K (t) = —a; ikmari(t)el Piyq,
K() —Bikmr2ti(t)e] Py

7: Z P;Z;, B = RE; + X;

8 Xp = Fp(t) + ByUyp + K(yp — 31)(¢)
_ -1 2

9: = — (CiTBi) (C,T <AiXi + Dd;(t) - P, Z; — RE; — X,‘)

+Lisgn(s;) + Kisi)r K = BiS?, Li(t) = ailS;]

10: vi(t) = Ki(H)X; + Ky, (D)7 () — Ko, (£)1;(t)

11: Ui(t) = (BTB )BT{Am — Fi(t) + Buo;}

12: if Attitude error — 0 then

13: Stop

14: else

15: Redesign control gains and reference model

16: Repeat

3.2. Position Control

Unlike the attitude submodel, the position model of the quadrotor system represents
an underactuated system with one input and three outputs. To facilitate the control
design, position virtual control inputs are defined as U(t) = [Ux(t), Uy(t), U:()]T =
-8z + %Rz [2]. Each virtual control input corresponds to the position along the X-axis,
Y-axis, and Z-axis, respectively.

Without loss of generality, the state-space representation of the position dynamics
along the X-axis is expressed as follows:

17(t) = xg(t)

(55)
xS(t) = ux(t) + dx(t)
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where d,(t) is the disturbance acting on the position along the X-axis. The disturbance
estimation is given by dy(t) = zy(t) + wy(t), where

Zp(t) = —px (U (t) + ux(t) +22(t))

56
wat) = pxxs (1) %)

Defining the estimation error as dy = dy(t) — dy(t). Its error dynamics can be obtained as
dy = —pydy + %d_x, where d, > max{1 + d2}. Next, (55) can be written as follows:
Xy = Fx(t) + BylUy + Dydy(t) (57)
where
T T T T
Xe=[x(t) x(0] 5 R = [xs() 0] ;Be=[0 1] ;De=]0 1] )
For this system, the auxiliary control input for position along X-axis is designed as follows:

Ux(t) = (B,;Bx ) BI{A4X, — Fe(t) + Byvy(t)} (59)

where Ay = [0 0; k1o k1] and By = [0 kq2]T, where kyg, k11, and ky; are positive constants.
Now, for (59), vy is designed as follows:

Ox(t) = Re (1) X + Ky 12 (1) — Ko, (1) (£) (60)
Defining a reference model as follows:
Xy = AmyXme + B, 7x(t) (61)
Error between the real and reference model is given by
ex = Xy — Xy (62)
Next, define the Lyapunov function as follows:

_ _ 1 . 1
Vi = ey Prex + (Kx(t)l"leI(t) + ;Kgx(t) + IBK%‘(t)> (63)
X X
where Py Ay + ATP, = —Q,, P, = Pl, and Q, = QL. Furthermore, K, = K, — Kx(t),
K., = K,, — K, (t), and Ky, = Ky, — Ky (t). Now, taking the derivative of (63) and using
(61), the adaptive laws are designed as follows:

RI(F) = —To Xzl By; Ky (£) = —akiore(£)el Bs; Ko, (1) = —Bokioitx(t)el Py (64)

where Pg is the second column of Py that satisfies PyAy + AIP = —Q,, Py = P!, and
2¢I P, By = 2kipel Py € R. Furthermore, ay, By, k12 and T'y = I'T € R?*? are positive design
constants. Now, using (64), V, can be obtained as follows:

Ve < —eT Qe +2¢T P (k§2 + 1) + By (65)
where b, > imax{i@%(t) + d%(t)} is an upper bound on SMC and disturbance. Hence,
uniformly ultimately boundedness can be guaranteed provided that P, and the control
gains are designed appropriately.
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In the next step, prior to the design of i, (), a commanded-filter and its error compen-
sation are designed for obtaining the numerical differentiation of desired trajectory, written
as follows:

Ly =PyZy; Er = RE, + X, (66)

where in matrix form, it is given as follows:

l7l7] _ [—P7|Z7 —x|'/? 1] [Sign(@ - xr)}. (67)

Zg —ps 0 Z8

where x; is the desired position along the X-axis. p1 > 0 and p, > 0 are constants. In
addition, z; = x° and zg = x° = %,, and

&7(t) _ |- 1
Zs(t) -1 —rg

where 7 > 0 and rg > 0 are the design constants. Next, the sliding manifold is chosen

