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Abstract: This article proposes an adaptive controller for a quadrotor UAV for carrying unknown
payloads while tracking any trajectory. The proposed adaptive controller is robust to modeling
uncertainties and does not require any a priori knowledge of the bounds of the uncertainties. The
controller is also robust to time-varying delays without any constraint on the derivative of the time
delay. In addition, the stability of the closed-loop system is analyzed via a Lyapunov-like method.
The controller’s performance is verified using a simulated quadrotor model in MATLAB in three
different scenarios with varying time delays and parametric uncertainties.
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1. Introduction

Quadrotors are potential assistance in autonomous exploration, surveillance, manipu-
lation and disaster mitigation tasks (cf. [1-7]). Due to the shifting trend in the inspection
and maintenance industries, the demand for autonomous drones in confined spaces is
growing rapidly. Deploying quadrotors in tasks such as inspecting tunnels, pipelines,
windmills, and transmission lines, reduces the workload, and ensures human safety in
hazardous environments. The overall control schemes for these quadrotors are critical,
mainly due to the complexity of the operations and the types of equipment they carry that
create a varying payload.

In many of these applications, the drone has to operate in a remote environment with
no access to GPS or other convenient localization systems. In such scenarios, the quadrotor
has to rely on visual-inertial sensors for positioning and navigation. Despite the recent
advancements in the navigation industry to reduce the computational complexities, such
as [8], the out-growing inspection and manipulation applications are demanding intensive
processing. Such heavy processing requirements increase the drone’s mass and consume
much power, which is undesirable for operations involving longer flight time. Moreover,
since technologies such as Edge computing are readily available today, the community is
moving closer to futuristic goals, such as drones over Internet Protocol [9]. Though such
technologies eradicate the need for carrying heavy processors onboard, they introduce new
challenges to control.

One of the fundamental challenges with the quadrotor control in these applications is
the time delays arising from several sources, such as the communication medium, the sen-
sors, the computational units, and the actuators. These individual delays accumulate to
unpredictable time-varying closed-loop delays and thus affect the overall stability of the
quadrotor dramatically. Another inherent challenge to quadrotor control is model uncer-
tainties, due to its complex dynamics and unknown payloads. In these cases, parameter
estimation becomes nearly impossible, especially when the quadrotor carries different
unknown payloads. Along with the design, external factors, such as the wind, would
destabilize the system. Hence, robustness towards delays and parametric uncertainties
becomes inevitable in practical applications.
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The aerial robotics community has comprehensively covered various aspects of un-
certainties using robust control techniques for quadrotors. The controller [10] provides a
pipeline for navigation and tracking for quadrotors with robustness to disturbances using
an optimal control approach, while [8] establishes the robustness using a sliding-mode
tracking controller. Similarly, Ref. [11] proposes a control scheme robust to input uncertain-
ties. However, all these works rely on the complete knowledge of the dynamics without
parametric uncertainties or delays. Further, let us explore the controllers that handle
parametric uncertainties in the model. The robust controllers [12-15] mentioned above
require a decent estimate of the system’s dynamics. However, they introduce chattering
in the dynamics when there is significant variation due to uncertainties. Several adaptive
controllers are proposed to overcome the chattering issue. They are mostly classified into
controllers [16-22] that require an a priori on the model of the system and the ones [23,24]
that do not require any knowledge of the system. For the interested readers, a review
of quadrotor UAVs in the aspects of their applications, architectural design, and control
algorithms are presented in [25] for further reading. However, none of these controllers
address the problem of delays in the closed loop. Thus, let us examine the effects of delays
and the existing control approaches to tackle them.

Time delays have posed exciting challenges to the control research. Delays can cause
different effects leading to instability in the closed-loop system depending on how they
contribute to the system [26-30]. An overview of modelling a delayed system and the
methods to control the system are surveyed in these works [31-33].

The control approaches for delayed systems mostly rely on the linear model of the
dynamics to predict and compensate for the effects of delays. The controllers [34-36]
designed to tackle the time-varying delays in the quadrotor control use a linear model of
the dynamics and require the knowledge of the instantaneous delays. Linear approximation
of the quadrotor’s dynamics constraints it to comply with small angle assumptions, which
reduces the dexterity of the quadrotor, causing instability in the presence of perturbations.
Thus, nonlinear controllers tackling time delays are explored.

Since control of UAVs in the presence of time delays is not well-addressed to the best
of the authors” knowledge, let us look into commonly addressed Euler-Lagrangian (EL)
systems with delays. Ref. [37] proposes a robust observer-based sliding mode controller for
bilateral latency, while an adaptive controller for the same application is proposed in [38].
A robust controller for a marine robot with input delay is proposed in [39]. Though these
controllers provide a solution to input delays, they still require the knowledge of the
upper bound of the derivatives of the delays, which is infeasible in real-time. These
control approaches would not be suitable for the underactuated dynamics of a quadrotor
with unknown and unbounded modeling uncertainties in the presence of unknown and
varying time delays. Therefore, we proceed with the time delay approach similar to the
one specified in [40], which requires neither a priori knowledge of the bounds nor the
structure of parametric uncertainty. The controller also tackles unknown time-varying
delays without any constraints on its derivative.

From these observations, we infer that an adaptive robust controller for an under-
actuated quadrotor UAV that tackles both unknown parametric uncertainties and time-
varying delays is still missing in the literature. Towards this direction, the following
contributions are proposed.

