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Abstract: This paper investigates the problem of cooperative payload delivery by two quadrotors
with a novel “Y”-shaped cable that improves payload carrying and dropping efficiency. Compared
with the existing “V”-shaped suspension, the proposed suspension method adds another payload
swing degree of freedom to the quadrotor-payload system, making the modeling and control of
such a system more challenging. In the modeling, the payload swing motion is decomposed into
a forward-backward process and a lateral process, and the swing motion is then transmitted to
the dynamics of the two quadrotors by converting it into disturbance cable pulling forces. A novel
guidance and control framework is proposed, where a guidance law is designed to not only achieve
formation transformation but also generate a local reference for the quadrotor, which does not have
access to the global reference, based on which a cooperative controller is developed by incorporating
an uncertainty and disturbance estimator to actively compensate for payload swing disturbance to
achieve the desired formation trajectory tracking performance. A singular perturbation theory-based
analysis shows that the proposed parameter mapping method, which unifies the parameter tuning of
different control channels, allows us to tune a single parameter, ¢, to quantitatively enhance both the
formation control performance and system robustness. Simulation results verify the effectiveness of
the proposed approach in different scenarios.

Keywords: cooperative aerial transportation; suspended payload swing modeling; guidance law;

cooperative formation control; disturbance rejection

1. Introduction

Utilizing quadrotors for cable-suspended cargo transportation is an important research
direction in practical applications. Existing research mostly focuses on the transportation
of payloads by a single quadrotor [1-3], aiming to stabilize the quadrotor and reduce
payload oscillation. However, single-quadrotor transportation systems inherently suffer
from drawbacks such as low payload capacity, weak robustness, and inability to orientate
the payload, drawing increasing attention in recent years to the cooperative transportation
of payloads using multiple quadrotors to overcome these limitations.

To be specific, the cooperative transportation system that we focus on in this paper
is composed of two quadrotors carrying one payload by cables. The applications of such
systems face several challenges. One challenge is the method of dropping the payload when
it arrives at the destination. As shown in Figure 1, the suspension methods investigated in
the existing literature fall into two categories: “V”-shaped [4-6] and trapezoid-shaped [7-9]
suspensions. To drop the payload, both suspension methods require two independent
release mechanisms equipped to either the quadrotors or the payload, whereas in this
paper, we propose a novel “Y”-shaped suspension method that allows for the payload
to be attached and released using one single automatic release mechanism on the cable.
Compared with the other two suspension methods that require two release mechanisms,
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not only does the proposed method stand out because of its cost-efficient merit, but, more
importantly, also because it reduces the time and workload by half when attaching the
payload to the cable. Additionally, using one release mechanism avoids the problem of
payload tilt caused by the asynchronism of the two independent release mechanisms during
payload release, which is practically attractive in applications such as package delivery.
Compared with “V”-shaped suspensions, the proposed method brings another payload
swing degree of freedom to the system, making formation control a more difficult task.

Quadrotor 1 Quadrotor 2 Quadrotor 1 Quadrotor 2 Quadrotor 1 Quadrotor 2

"V" shape Trapezoid shape Proposed "Y" shape

Figure 1. A comparison among the “V”-shaped [4-6], trapezoid-shaped [7-9], and proposed “Y”-
shaped suspension method.

The second challenge lies in two-quadrotor formation control. Existing approaches can
be roughly categorized into virtual leader scheme-based and leader—follower scheme-based
approaches, with the latter requiring a quadrotor designated as the leader to be followed
by another quadrotor to maintain the formation. For both schemes, cooperation between
the two quadrotors is achieved by using the global reference and neighbor’s information
obtained via a communication network in the local controller, but the information trans-
mitted differs. In [10], the desired trajectory for the payload is seen as a virtual leader,
while the two quadrotors act as followers to track the virtual leader’s trajectory in a forma-
tion. In contrast, by sharing a global yaw angle reference, neural network graph-theoretic
distributed adaptive control is proposed in [11] to ensure that formation is maintained in
a desired path in a leader—follower manner. Unlike in [11], where the quadrotors share
global references, Ref. [12] assumes that only the leader quadrotor has access to the global
reference, while the other quadrotor employs a PID-like controller to follow the leader at a
constant distance. However, only one directional flight along the x-axis can be achieved
by this methodology. From the above observations, achieving cooperative path-following
control generally requires the two quadrotors to have full knowledge of the global reference;
when one quadrotor does not, formation behavior can be largely limited. Therefore, the
topic of using limited global reference information to achieve complex formation behaviors,
including path-following and formation transformation, is still open.