7

Cs+

0

(x< (1) - x»] )

as follows:
Sy = CH( Xy — Zy — Ey) (69)

where C, = [61 ; 1]. Next, the sliding mode surface dynamics are obtained as follows:
Sy = CT(Ay Xy + Byiiy + Dydy — Py Zy — RyEy — X,) (70)

Hence, the control input is chosen as follows:

-1 .
n = — (cTB.) (q{ (A + Dedel(t) ~ BoZe — Rl — Xe)
(71)
+ Lysgn(Sy) + KXSX>

State estimation of the position submodel using HGO is given by Xy = Fi(t) + BxUy +
K(yx — %7), where yx = x7 is the position along the X-axis and
o (. 1T _ r T .  1lehy O
Re=[# 2 s B =[x 0] ;B=0 1] K= 5 [ . hxj (72)
where ¢ = (0,1], i1y, > 0 and i, are estimation gains. This finalises the control design of
Uy. Using a similar procedure, the controller for the position along the Y-axis and Z-axis,
i.e., U, and U;, respectively, can be designed.
Using these virtual control inputs, the position control input is formulated as follows:

m(Uz(t) +g)

uP (t> N COS Pdes (t) COS Bges (t) (73)
where the desired attitude angles are obtained as follows:
1 (U () cos Paes (£) + Uy sin Pes (t)
= 1 x €s Y es
9des(t) = tan ( 0 (t) e ) o
- Uy (t) sin ipges () — Uy (t) cos Pges (t)
¢des(t) = tan 1 (COS Gdes(t) ( X ll] esuz(t) +yg lp es )

where 1P 4¢s is a known desired yaw angle. Figure 2 shows the block diagram of simultane-
ous operation of the position and attitude control inputs.
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Remark 3. The virtual position control inputs are used to obtain the desired attitude angles.
Remark 4. There is no singularity in (73) because ¢ges(t) and 04,5 (t) satisfy (=%, 5 ).

Desired yaw Desired trajectory

Position Control |

Desired
Roll angle, o
pitch angle 2.
o
. o
Attitude Control | =
] c
Desired 4

Moments

| Control Inputs |

Desired propeller
angular speed

| Motor Dynamics |

Motor command

| F450 Quadrotor UAV |

Figure 2. Architecture of cascaded position and attitude control.

Theorem 2. For the underactuated quadrotor model (5) subject to bounded unknown disturbances,
the tracking error, disturbance estimation error, and state-estimation error converge and stay in the
neighborhood of origin, provided that the attitude controller is designed according to Algorithm 1
and the position controller according to (73).

Proof. The proof follows similar steps to Theorem 1. Hence, it is omitted here. [

4. Simulation Study

In this section, a simulation study is conducted to evaluate the performance of the
proposed controller. A real DJI F450 quadrotor UAV is modeled and simulated in MATLAB
using the control strategy developed in this work. The numerical values of the quadrotor’s
physical parameters are provided in Table 1. Furthermore, the performance of the proposed
controller is compared with the controller presented in [38] to validate its effectiveness and
demonstrate its advantages. The closed-loop block diagram of numerical simulations is
shown in Figure 3.

ij(t) o0 . ; High-gain observer 'Tf)_l

Position id ?
l ™ 2 Output

TrajectoryT reference

v v
c||e =
= By 2
P P P o = — < |e Quadrotor
— r(t KK .OK.® P € b & [— & = ;
®) _’| j Tj vj 13? “T‘ = = é Attitude control
MRAC o) ) = E Uy (), Ug (1), Uy, (t)
| 2 &
Commanded-filter  SMc[ & s = -
Virtual |
Zu(8), 2, (), Z,(0) _1 irtual control g
. . )
Desired attitude Y = =
g8 ] (0, dy (©,d, (©)
S o o ~ ~ -~
£ 5| Xm@® | Daes(t), Oges () dy(t), dg(t), dy(t)
<& Disturbance observer
! ¥ MRAC sMmC
ei() Ri(0), Ry (0), R, (0) 15 (6), Ty (2), Ty () [ v (), v (), vy ()

Virtual control

Zg(0, 260, Zy(8) [ oo rdedrfiter

J9A195q0 ules-ysiH

Figure 3. Block diagram of the closed-loop system—i € (¢,6,9), j € (x,y,z).
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4.1. Setup of Desired Trajectories and Nonlinear Disturbances
4.1.1. Desired Trajectories