The first contribution of this work is a novel adaptive control technique for a quadro-
tor UAV for tracking any arbitrary 3D-position and yaw trajectories considering six DoF
dynamics. The quadrotor is modeled using partly decoupled underactuated dynamics to
consider perturbations and delays in both actuated and non-actuated dynamics. The con-
troller needs neither the complete knowledge of the dynamics nor the upper bound of the
uncertainties. Hence, it is robust to unknown modeling uncertainties and external distur-
bances. The adaptive law ensures that the switching gain does not increase monotonically.
The second contribution is that the controller is robust to unknown time-varying delays
with the knowledge only of the upper bound of the time delay without any constraint on
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the derivatives of the delay. The controller’s performance is verified using a simulated
UAV with varying delays and parametric uncertainties. The stability analysis is performed
using a Lyapunov-like method in the sense that the closed-loop trajectories of the system
are uniformly ultimately bounded (UUB) (cf. [41] for the definition of UUB).

The rest of the article is organized as follows. Section 2 introduces the partly decoupled
dynamics of the six-DoF quadrotor with uncertainties and delays, while Section 3 proposes
the control structure of the quadrotor, Section 4 shows the implementation results of the
proposed controller on a simulated quadrotor and Section 5 concludes the contributions
made in the work and gives an insight of the future works. The stability analysis section is
separately mentioned in Appendix A.

Notations and Prelimineries

The following notations are used throughout the article: any variable p with a subscript
P, q as pp, pq represents that the variable belongs to the position and the attitude sub-
dynamics, respectively. Any variable p delayed by an amount / as p(f — h) would be
denoted as pj; Apin(.) and ||.|| represents the minimum eigenvalue and Euclidean norm
of the argument, respectively, while I represents the identity matrix of the appropriate
dimension. From the definition of Young’s inequality, for any nonzero vectors vy, vy, there
exists a constant > 0 and a positive definite matrix D > 0, such that,

1
—2vivy < BviD lvy + BV%DVQ. (1)

2. Quadrotor Dynamics

A quadrotor is a non-linear system that can be modelled using Euler-Lagrangian
(EL) dynamics. The states of the quadrotor evolve based on the current states and the
commanded inputs. The overall system delay propagates through the control loop and
reflects in the control signal. Hence, the system can be modelled as a non-linear system
with a delayed input, as given in (2).

mp(t) +g+dp(t) = 'rp(tfh(t)) (2a)
J(q,6)d(t) + C(q,q,£)q(t) + dg(t) = Tq(t — h(t)) (2b)
op(t) = RY (H)U(t) (2¢)

where m is the total mass of the system; p(t) = [x(t) y(t) z(t)]T € R3 is the posi-
tion of the centre of mass of the quadrotor in the Earth-fixed frame at time, t; q(t) =
[p(t) 6(t) w(b)] T € R? is the attitude vector consisting of the roll (¢), pitch (f) and

yaw () angles; g = [0 0 mg] Te R3, where g is the acceleration due to gravity in the
z-direction; J(q, t) € R3*3 is the inertia matrix; C(q, §,t) € R3*3 is the Coriolis matrix and
the vectors dp, dq € R3 represent the effect of the external disturbances (e.g., wind, gust),
while /i(t) is the unknown time varying input-delay, Tq = [ua(t) wuz(t) wu4(t)] T eRs
denotes the control inputs for roll, pitch and yaw; () € RS is the generalized control
input for position tracking in Earth-fixed frame, with U(t) £ [0 0 u(t)] T € R3 being
the force vector in body-fixed frame and R}’ € R3*3 being the Z — Y — X Euler angle rota-
tion matrix describing the rotation from the body-fixed coordinate frame to the Earth-fixed
frame, given by:

CpCo  CySpSp — SyCyp  CySeCy + SyS¢p
R}’;V = |SpCo SySeSy + CypCy SySeCp — CySy |, 3)
—Sp S5¢Co CoCy
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where ¢(,),s(.) and denote cos (+),sin (+) respectively. The control inputs are mapped to the
rotor velocities using (4).

uq Cr Cr Cr Cr w?

1
u | 0 lCT 0 —ZCT a)% (4)
us o —ZCT 0 ZCT 0 w§
Uy —CTCM CTCM —CTCM CTCM (UZ

where Ct and Cj are the thrust constant and the moment constant, respectively, and [ is
the arm-length as indicated in Figure 1).

Xw

Figure 1. A schematic of the considered quadrotor with the related coordinate frames.

Remark 1. To completely exploit the quadrotor’s potential, it has to follow a trajectory in the
three-dimensional space (x, y, z) along with the yaw angle (). Though the roll and pitch angles are
controlled, they are only utilized to achieve the desired motion in the 3-D space rather than following
their own trajectory. Hence, we follow the partly decoupled tracking design (cf. [42]), rather than
the completely decoupled design [19,43—45].

We assume the following conditions about the dynamics and the desired outputs for
the ease of control design.

Assumption 1. By splitting the dynamic parameters intom = 1t + Am,J = J + AJ, C = C +
AC, we can approximate the dynamics into a sum of nominal values (.) and unknown uncertainties
(A.). Let us assume that the uncertainties and disturbances are upper bounded by |Am| < i,
J < AN < IACH < @ |ldyll < dy and ||dgll < d, where , j, €, d, and 4, are
unknown scalars.