Since a cable-suspended payload increases the system’s degrees of freedom and un-
deractuated characteristics [13] and makes the system less robust against disturbances, the
third challenge is achieving the stabilization and high-accuracy trajectory tracking control
of the quadrotors under the cable pulling disturbance force that is transmitted from payload
swing. Energy-based nonlinear adaptive control is proposed in [14] to ensure the stability
of a closed-loop system under payload swing. However, system robustness cannot be
easily or quantitatively regulated. Reference [15] presents a reinforcement learning-based
position controller to achieve accurate cable-suspended payload delivery and system stabi-
lization, and it was verified in a simulation to be capable of rejecting unknown disturbances,
including payload swing. The application of such a method requires a preliminary train-
ing process, and the stability and robustness of the training results cannot be guaranteed
by a rigorous mathematical analysis. For the delivery of different payloads with vari-
ous weights, an adaptive dynamic compensator-based cooperative controller is proposed
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in [7] to dynamically estimate the system parameter perturbation caused by the payload
weight change. Nevertheless, the performance of this framework, as mentioned by the
authors, can be ensured only when the system moves under an almost constant velocity
along a desired trajectory with low/moderate acceleration. In [10], the authors design
a sliding mode formation controller incorporating a nonlinear disturbance observer to
estimate and compensate for external disturbance and payload swing, which also comes
with the cost of unwilling control signal chattering. In spite of the efforts made by existing
works, the problem of designing a simple yet effective cooperative controller that is able
to achieve quantitative, desired robustness against payload swing disturbance has not yet
been fully resolved.

To rise up to the aforementioned three challenges, this paper aims to provide a sys-
tematic solution to the payload delivery problem, where a novel “Y”-shaped payload
suspension method is considered. To reveal the physical characteristics of such a quadrotor—
payload system, a payload swing motion model is first derived by decomposing the swing
into a forward-backward process and a lateral process, and it is then related to the quadro-
tor dynamics by converting the swing into disturbance cable pulling forces acting on each
quadrotor. The quadrotor—payload comprehensive model is highly coupled and nonlinear,
and, thus, the feedback linearization technique is exploited to decouple the model into six
subsystems in the form of a disturbed second-order model. A guidance law is proposed for
the two quadrotors to achieve the desired formation and formation transformation, and, for
the quadrotor in particular, which cannot access the global reference, the guidance law also
helps to generate a local reference according to its neighbor’s state and control input. Based
on the guidance law, a robust cooperative controller is proposed by incorporating an uncer-
tainty and disturbance estimator (UDE) that dynamically estimates and compensates for
external disturbance and payload swing disturbance in real time. To achieve the prescribed
disturbance rejection and trajectory tracking performance, parameter mapping is proposed
for the UDE in different channels, such that the parameter tuning is unified by a single
parameter, . A stability and performance analysis based on singular perturbation theory
verifies the effectiveness of parameter mapping, showing that quantitatively reducing ¢
enhances both system robustness and tracking accuracy. Numerical simulations affirm the
excellent performance of the proposed guidance law and robust cooperative controller in
various flight scenarios. The contributions of this paper are summarized as follows:

1.  We propose a novel “Y”-shaped suspension method to improve payload carrying
and dropping efficiency, and a payload swing model is derived specifically for the
“Y”-shaped suspension to show explicitly how swing disturbance affects the motion
of the quadrotors.

2. A novel, comprehensive design of the guidance law and UDE-based cooperative
control is proposed for the “Y”-shaped quadrotor-payload system to achieve not
only robust formation control but also high-accuracy trajectory tracking under the
communication constraint of only one quadrotor having access to the global trajectory
reference. Moreover, the proposed guidance law features formation transformation
and flight mode variation capabilities to achieve complex flight manners, such as
cooperative obstacle avoidance in a cluttered environment.

3. In contrast to the frequency domain analysis [16], this paper provides a rigorous time
domain-based stability and robustness analysis using singular perturbation theory,
where a parameter mapping method is proposed to unify the parameter tuning of
different control channels. The analysis shows that the formation trajectory tracking
accuracy and robustness against payload swing disturbance are related monotonically
to a single designable parameter, ¢, by which the system performance can be easily
and quantitatively improved.

The rest of this paper is organized as follows: In Section 2, dynamic and kinematic
models of the quadrotors and the suspended payload are derived, and then the models are
simplified for the control design. Section 3 presents the design of the guidance law and the
UDE-based cooperative controller, followed by the stability and performance analysis of the
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closed-loop system. In Section 4, simulation results are presented to show the effectiveness
of the proposed approach in different scenarios. Finally, conclusions are drawn in Section 5.