The desired trajectories can be expressed using 7(t) = [Xges(t) Ydes(t) Zdes(t)]T- For
simulations, two types of trajectories are assumed, i.e., aggressive maneuvers and non-
aggressive maneuvers. For aggressive maneuvers, Lissajious trajectory is assumed with
Xdes(t) = 5sin(at), Yges(t) = 5sin(bt), and zges(t) = 5sin(ct) + 5, where a = 67/,
b = 4m/tg, and ¢ = 27/tf with tf = 180. For non-aggressive maneuvers, Xges(t) =
0.1+ 0.05¢sin (L), yges(t) = 0.1+ 0.05¢ cos (L), and zges () = 0.2 + 0.05¢.

4.1.2. Nonlinear Disturbances

The quadrotor UAV is an underactuated system with four inputs and six outputs. In
this research work, it is assumed that each quadrotor output is opposed by a different type of
disturbance, i.e., during flight mode, the quadrotor experiences six different disturbances.
It is assumed that the disturbances in the position model are exogenous disturbance,
constant disturbance, and nonlinear disturbance, with variable frequencies and magnitudes,
mathematically expressed as dy(t) = TI,Ey; By = éCDXEX, dy(t) = x, V't > ty, and
d:(t) = v+ kit k: = (fi — fo)/ T, respectively, where IT, = [0 1], ®x = [0 wy; —wy 0]
where wy = 0.1. Furthermore, [xy, %y, xz]T = [1,1,0.1]T and v = 1. Moreover, the initial
and final frequencies of nonlinear disturbance are fo = 10~! and f; = 1073, respectively.

To model the disturbances appearing in the attitude model, Simulink built-in blocks
were employed. It was assumed that the attitude model faces disturbances in the form
of Gaussian-distributed random disturbance in the roll model with zero mean, and vari-
ance = 1. Furthermore, uniformly distributed random disturbance in the pitch model exists
with a peak-to-peak magnitude of 0.5 and a seed value of 0.5. Moreover, band-limited
white noise in yaw model with noise power of 0.05. Since these disturbance are discrete,
the sampling time is 1 s.

4.2. Trajectory Tracking Simulations

Table 2 presents the control parameters employed in the design of the controller
developed in this research. The feedback gains for the attitude submodel are set as
ki = kix1 = kizp = 50, where i € {1,4,7}, corresponding to roll, pitch, and yaw dy-
namics, respectively. For the position control along the x, y, and z axes, the feedback gains
are chosen as k; = kj;1 = kj;» = 1, where j € {10,14,17}. Additionally, the reference
model is uniformly designed across all submodels with a damping ratio { = 411 and a
natural frequency w = 4. These parameter selections ensure robust control performance
and consistent trajectory tracking under varying dynamic conditions.

Table 2. Design control parameters for aggressive maneuvers.

MRAC Commanded-Filter SMC HGO
Model

I'm TIx o B [pup2] [r1, 2] Y 1 c m h

103 01 01 001 [1,1] 51 1 30 120 1 2

Attitude 1073 01 01 001  [L,1] [5,1] 1 20 100 1 2
107 01 01 001 [1,1] 51 1 20 100 1 2

1074 001 001 002 [1,1] 51 20 1 5 1 2

Position 1073 001 001 008  [1,1] 51 15 30 0 1 2
1074 001 0001 0.02 [1,1] 5, 5 50 1 1 2
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4.2.1. Aggressive Trajectory Tracking

For the simulation, it was assumed that the DJI F450 quadrotor was initially placed on
the ground and started from the origin for both trajectory scenarios. During the simulations
of aggressive maneuvers, specifically the Lissajous trajectory, the quadrotor accurately
followed the desired path, as illustrated in the 3D trajectory tracking plot shown in Figure 4.

I\
——Desired flight trajectory — r(t)
— =Control method in this paper

----- Control method in (Li et al., 2024)

— 10
£

1
g 9

"

T

N

5

Y-axds - [m) eands - [m]
Figure 4. Trajectory tracking—aggressive maneuvers [38].