Remark 2. In practical applications, the nominal values of an unloaded quadrotor can be approx-
imated using standard methods. Though the uncertainties of payload and the overall system are
unknown, the quadrotors’ maximum allowable limits are decided while choosing the hardware.
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Assumption 2. The desired trajectory in position and yaw, given by [x(t),y*(t),z(t), p*(t)]
is smooth and feasible.

The term “feasible” in the Assumption 2 refers to the feasibility of achieving the
corresponding actuation for the calculated control inputs, which are dependant on the state
errors. This assumption necessitates that the desired trajectories are bounded, which is a
standard assumption in the UAV controller design [46].

Control Problem: Design a controller for a quadrotor to track a desired trajectory (cf.
Assumption 2) with uncertainties in the dynamics and disturbances (cf. Assumption 1) in
the presence of unknown time-varying delays.

3. Controller Design

The controller is designed to have an outer loop for position dynamics and an inner
loop for attitude dynamics (cf. Figure 2). The outer loop takes the desired position as an
input and yields the desired linear forces. The linear forces and the desired yaw angle
produce the desired orientation for the inner loop.

Pa(t), Dalt), Balt) Position up (t — h)

| Controller

. ¢, b Quadrotor
p(t);p(t) Dynamics
e Tyt — )

h 4

Attitude
,| Controller

Ya(t), balt)

1 alt),a)

Figure 2. A schematic of the quadrotor control system. The control input is delayed by a time-varying
function h(t).

3.1. Position Control
Let egp(t) £ p?(t) — p(t) be the tracking error. The control input is designed as:

Tp = 1y + 1iig, 5)
up = Gip + Aup (6)

The nominal control is designed as
tp = P + Kiperp + Kopéip, @)

where Kip, Koy € RR3, are two user-defined positive definite gain matrices. The error
dynamics can be derived by substituting (7) and (6) in (2a),

€p = _Klpelph - K2pé1ph +0p — Auph/ (8)
i m — 1 nd
Up:(l_a)uph‘k( - L+ b b+ ©)

where 0p denotes overall uncertainty in the position control. Furthermore, by defining a

. 1T
vector e, = [e1p €1p| , (8) can be represented as

ép = A1pep + Blpelp + BP(—Auph + O'P) (10)
where Aq, £ [0 0} ,Bip = |:_K1p —sz} ,Bp = [0 1] . Further, using the relation

0
epn = e(t)p — /—h ep(t+06)do (11)
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the (10) can be rewritten as

0

ép = Apep — By, / ep(t+0)d5 4 Bp(~Aup, +0p), (12)

where Ap = Ay + By is in Hurwitz form. The filtered tracking error, sp, is defined as,
sp = Bp Ppep, (13)

where P, > 0 is the solution to the Lyapunov equation APTPP +PpAp, = —Qp for some
Qp > 0. The switching control input is designed as:

L S .
pkp \sill if [|sp|| > @p

- , ,
"‘pkp%}; if [|sp|| < @p

=

Aup = (14)

where ap, is a user-defined positive gain, @p > 0 is a scalar used as a saturation variable to
avoid chattering along with IQP, which is an adaptive switching gain to tackle uncertainties,
while the adaptive switching law for IQP is given by:

. Ispll ~ kp > vp,spTép >0
kp =< —lIspl| kp > rp,splsp <0 (15)

where 7p > 0 is a small scalar to ensure l%p is always positive. The adaptive law (15)
increases or decreases the gain lAcp when the filtered error trajectories are moving away or
are closer to 0, respectively.

3.2. Attitude Control
To achieve the attitude tracking control objective, the error in orientation/attitude is

defined as [42]
= (RHTRY — (RY)TRY)’ (16)

€q
éq = q— (RY)RY' ¢’ (17)

where (.)? represents vee map, which converts elements of SO(3) to € R3 [42] and R is
the rotation matrix as in (3) evaluated at (¢7, 8%, ¢?). Since the roll and pitch are used to
navigate the quadrotor in XY-plane, the columns of the desired rotation matrix are derived
from the desired force vector, as follows:

VA e (18a)

|| 7p]]
T
ya = [—swd i o} (18b)
YA X Zp

xg = JAXZB_ (18¢c)
llya x zg|

YB = ZB X Xp (18d)

where y4 is the y-axis of the intermediate coordinate frame A, xp, yp and zp form the
desired body fixed coordinate frame (the columns of the desired rotation matrix).

Assumption 3. The denominator of (18a), ||1p|| # 0.

Assumption 3 is a standard assumption while using the geometric control technique on
the partly decoupled quadrotor dynamics (cf. [46]). However, in practical case, during the
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rare event, when || 7p|| = 0, the term zp is chosen to be the previously calculated value. The
inner loop controller is designed as follows:

ug = Gq + Aug (20)

The nominal control is designed as
g = 4 + Kigeiq + Kogéig, 1)

where Kiq,Koq € R3, are two user-defined positive definite gain matrices. The error
dynamics can be derived by substituting (21) and (20) in (2b),

€1q = —Kiqe1gn — Koqlign +0q — Augy, (22)

where 7q = (I-J " (@)J(q))ugr +J " (0)(C(q, 4)(4) — Clan a)()) + §* — & + dq
denotes overall uncertainties in the position control. Further, (22) can be represented in