2. Problem Formation

The variables and parameters of the quadrotor—payload system are defined in
Tables 1 and 2, where superscripts “Z, B, and £” indicate the frame that the variable
is expressed in, and subscript i € {1,2} denotes the i-th quadrotor.

Table 1. Quadrotor—payload system variable definitions.

Symbols Variable Description

PiI [x 11, yZI, ZI ] Position of the i-th quadrotor

Pg [xL Xy, yp, )T 5] Position of the payload

¢i, 0;, ¥; Rotation angles of the i-th quadrotor

VB = [V5, Vlf VBT Linear velocity of the i-th quadrotor
[VpIx, VpIy, Z]T Linear velocity of the payload

wP = [wh, wg wB 51T Angular velocity of the i-th quadrotor

Wig, Wip, Wic, Wid

Rotor rotation speeds of the i-th quadrotor

O = —wj, — wjp + wjec + wig Sum of the rotor rotation speeds of the i-th quadrotor

ZI;Z Thrust command for the i-th quadrotor

=051 5 BT Torque command for the i-th quadrotor
I-’fq = [Flgqx, FEW, Fll;qz]T Air drag on the i-th quadrotor
ng [ngx, ngy, ngZ]T Air drag on the payload
TI {]Téx’ gzgy/TZI T] gzgz puﬂ%ng iorce on the }‘)_ayload

v Ty pulling force on the i-th quadrotor

; D . [F,% g Fl% qy FiD qZ]T Total disturbance force on the i-th quadrotor
a, B Payload swing angles
6 Quadrotor formation yaw angle
A The angle between the cables that connect the quadrotors
L Formation size: the distance between the two quadrotors
AI = [Afx, Afy, ALIT Payload acceleration induced by the rotation of a

/5 = [AZ Bxr ﬁy ,Sz]T Payload acceleration induced by the rotation of B
AI = [AL, Agy, ALT Payload acceleration induced by the rotation of ¢

= [AL AI AI }T Acceleration of the midpoint of the two quadrotors
A; Q = [AlzQ » AzIny A?QZ] Acceleration of the i-th quadrotor

Table 2. Quadrotor—payload system parameter definitions and nominal values.

Symbols  Parameter Description Nominal Values
mgy Quadrotor mass 1kg

mp Payload mass 0.05 kg

l Length of the cable that connects the knot and payload 0.5m

Iy Length of the cables that connects the knot and quadrotor 0.707 m

JB, ]5 ,JB Quadrotor moment of inertia 0.01 kg-m2

Ir Rotor moment of inertia 3.789 x 107 kg~m2
K Air drag coefficient 0.04 kg/m

g Gravitational acceleration 9.8 m/s?
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2.1. Frame Setup

In this paper, the directions of all rotation angles, angular velocities, and angular accel-
erations are defined based on the right-hand rule. In the considered quadrotor cooperative
transportation problem, the cables suspended from the quadrotors and connected to the
payload form a “Y” shape. To describe the motion of the quadrotor—payload system, some
frames are defined in what follows. Note that all frames used in this paper are right-handed.
As shown in Figure 2, 7 = {x,yz,2z7} is the inertial frame, and B; = {xp,y5,, 25} is
the body-fixed frame for the i-th quadrotor. The blue frame Z' = {x/, 7,2’} is defined
by translating the origin of Z to the midpoint of the two quadrotors. The purple frame
Ly = {xz,,yr,, 2z, } shares the same origin as 7', with its y,, pointing to Quadrotor 1
and z,, pointing to the ground. Then, the rotation angle around the z;-axis from Z’ to
L, is J, defined as the quadrotor formation yaw angle. Under normal conditions, the
quadrotor-payload system intends to fly along the x, -axis, whereas in some extreme cases
(see Section 4.3), for example, when the system needs to pass through narrow corridors,
the system might fly along the vy, -axis. Rotating £, around its y ., -axis by payload swing
angle « results in the purple frame £ = {x.,yr, z }, which is further used in Section 2.3
for payload swing motion modeling.

Quadrotor 1 L Quadrotor 2
2 y B2
A B
Ve Zg x
B2
F X E  Zp,
Y1
Zz

Figure 2. Frames for the modeling.