The phase portraits of the quadrotor’s velocity with respect to its position are presented
in Figure 5. In the phase portraits for x(t) and y(t), the elliptical trajectories indicate periodic
motion, which reflects the oscillatory movement of the quadrotor in the x-y plane. The
vectors in these plots highlight the cyclic nature of the quadrotor’s motion, where the
velocity increases as it moves away from the origin and decreases as it returns. Moreover,
the abrupt transitions observed in the phase portrait of z(¢) reflect the quadrotor’s rapid
ascents and descents, effectively following the aggressive nature of the trajectory.

These results validate the performance of the proposed controller, showcasing its
capability to achieve coordinated motion and precise positioning while navigating through
aggressive maneuvers. The trajectory tracking accuracy and stability evident in the plots
further emphasize the effectiveness of the control strategy developed in this research.

2
’ 6
w0

BN g05 B
z & = —
20 B E A
= 2 S -2

-1 -0.5 -4

-5 0 5 -5 0 5 0 5 10
Position z(t) - [m] Position y(t) - [m] Position z(t) - [m]

Figure 5. Phase portraits—aggressive maneuvers.

4.2.2. Helical Trajectory Tracking

In the second case of trajectory tracking, the quadrotor demonstrates effective tracking
of the desired helical trajectory, as illustrated in Figure 6. In this scenario, the quadrotor
successfully follows the dynamically varying positions along the x(t) and y(t) axes, while
simultaneously ascending and accurately tracking the desired z(t). The trajectory progres-
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sively increases along all three axes, and despite this, the quadrotor effectively adheres to
the desired path, showcasing the robustness of the control system.

——Desired flight trajectory — r(t)
== Control method in this paper
------ Control method in (Li et al., 2024)
EW)
1
2
2 2
N
0
5
0 5
0
Yoaxis-[m] 5 5 Xaxis- [m

Figure 6. Trajectory tracking—helical [38].

The phase portraits for the helical trajectory tracking are presented in Figure 7. The
symmetrical patterns observed in the phase portraits of x(t) and y(t) indicate consistent
and stable oscillations, gradually expanding outward as the trajectory evolves. In contrast,
the phase portrait for z(¢#) demonstrates a steady-state response, with unidirectional vectors
signifying smooth vertical ascent. The initial oscillations in the phase portraits reflect the
transient response phase before the quadrotor effectively stabilizes and tracks the desired
helical trajectory.

These results confirm that the quadrotor responds well to the proposed controller
and achieves the desired trajectory tracking objectives, showcasing its capability to handle
varying positional and altitude demands.

2 2

0.8
§ g 7 06
~ ~ 12}
E g T 04
L0 ‘0 o
z B 2 0%
S S g o0
o - o - G
- - ~ 0.2
-2 -2 -0.4
-5 0 5 -5 0 5 0 2 4
Position z(t) - [m] Position y(t) - [m] Position z(t) - [m]

Figure 7. Phase portraits—helical trajectory.

To avoid a repetition of similar simulation results, only the tracking control results for
aggressive maneuvers, specifically the Lissajous trajectory, are presented. Figures 8 and 9
illustrate the point-to-point tracking of the quadrotor’s position and attitude, respectively.
The plots compare the real and estimated quadrotor outputs against the outputs obtained
using the controller designed in [38]. For the attitude tracking, the effects of internal
disturbances are noticeable. However, due to the robust and adaptive nature of the pro-
posed controller, the position output effectively attenuates these disturbances and achieves
accurate tracking of the desired trajectory.
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Figure 8. Quadrotor position tracking—aggressive maneuvers [38].
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Figure 9. Quadrotor attitude tracking—aggressive maneuvers [38].

When tracking the aggressive maneuvers starting from the origin, the proposed con-
troller demonstrates a slight overshoot before settling into effective tracking performance.
This transient behavior is influenced by the design of the reference model, which is depen-
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dent on the damping ratio and natural frequency. Despite this, the controller achieves a
significant reduction in the root mean square error (RMSE) of tracking errors, as shown in

Figure 10.
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Figure 10. RMSE during aggressive maneuvers [38].

4.3. 3D Visualisation of RMSE

Figure 11 presents the slice-plots of the tracking errors, focusing on regions where the
RMSE exceeds the threshold of 1. A symmetric behavior is observed in the tracking errors of
the position controller, which can be attributed to the aggressive maneuvers defined by the
Lissajous trajectory. Initially, as the quadrotor ascends from the origin to the starting point
of the trajectory, significant tracking errors are evident. However, these errors diminish
over time as the system stabilizes, demonstrating the quadrotor’s performance and the
convergence of errors to a steady state.