. . T
state space using the vector eq = [e1q €19 as,

éq = Alqeq + quelq + Bq(—Auqh + (Tq), (23)
L0 1 A 0 0 N T . .
where Ajq = [0 0}, Big = |:K1q KZ«J’ Bq = [0 I] . Further, using the relation

eqn = e(t)qg — f?h eq(t+0)dd, (23) can be rewritten as,
0
¢ = Aqeq ~ Biq | eq(t+0)do
+ Bq(—Aug, +0q), (24)
where Ag = A1q + Byq is in Hurwitz form. The filtered tracking error, sq is defined as:
s; = Bq' Pqeq, (25)

where Pgq > 0 is the solution to the Lyapunov equation AqTPq +PgAq = —Qq for some
Qq > 0. The switching control input is designed as:

L S, .
gk \ :|| if [|sq|| > @q

Auq = (26)

i |Isql| < @,

where a4 is a user-defined positive gain, @q > 0 is a scalar used as a saturation variable to
avoid chattering along with kq, which is an adaptive switching gain to tackle uncertainties.
The adaptive switching law for IAcq is given by,

. l|sqll f‘q > 7q,8q 8q >0
kq =< —lIsqll kq > 7q,5q 8q <0 (27)

where 74 > 0 is a small scalar to ensure IAcq is always positive. The adaptive law (27)
increases or decreases the gain IAcq when the filtered error trajectories are moving away or
are closer to 0, respectively.

The proof of stability while using the proposed adaptive robust controller on an
input-delayed quadrotor UAV is presented in Appendix A.
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4. Simulation Results

To verify the performance of the controller, under uncertainties and time-delays, a test
scenario is created using a MATLAB simulation where a quadrotor carrying a payload
under external disturbances is modelled mathematically, while the proposed controller is
tested with static and varying delays. The dynamics of the quadrotor is calculated based on
the model proposed in [47] with an arm length of 24 cm. The mass of the quadrotor chassis
and propeller is considered to be the nominal mass, 71 = 1 kg. An additional 200 g along
with the nominal mass is added considering the electronics system, which is the total mass
of the unloaded quadrotor. Thus, the maximum mass of the quadrotor with the heavier
payload is 1.9 kg and the inertia matrix for the same is calculated to be:

0.02352 0 0
J= 0 0.02352 0 ,
0 0 0.02704

Along with that, a time-varying disturbance is added to the dynamics as: dp =

cos(05t)[1 1 1] " and dq = 0.01c0s(0.01£)[1 1 1] " The control parameters are chosen
to be Kip, Kyp, Kiq, Kog = I, Qp, Qq = L. The following values are used for nominal
inertia and Coriolis matrices, j = 0.011, C = 0. The controller is experimented on three
scenarios: (a) robustness to modelling uncertainties, (b) robustness to closed-loop delays
and (c) robustness to closed-loop delays in the presence of uncertainties. The quadrotor is
given the following trajectory to track in the scenarios:

x¥(t) = 14 cos(0.5¢) — exp(—t)

4.1. Robustness to Modelling Uncertainties

The purpose of this scenario is to demonstrate that the controller is robust to unknown
external disturbances and dynamic uncertainties. Thus, initially the controller is tested
with the quadrotor with exact dynamic parameters and no external disturbances. Then, the
same controller is tested with a model of a quadrotor carrying a small payload (0.3 kg) and
external disturbances. Following that, the controller is tested with a model of a quadrotor
carrying a heavier payload (0.7 kg) with the same disturbances. During this scenario,
the closed-loop delay is set to be zero. The comparison of root mean squared error (RSME)
values for position tracking for the scenario is tabulated in Table 1. Figure 3 shows the 3D
plot of the quadrotors with different payloads along with the desired trajectory (blue). It
can be observed that the effects of dynamic uncertainties and disturbances are minimized
and the quadrotor follows the reference trajectory with only a minimal deviation.

Table 1. Position tracking performance comparison robustness to dynamic uncertainties.

Payload Mass (kg) RMS Position Error (m)
x y z
0 0.0267 0.0388 0.0325
0.3 0.0800 0.0801 0.0606

0.7 0.1278 0.1242 0.1423
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---0kg
3 0.3 kg
—=-=07kg
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—~
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N
1
0
1 2
0 1
_'] 0
y (m) x (m)

Figure 3. Robustness to uncertainty in dynamics: The plot shows the actual trajectories taken by the
quadrotor with various payloads along with the desired trajectory without considering the delays.

4.2. Robustness to Closed-Loop Time-Delays

In this scenario, the controller is analyzed with a closed-loop delay in the system.
The performance is compared with the no-delay system. The scenario is experimented on
the quadrotor model without any dynamic uncertainties and disturbances. The controller is
tested with static closed-loop delays of 0.2 s and 0.4 s, and a time-varying delay that varies
between 0 s to 0.8 s. The time-varying delay function is as shown in the Figure 4. Figure 5
shows that all trajectories converge smoothly over the desired trajectory. The closeness
between the RSME values for various delays in Table 2 prove the robustness of the controller
to unknown time-delays.

delay (seconds)
O O O O
oON B O

0 10 20 30 40 50
Time (seconds)

Figure 4. The input from the controller is delayed using a delay function with a time-varying delay.
The delay varies from 0 s to 0.8 s with a mean of 0.4 s.

des
3 --—-0s
02s
e e BT e —— 04s
Q\‘ < - ==-=vd
2
-
&
N
1 “\
— _‘__’/‘
0 -
Ny,
1 { Y
0 1 2
-1 0
y (m) x (m)

Figure 5. Robustness to delays: The controller is tested on a controller without any payload by only
varying the delays in the system. The plot shows the actual trajectory of the quadrotor with constant
and varying delays along with the desired trajectory.
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Table 2. Position tracking performance comparison for robustness to time-delays.