2.2. Modeling of Quadrotors

The quadrotor dynamics and kinematics are established by Newton’s laws of motion
and angular momentum theorem. For linear motion, we have

. EB
V[)’ iDgx VB B VB B 3 .

ix — Tmg + iy Wiz = Viz wiy gsinf;,

. FB .
[’ilyg = %Zy +VEWE, — VEwE + g cosbsin g, @)
. B g

D v VBw

Vi nT; ;n:z i l[; ilyg fx + g cos i cos ¢,

where the total disturbance force on the i-th quadrotor is

Fp, = Fo + RETE, )

iag
in which the air drag term is expressed as
B _ pB_1
F3 — RI(—EK’

T
iaq Vi

L, ©

and T? is the pulling force from the cable on the i-th quadrotor, which is specified in
Section 2.3. The rotation matrix from the body frame to the inertial frame is defined as
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cos 0; cos ; sin ¢; sin 6; cos ¢; — sin ¢, cos ¢; cos ¢; sin0; cos P; + sin p; sin ¢;
RL = (Rg)T = | cosf;siny; sin ¢; sin 6; sin yp; + cos ; cos ¢; cos ¢;sin6; siny; —cos;sing; |. 4)
—sin6; cos 0; sin ¢; cos 0; cos ¢;
The angular dynamics and kinematics are given by
Wb = %(TE + ]fwiBng - ]ZBwiBywiBz - ]rwil;Qi),
@iy = g5(Ty +PWRWE — JPwfws + rwp ), 5)
B _ 1.8 B,,B,,B B,,B, ,B
Wi, = ﬁ(Tiz + ]X wixwiy - ]y wixwiy)’
¢i = wB +tan Gi(wg sin ¢; + w? cos ¢;),
0; = wi[; cos ¢; — wg sin ¢;, 6)
P = ﬁ(wg sin¢; + wb cos ¢;).
2.3. Modeling of Payload Motion
The motion of the payload is best illustrated in Figure 3. Specifically, the payload
swing is decomposed into two individual processes, where two swing angles, « and 3, are
defined. To simplify the payload motion, we impose the assumption that the cables and the
cable knot are massless, which nicely results in the coplanarity property of the suspended
payload P;, cable knot O;, and two quadrotors A and B. In the first forward-backward
process, payload swing angle a rotates the vertical ABNM plane into the ABCD plane
around the yc-axis, transforming the knot from O; to O, and the payload from P; to P». In
the second lateral process, swing angle f rotates the cable O, P, around the x/.-axis (which
is parallel to x,) within the ABCD plane, transforming the payload from P, to P;.
Quadrotor 1 Quadrotor 2 Quadrotor 1 Quadrotor 2
L L
A O,

B I A OB

\ / Xy
v,/ 0,
TN
| -
l | '> \\’
l,L R z
()
2 s
b c b :
M N M N
Forward-backward process Lateral process

Figure 3. The forward-backward and lateral processes of the “Y”-shaped-cable-suspended payload
swing motion.
Based on Newton's laws of motion, the payload motion is modeled by
T, + G, + Fj, = mp(AL + Af + A7 + A7), @)
where TPI is the cable pulling force, which is derived later; G% = [0 0 mpg]” is the payload

gravity; ng = *%KHVF’I HszI is the air drag; and A}, AF, A7, and Ag are the payload
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acceleration relative to Z induced by the linear motion of O and the rotations of J, «, and
B, which are given by

Aé = %(AéﬁrAéz), (8)
A; = i+, ©)
AL = it 4w« ot (10)
Ay = P+ I (11)

In acceleration expressions (9)—(11), the first and second terms represent centripetal and
tangential acceleration, respectively.

To simplify the derivation, herein, we first express the cable pulling force and the
acceleration terms in £, and we then use the rotation matrix

COS & COS & cosx sind —sina
R% = (R%)T = —sind cosd 0 (12)
sin & cos sina sin § COS i

to covert these terms to 7.
From Figure 3, by using the geometry properties, it is readily found that the cable
pulling force vector on the payload is expressed using pulling force T), as

0
Ty =T,| sinp |. (13)
—cos f3

Moreover, r* is defined as the vector in £ whose length is r and direction is perpendicular
to segment AB pointing to the payload. Similarly, I* is a vector in £ with length [, and it
points from the cable knot to the payload. In addition, r is a vector perpendicular to the
z7-axis, and it has a length equal to the distance from the payload to the z/-axis and points
from the z/--axis to the payload.

Then, we have the following geometric relationships:

0 0 7sina cos a
L=rl 0|, I£=1 —sinp |, rf: —Isinp , (14)
1 cos B rsin® a
where
Leos N 207 - I? 15
r=ljcos 5 + cos B, A = arccos( 2 ). (15)

Note that we assume that L is constant in (15), which significantly simplifies the payload
motion model. However, in the control design, L is possibly a time-varying parameter that
determines the adjustable formation size of the system, which is practically meaningful
when encountering realistic situations like obstacle avoidance.