Similarly, the RMSE of the quadrotor’s attitude is effectively regulated. While transient
deviations are observed during initial phases, these systematically reduce over time, under-
scoring the robustness of the proposed controller in managing and attenuating disturbances.

] 0
02 05

4(t) i)

Figure 11. Error visualization for quadrotor attitude and position during trajectory tracking.

In Figure 12, a 3D visualization of the quadrotor outputs is presented for regions
where the RMSE exceeds the threshold of 2. The gradual flattening of the RMSE for
the quadrotor’s position demonstrates that the position errors converge as the controller
successfully achieves trajectory tracking. In contrast, while the RMSE of the quadrotor’s
attitude appears more scattered, it also converges and remains within a small vicinity of
the threshold over time. The isosurfaces highlight that the errors consistently stay below
the specified threshold throughout the tracking task, thereby validating the proposed
controller’s capability to maintain bounded and reliable tracking performance.
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Figure 12. Error distribution in quadrotor attitude and position tracking visualized through isosurfaces.
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4.4. Disturbance Estimation

In this research work, the flight of the quadrotor UAV is assumed to be influenced
by both external and internal disturbances affecting its position and attitude, respectively.
As a 6-degree-of-freedom system, each submodel of the quadrotor is subject to distinct
disturbances. For the position model, exogenous disturbances, constant disturbances, and
nonlinear disturbances with unknown frequency and magnitude are considered. In contrast,
the attitude model experiences Gaussian-distributed random disturbances, uniformly
distributed random disturbances, and band-limited white noise.

To estimate these disturbances, unlike traditional DOs that are typically tailored for
a single type of disturbance, this research introduces a unified DO algorithm capable
of estimating all types of disturbances considered in this study. Figure 13 illustrates
the disturbance estimation for disturbances appearing in the position model. The initial
overshoot observed in the DO for the position model arises from the quadrotor starting at
the origin and needing to ascend to the starting point of the aggressive maneuvers trajectory.
This ascent induces a transient overshoot in the controller, which is reflected in the DO’s
response as shown in the zoomed plots.

Figure 14 demonstrates the accurate disturbance estimation for the quadrotor’s at-
titude, where disturbances are modeled using discrete Simulink blocks with predefined
sampling times. The simulations reveal that the sampling time can be reduced to even
smaller values without compromising the effectiveness of the DO in estimating distur-
bances. The zoomed-in plot reveals a slight delay in disturbance estimation, which can be
minimized by increasing the control gain.

4t —Estimated disturbance: dAr(f)} L " [——TEstimated disturbance: d,(t)
Real disturbance: d,(t) 4 Real disturbance: d,(t)
27 7 2r
= A f A \ =
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Figure 13. Disturbance estimation in the position model during aggressive maneuvers.
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Figure 14. Disturbance estimation in the attitude model during aggressive maneuvers.

4.5. Control Inputs, Forces, and Torques of Rotors

The control inputs for quadrotor position and attitude are illustrated in Figure 15.
It is observed that the position control inputs exhibit an initial overshoot, which occurs
as the quadrotor ascends from the origin to reach the starting point of the aggressive
maneuvers trajectory. Once the quadrotor aligns with the desired trajectory, the control
inputs stabilize and achieve a steady state. However, due to the disturbances acting on the
position submodel, the control input exhibits fluctuations as it dynamically compensates to
ensure that the quadrotor effectively tracks the desired aggressive maneuver trajectory.

In addition to achieving precise position tracking, the position controller also deter-
mines the desired attitude, which is subsequently tracked using the attitude control inputs.
This hierarchical structure ensures that the position control functions as an outer-loop con-
troller, providing reference signals to the attitude control, which operates as the inner-loop
controller. The forces and torques generated by each of the four rotors to implement the
control actions are shown in Figure 16.

By utilizing the measured torques and angular velocities of each rotor during simula-
tions of aggressive maneuvers, the total power consumed by the quadrotor is presented in
Figure 17. Initially, as the quadrotor ascends rapidly from the origin to reach the desired
trajectory, it requires higher power consumption. Once it stabilizes along the trajectory,
power consumption becomes more uniform. The effects of disturbance attenuation through
position control can also be observed in the power consumption plots, where power con-
sumption dynamically adjusts to ensure successful trajectory tracking while executing
aggressive maneuvers.
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Figure 15. Quadrotor control inputs during aggressive maneuvers.
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Figure 17. Total power consumed by DJI-F450.