Delay (s) RMS Position Error (m)
x y z
0 0.0267 0.0388 0.0325
0.2 0.0570 0.0829 0.0844
0.4 0.0732 0.1060 0.1115
Variable 0.0701 0.1122 0.1228

4.3. Robustness to Closed-Loop Time-Delays with Modelling Uncertainties

In many applications, the quadrotor control is affected by both delays and uncer-
tainties. Thus, in this scenario, the control performance is tested on the quadrotor model
with different closed-loop delays in the presence of heavy disturbances and parametric
uncertainties, as in the third case of first scenario. From the obtained results, it is observed
from the RSME values, mentioned in Table 3, that the controller is simultaneously robust
to both uncertainties and delays. Though the performance slightly deteriorates with high
payload and large delays, the quadrotor is found to be stable and closely following the
desired trajectory (cf. Figure 6).

Table 3. Position tracking performance comparison for robustness to time-delays with uncertainties.

Delay (s) RMS Position Error (m)
x y z
0 0.1278 0.1242 0.1423
0.2 0.1547 0.1478 0.1857
0.4 0.2007 0.1905 0.2114
Variable 0.1999 0.1918 0.2091

2.5
2
E1s % &
N ;
1 .., 3 .
0.5 AT
!
0
1 i
0 _

y(m)

Figure 6. Robustness to delays with uncertainties: The plot shows the actual trajectories taken by the
quadrotor with maximum payload in the presence of various constant and varying delays along with
the desired trajectory.

5. Conclusions and Future Works

In this article, a novel adaptive robust controller is proposed for a quadrotor to track
any arbitrary trajectory using the 6-DoF decoupled dynamics approach. The proposed
control scheme considers perturbations in all the actuated and non-actuated sub-dynamics.
Hence, it is robust to unknown uncertainties and external disturbances. It also tackles
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the effects of time-varying closed-loop delays with only requiring the knowledge of the
upper bounds of the delays. The controller is tested on a MATLAB simulation for three
different scenarios to verify the performance. The stability of the closed-loop system using
the proposed controller is analysed in the sense of UUB using a Lyapunov-like method.

As a future work, we would like to extend the theory by adding a tunable parameter
in the adaptive laws, which regulate the rate of convergence. Another challenge that we
are currently working on is to tackle the uncertainties with a priori knowledge of neither
the system dynamics nor the bounds of the uncertainties.
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Appendix A. Stability Analysis

Lemma Al. Under Assumptions 1-3, the overall uncertainties in the position and attitude dynam-
ics are bounded by unknown scalars kp, kq, such that ||op|| < kp, ||og|| < kq.

Proof. Substituting the nominal and uncertain terms defined in Assumption 1, the values
of ||op||, ||oq|| can be written as,

Am Am . .
[lopll < 15 ) upn + (= 2)g + B4 — b + d|
m m .. . -
s<%>||uph\|+(%>||gu+|\pd—pZH+dp (A1)
llogl] < |7 AJugy, +J71ACq + ¢ — §f + dq]|
< JH)  Hugnll +@)Ylall + 1a® — af|| + dq (A2)

Since the desired trajectories are well-defined and bounded in accordance with
Assumptions 2 and 3, the values in (A1), (A2) can be simplified as using the unknown
scalars kp, kq,

[lopl| < kp (A3)
[logll < kq (A4)

O

To further proceed with the analysis, let us choose the Lyapunov function V(e (t), eq(t)) > 0,
Vt > 0 given by,

V(ep,eq) = Vp(ep) + Vy(eq) (A5)
Vplep) = 5 PPPeP+;(f<P kp)? (A6)

1

2

Vy(eq) = 1 eqPgeq + 5 (kq —kq)? (A7)
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The time derivatives of V), V; are simplified through Lemmas A2 and A3 respectively,
to facilitate the stability analysis of the closed loop systems, as stated in Theorem A1l.

Lemma A2. Under the Assumptions 1-3, the time derivative of V), in (A6) can be simplified
using (12) and (13) as,

. 1 ~ A
v, < —Eeg[Qp — hEplep +Tp +sp(—Aup +0p) + 5,0, + (kp —kp)kp  (A8)

where
2r
1T ~1pT ~11pT
Ep = BPpBi,[A1pP, A, + B1pP, ' B, + P, |Bi,Pp + 7P (A9)
1 0

rp > 5l /_h[4>p(t +0) + @p(t — i+ 8) + o (£ + 6)BI P, Byony (t + 0)]d0]], (A1)

©p = Aup — Auyy, (A11)
assuming that within the delayed interval, the uncertainties are integrable (i.e., locally Lipschitz
within the interval of delay), where @,(€) = r(kp(t) — kp(1)? — (kp(€) — kp(€))?, o1p =
—Auyy + 0p.

Proof. Using (12), (13), the time derivative of the Lyapunov candidate V), in (A6) is given by,

. 1 0 . X
Vy = —5e5Qpep —ePyBup [ eplt+0)d6+ s} (~Bup+p) + (p —kp)kp, (A12
N——— ~—

Mp1 2 p3

where 17,» can be simplified using (10) as,

0 0
—e!PyBy, /_h &y (t+6)dd = —/_h el P,B1p[A1pep(t +6) + Bipep(t — i +0)
+ Bpoip(t +0)]dd, (A13)

The terms in (A13) can be further simplified using the inequality in (1) by choosing
D = Pj, as follows,

0 0

T ﬁ T —1AT pT pT

_LhepPpBlp[Alpep(tM)]d(s < E/7}1epPpBlpAlppp Al B] PTe,ds
0

- % | ep (t+0)Ppep(t + 6)ds (A14)

0 0
T ﬁ T —1pT pT pT
_/J1 el PpB1,Brpep (t — i+ 8)d6 < 5/41 el P,B1,B1,P, ' B] B] PTe,ds

1 0
+ﬁ heg(t—h+5)Ppep(t—h+5)d5 (A15)
Vel s < [ eT Bl Ple,ds
— |, epPrBipBprip(t+0)d0 < 5 | e PpBipP, Bl Prep
10 7 T
+35 /7}1 o (¢ + )BT P, Byony (t + 0)do
h _
< Ee,T,[/311?131},1’},113.1Tp1’]el,

1 40
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To further simplify (A14), (A15), let us recall the inequality from the Razumikhin
theorem [48],

Vp(ep(e)) <rVy(ep(t)), F=2h<e<t (A17)
= eg(e)Ppep(e) < re;(t)Ppep(t) +@p(e), (A18)

where r > 1 is some constant. Using (A18), the second terms in (A14) and (A15) can be
simplified as,

plep

0 h
—[ enPpBip Aryep(t+6)|ds < Zel[FPyBipA1pP, ! AlPBlpPp—Fz'B

+3 /7 oyt +0)ds (A19)

plep

0 hor
— |, eBPeBipBipep(t —h+0)dd < el [PyBipB1,Py B, BlpPp+2ﬁ

+ @/—h gp(t — N+ 8)do (A20)

From the simplifications of the terms in 77, in (A19), (A20) and (A16), the derivative
of V, in (A12) can be rewritten as,

: 1 . 5
Vp < fieg[Qp — hEplep +Tp + sp(—Aup +0p) + 5,0, + (kp —kp)p (A21)

O

Lemma A3. Under the Assumptions 1-3, the time derivative of V; in (A7) can be simplified

using (24) and (25) as,
. 1 ~ A
Vy < —5eqQq — hEqleq + Iy +s5(—Aug +0) + 550 + (kg — kq)kq (A22)
where
2r
Eq = BPqB1q[A14P; Al + B1gPy ' Bl + P, 'B] P+ = 5P (A23)

r, > 2ﬁ||/ (gt +8) + @yt — b +0) + 0l (£ + 0)BLPgBqarg(t + 6)]do|,  (A24)

Oy = Auq — Augy, (A25)

assuming that within the delayed interval, the uncertainties are integrable (i.e., locally Lip-
schitz within the interval of delay), where g (e) = r(kq(t) — kq(t))? — (kq(e) — kq(€))?,
O1q = —Auqh + 0gq-

Proof. Since, V; in (A7), the uncertainty bound in (A4), the control law in (20) and the
adaptive law in (27) for the attitude sub-dynamics (2) are similar to those of the position
sub-dynamics in (A3), (A6), (6) and (15) respectively, by following a similar procedure
from (A12) to (A41) (as in Lemma A2) and arrive at the relationship,

Vy < —~el|Qq — hEqleq + Ty +sh(—dug +0y) + 570, + (kq —kgdkq.  (A26)

Assumption 4. The unknown time-varying delay, h is bounded, such that, h(t) < h, Vt >0,
where h > 0 is a scalar.
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Lemma Ad4. Under Assumption 4, the terms A; = [Q; — h(t)E;], i € {p, q} are positive definite
vt > 0.

Proof. From the upper bounds of Vp, Vq in (A21) and (A26) respectively, in Lemmas A2 and A3,

the following relationship should hold for the matrices, A; £ [Q; — h(t)E;], i € {p,q} to
be positive definite Vt > 0,

h(t) < QpE,"

/\min(Qp)
_ A27
Epl (A27)
h(t) < QqEq"
)‘min(Qq)
, A28
< T IEq] (A25)

Further, by combining the inequality conditions in (A27) and (A28), and using & from
the Assumption 4, we have,

min {/\min (Qz)}

- 1€p,q
max{TETT} )
1€p,q
By choosing appropriate positive definite matrices, Qp, Qq, and parameters Kip, Koy,
K14, K2g, 7, and B, the inequality constraint in (A29) can be satisfied for any value of
The inequality constraint in (A29) can be satisfied by choosing appropriate positive
definite matrices, Qp, Qq, and parameters Kip, Kop, Kiq, Kaog, 7, and . Hence, the O

Theorem A1l. Under the Assumptions 1—4, the closed loop trajectories of the system defined in (2)
using the control laws (6) and (20), and the adaptive laws (15) and (27) are uniformly ultimately
bounded (cf. Def. 4.6 in [41] for the definition of UUB).