4.6. Discussion on Comparison, Real Experiments, and Limitations

The controller presented in this research addresses critical challenges associated with
quadrotor UAYV trajectory tracking, including external and internal disturbances, sensor
inaccuracies, and the need for robust and adaptive control techniques. To address compu-
tational delays in the numerical differentiation of state variables, a commanded-filter with
error compensation is utilized. Furthermore, parametric and modeling uncertainties are
managed through the introduction of a reference model in the control design. This devel-
oped controller is compared with the method proposed in [38] to assess its effectiveness.

Both the proposed controller and the comparison method demonstrate excellent
trajectory tracking performance for aggressive and non-aggressive maneuvers. However,
the controller in this work exhibits superior performance, achieving reduced RMSE for
quadrotor position and attitude, as shown in the bar chart in Figure 10. Furthermore,
the comparison method is limited to estimating sinusoidal disturbances, whereas the
proposed controller estimates and rejects six distinct types of disturbances encountered
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during quadrotor flight, all using a single DO algorithm. Additionally, while the DO in
the comparison method requires accurate measurements of state variables and their rates,
posing challenges in the presence of sensor faults, the proposed DO utilizes estimated
states, thus bypassing issues arising from sensor malfunctions.

The adaptive laws in the proposed controller simplify implementation by au-
tonomously tuning the control gains, eliminating the need for empirical tuning. Conversely,
the comparison method relies on manual gain tuning, which must be repeated for every
change in trajectory. The reference model employed in this work further enhances ro-
bustness by accommodating parametric uncertainties and unmodeled dynamics, ensuring
consistent trajectory tracking. In contrast, the comparison method relies on Lyapunov
criteria to cancel nonlinear coupled terms, necessitating higher control effort and the re-
peated differentiation of virtual control inputs and states, which can lead to an ‘explosion of
complexity” and potential instability.

Despite its superior performance, the proposed controller shows certain areas for
improvement. One challenge is the initial overshoot observed during aggressive maneuvers,
influenced by the selection of the reference model’s damping ratio and natural frequency.
While this overshoot can be reduced through appropriate tuning of these parameters,
determining optimal values remains a complex task. Additionally, as the tracking error
between the reference model and the real system approaches zero, the adaptive laws within
the MRAC framework may yield less precise control gains, which could affect trajectory
tracking accuracy under such conditions.

The proposed control technique also relies on a HGO state-estimator, which is limited
to integral-chain systems. Designing the HGO gain parameter, ¢ € (0,1], is another
challenge. Noted in simulations, extremely small values of ¢ can result in high control
activity, violating motor dynamics in real-world experiments, and may cause a peaking
phenomenon, as highlighted in [68]. A potential future work direction includes improving
the accuracy of adaptive laws under near-zero tracking errors, implementing the controller
in real-world scenarios, refining the design of the time constant ¢, optimizing DO gain,
establishing systematic reference model design criteria, and addressing input delays, all of
which could further enhance the proposed control framework.

5. Conclusions

This paper presents a robust and adaptive control framework for achieving both ag-
gressive and non-aggressive trajectory tracking of quadrotors in the presence of unknown
nonlinear external and internal disturbances. By employing a nonlinear disturbance ob-
server, six distinct types of disturbances were attenuated across various flight modes. The
proposed framework integrates a model-reference adaptive control scheme to ensure the
accurate replication of a predefined reference model, while a sliding mode control strat-
egy was used to design the tracking error dynamics, enabling precise trajectory tracking
under the matching conditions of the adaptive control framework. The controller design
incorporates a commanded-filter structure with error compensation to address numerical
differentiation challenges and employs a high-gain observer to estimate the quadrotor’s
states and rates. The stability and convergence of the control laws were rigorously ana-
lyzed using Lyapunov methods, ensuring ultimately uniformly bounded stability. The
effectiveness of the proposed methodology was validated through simulations on a DJI-
F450 quadrotor platform, demonstrating its robustness and applicability to real-world
unmanned aerial vehicle systems for reliable trajectory tracking in the presence of complex
and uncertain disturbances.
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