Proof. From Assumption 4, the expression (A21) can be simplified using the positive
definite matrix, A, £ [Qp — hEp] > O as,

. 1 ~ A
Vp < —5egApep + T+ sp(—Aup +0y) + 570 + (kp — kp)kp (A30)
1 X 5
< fieg)\m,»,,(/\p)ep +Tp+sp(—Aup +kp) + (kp — kp)kp + [[spl|[|©]].  (A31)

From (A6), the upper bound of V), can be defined as,

1 1.4
Vp < Q)‘mﬂxl)pHePHZ + E(kp - kp)z‘ (A32)

Using the relationships in (A31) and (A32), it can be observed that,
Vo < —0pVp + Ty + 55 (—Bup + kp) + (kp — kp)kp + [Isp 11O, || (A33)

/\min (AP)
min{ Amax(Pp)/2,1/2}
different possible cases:

Case 1: lAcp > Yps SIZSp >0, [|sp|| = @p

where g, = is a positive scalar. Further, let us analyze (A31) under the

Substituting the values of Aup,fcp from the control law (20) and adaptive law (27)
in (A31) implies,
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sTs
: 1 . sTsp X
Vp < —EAmin(Ap)||ep||2 +Tp + |spl[[[©p][ + (—apkp HP I + kpllspl[) + (kp — kp)|[spl|
1 N
< —E)\min(/\p)||ep||2 +Tp + [Ispl[|[©p]] — kp(ap — 1)|[sp]l. (A34)
Simply by choosing a, > 1, it can be observed that V}, (ep(t)) < 0,if Ayin(Ap)||ep|[> >
2(Ty + |Ispl|||®p||), implying that the error is bounded by
el [BEP,|[[|©p]] + \/||Bl§1°p||2||®p||2 + 2 min (Ap)Tp (A35)
e =
P )\min (AP)
By substituting the error bound (A35) in (A34) and using the relationship in (A33), we
can infer that V), < 0,if V, > 01, where
Qp1 2T + | [ByPpl[||©p]|[lep] [, (A36)
implying that,
Vp(ep(t)) < max{Vy(ep(0)), Qp1}. (A37)
Case 2: kp > 7p, sIT,sp <0, |[sp]| = @p
Substituting the appropriate values of Aup, IA{p from (6) and (15) in (A31), we have
: 1 > SpSp
Vy < — ZAmln(AP>||ep|| + T+ |Ispl[[|©p]] + (— “pka o +kp||5p||) ( —kp)l[spll
1
< - ZAmin(Ap)Hesz +Tp + |[sp|([|®p]| +2kp — kp(‘xp +1)). (A38)

As long as Ayin(Ap)|[ep|[* > 2(Ty + [spl|([|©p]] + 2kp — IA‘p("‘p +1))) inflicting an
upper bound on the error to be

|[BEPp|(110p]] + 2kp — kp(ap + 1))

epl||* =
el Amin(Ap)
. \/\ IBIPp|[2(|1©p|] +2kp — kp (ap +1))2 + 2451 (Ap)Tp (439)
Amin(AP) ’
which along with (A37) and (A38) would imply that Vp <0,if V, > Oy, where
T+ [IBIP,]|[lep|* (||@p]| + 2kp — kp(ap + 1
0, 2 T IBEPolliel (10411 + 2% —Fp(a 1)) ot
Op
Thus, from (A32), (A38), (A39) and (A40), we have,
Vp(ep(t)) < max{V,(ep(0)), Oy} (A41)

Case 3: IAcp < Yp, any Sgsp/ ||Sp|| > @p

By choosing the appropriate values for Aup,lkcp from (6) and (15) in (A31), it can be
observed that,
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T
. 1 ~ SpSp A
Vp < _E)\min(AP)Hesz +Tp +Isplll|®p]] + (_“pkpm +kpllspll) + (kp —kp)7p
1 A
< —E)\min(/\p)||ep||2 +Tp + [Ispl|([|®p]| — apkp +kp) + ’Y%- (A42)
The simplification of the last term in (A42) comes from the relationship (lAcp —kp)rp <
Tp- Hence, V, < 0, if Ayin(Ap)|lep|[* > 2(Tp + [[sp||(|1@p]] — apkp + kp) +75)- So,
the error bound for achieving the UUB property of the system is given by,
leol|* = ||BgPp||(||®p|| _"‘pi(p +kp)
P /\min(AP)
N VIIBERo (11| — apkp + kp)2 + 24 (Ap) (T +23) .
)\min(AP)
Hence, it can be observed from (A32), (A42) and (A43) that Vp <0,if Vp > Qpz and
V}p is bounded as,
Vy(ep(t)) < max{Vy(ep(0)), Oy}, (Ad4)
Ty + 92+ |[BIP,|||ep] |* (1O — apkp +k
T |ByPpllllep! " ([1©p| — apkp +kp) (Ad5)
Qp
Case 4 kp > vp, sgsp >0, ||sp|| < @p
V), in this case can be derived from (7), (15) and (A31) as,
. 1 ) . spsp X
Vp < _§Amin(Ap)||ep|| +Tp+ [Ispl[|[©p][ + (_"‘pkaP +kpllspll) + (kp — kp)|Ispl|
1 5 - 2 "‘pf‘p
<~ Auin(p)llepl 2+ Ty + 15 (110 ] +kp) + 15| 2~ 22 (Ad6)
p

. A k
The condition A, (Ap)]|[ep|[* > 2(Tp + [|sp|(|||©p]| + kp) + ||sp||2(fu?;—:)) needs to

be satisfied to achieve Vp < 0. When |[sp|| = w, the sum of the terms in (A46)
pkp

(kp-+0p 1)

with |[sp|| attain its maximum value of ™ ® which gives result to the necessary
pkp

upper bound of the error as,

i dapkp Ty + (kp + |@p|)2@

[lep| :\l Bes ok e Lok (A47)

2upkp
From (A31), (A32) and (A47), it is proven that Vp < 0,if V, > Q,5, which bounds

Vy by,
Vy(ep(t)) < max{Vy(ep(0)), Qpa}, (A48)
s @plp +‘Dp|‘B£Pp||||ep||*(||®p|‘ +kp) — ||B;T:Pp||2||ep||*2(“pkp)
Qps = e (A49)
rP=p

Case 5: kp > 7p, spsp < 0, |[sp|| < @p
Selecting the corresponding values for Auy, kp from (6) and (15) respectively, we have
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T
. 1 ~ SpSp A
vV, < _E)\min(Ap)HePHz + T+ [Ispll[[©pl] + (_’xpkp:;ip + kpl[spl]) — (kp — kp)|[sp]|
1 2 2 2 "‘pf‘p
< =5 Amin(Ap)llepl|” + Ty + [[spl[([|Op]| +2kp —kp) + [[sp||* (== ) (A50)
.- A k
The condition )\min(Ap)||ep||2 > 2(Ty + [Isp|([||®p]] + 2kp — kp) + ||sp||2(—“};—;’))
needs to be satisfied to achieve Vp < 0. When |[sp|| = W%’ the sum of the
pkp
3 2
terms in (A46) with |[sp || attain its maximum value of (2kp k‘;:“f"m @ which gives result
PP
to the necessary upper bound of the error as,
dopkpTy + (2kp — kp + ||@p||)20@
||ep||*: PP P+( p AP+|| PH) p (A51)
2upkp
From (A31), (A32) and (A51), it is proven that Vp < 0,if V, > Qps5, which bounds
Vp by,
Vp(ep(t)) < max{Vy,(ep(0)), Qps}, (A52)
» @plp +‘DPHBgPpHHepH*(H@pH + 2kp — kp — "‘pkp||B;T:Pp||||ep||*) (A53)
52
¢ Qp@p
Case 6: kp < 7vp, any spép, |[spl| < @p
By choosing the appropriate values for Aup,fcp from (6) and (15) in (A31), it can be
observed that,
. 1 5 A slgsp A
Vp < _E/\min(Ap)HepH +Ip + |[spll||©p]] + (_"‘pkpa)ip + kpllspl[) + (kp — kp)rp
1 2 2 2 “P’A{P
< =5 Amin(Ap)llep][* + Ty + [[spl[([|Op]| +kp) + 15 + [[spl] (_Tp)' (A54)

The simplification of the last term in (A54) comes from the relationship (lAcp —kp)rp <
. . k
Tp- Hence, Vy < 0, if Ayin(Ap)llepl[* > 2(Tp + [[sp| [(11@p]] +kp) + 15 — lIsplP(F52)).

When |[sp|| = w, the sum of the terms in (A46) with ||sp|| attain its maximum
PP
k 2 Do
value of w, which gives result to the necessary upper bound of the error as,

dapkp

- (A55)

He H*: 4“PkP(FP+r)/%))+(kP+||®P||)2(DP
P 2upkp

From (A31), (A32) and (A55), it is proven that Vp < 0,if V > Qps5, which bounds
Vi by,
Vp(ep(t)) < max{Vy,(ep(0)), Qps}, (A56)
» @p(Tp +75)@p|[ByPplllep| " (1®p| + kp — [[BLPp ||| lep||* (apkp))

a (A57)
Qp@p

pé
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From (A37), (A41), (A44), (A48), (A52) and (A56), it is observed that for any possi-
ble scenario,

Vp(ep(t)) < max{V,(ep(0)), mlgx{Qpi}}, ie{l-6} (A58)

By following a similar procedure from (A12) to (A58) using the time-derivative of V},
continuing from (A26), we can obtain the relationship,

Vi(eq(t)) < max{V;(eq(0)), mlqzx{qu}}, ie{l1-6} (A59)

where Qg;, i € {1 — 6} are scalar terms similar to those in (A36), (A40), (A45), (A49), (A53)
and (A57). Hence, from (A58), (A59) the overall Lyapunov function, V in (A5) is ultimately
bounded by,

V(ep(t), eq(t)) < max{V;(ep(0),eq(0)), O} (A60)

where O = (max{Qy;} + max{Qy;}), i,j € {1 — 6}, and the closed-loop system re-
i j

mains UUB.

It can be noted that unlike the predictive approach in [49,50], the proposed controller
does not mandate any constraint on the derivative of the time-varying delay. Further,
the knowledge of the upper bound of the delay is used only in the parameter selection and
hence, the knowledge of the instantaneous value of the delay and its time-derivatives is
not required in the controller design. Similarly, the knowledge of the overall parametric
uncertainties 0p, g are used neither in the control laws nor in the adaptive laws. Hence,
despite the boundedness of the uncertainties, the knowledge of their bounds are not needed
by the controller. [

Remark A1. The bounds Qy;, Qyj, Vi, j € {1 — 6} are dependant on the gain parameters ap, ag
and the delay in the system h. The performance maximizes with higher gains in the presence of
minimal delays. However, high gains lead to large control inputs, which is undesirable in the
practical scenario.
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