By combining (7)-(15) and using some algebraic manipulations, the explicit dynamics
of the swing angles and the cable pulling force are given as
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1 . N
&= L sina — [~ (A5, + AL,,) — 8% (rsinacosé + Isin Bsind) — §(rsinasind — I'sin fcosd
18 5 10« 2Qx
FI
Dpx 1 T T ) . . . © . . .
_TP] COS & COS 6 — [E(Ale + Ajg,) — 0°(rsinasind — I'sin fcos ) + o(rsina cos d + I'sin fsin &)
3 1 3
. T T pz .
_T?] cosasind + [E(AlQZ + AZQZ) — Tp] Sln“}, (16)
.. 1 1 . .
B = 7{—zichSin/S —gcosasin B+ [i(A%Qx + A%Qx) — 8%(rsina cos & + I sin Bsin §) — §(rsinasin§ — I sin B cos &)
FI
- Dpx](sintxsinﬁcos& —cos Bsind) + [E(AI + AZ,) — 6*(rsinasind — I'sin B cos §) + (rsina cos §
FZ 1 F5
+1sinBsind) — m—py](sinasinﬁsiné + cosBcosd) + [E(A%QZ + A%QZ) - mpz] cos asin B}, (17)
p P

Ty = mp{a®rcos p+ B2l + gcosacos f — [%(Alex + A%Qx) — 8%(rsina cos & + I sin Bsin§) — §(rsinasin g
Fhpx

—Isin Bcosé) — mp ](sin Bsin é + sina cos B cosd) + |
p

%(A%Qy + A%Qy) — 8%(rsinasiné — I sin B cos &)

.. FI 1 FZ
+4(rsinacosd + Isin Bsind) — Zpy](sinﬁcosé —sina cos Bsiné) — [E(Alez + A%QZ) - sz] cosacosB}. (18)
P p

According to Newton’s third law, the force acting on the cable knot is opposite to the
force acting on the quadrotor. Through the geometric relationship between the quadrotors
and the payload, we obtain the cable pulling forces on the i-th quadrotor as

T, sinp + cosBtan 2
T, = _7*7( P : f 2), (19)
sin 5
CcoS sin B + cos Btan 4
T, = —,(SSf_snprcosPlng, (20)
cos 5 2sm§

Then, we can readily express the pulling force vector in £ and use rotation matrix R to
obtain the cable pulling force vectors on the i-th quadrotor:

[ — sin&sin% — sinacosécos% i
le = Ti| cosdsin % — sina sin é cos % , (21)
i — COS & COS % |
sin 4 sin % — sin a cos d cos %
TzI = Tp| —cosdsin % — sina sin d cos % . (22)
i — COS & COS % i

2.4. Model Simplification

It can be seen that the quadrotors and payload models are coupled and nonlinear,
rendering control design difficult. Thus, we decouple the quadrotor—payload system into
six subsystems to simplify the control design process.

First, by applying the small-angle conditions

sinf; =sin¢g; =0, cosf; =cos¢; =1 (23)
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to angular motion dynamics (5) and (6), and by taking the point-mass assumption of linear
motions (1), the quadrotor dynamics in Z can be approximated by

$i = 5 (T8 + IP6ipi — JEO4; — ]:6,00),

Jx
0 = é(ﬁf + B i — I it + [rdiCh), (24)
i = 75 (T8 + J24i6; — I} dith),
AIIQx il = ,2 (FEZ sin ¢; sin ; + F! qz cos ¢; sin6; cos y; +dL. ),
Aley iyl = m%( ng sin ¢; cos i; + lqz Cos ¢; sin 0; sin ; + din), (25)
A_;,ZQZ = Zzl - _mL(FzI;z Cos ¢; cos P; + dzlz) +8

where dZ = R Fg denotes the total disturbance, including the air drag and disturbances

caused by the payload gravity and swing.
Second, we apply the feedback linearization technique to dynamics (24) and (25) to
further simplify the model. After defining the virtual inputs as

Uip = %TE/

Ujp = %Ti[yg,

g = o o
Upy = — - (FZZ”Z sin ¢; sin ¢; + lqz cos ¢; sin 0; cos ¥;),

Uiy = — 5 ( Flgz sin ¢; cos i; + lqz cos ¢; sin 6 sin¢;),

Uj, = 1 Ff;z cos¢;cosyP; + g,

and the total disturbances as

f %(]59 l/Jz 91’4’1‘ - ]réiQi)/
fio = é( Gitpi — JEPitpi + Lri),
1 Bj.0.
f ?(]x 4)1 ]y ¢191)r (27)
L 1 dl'
X mq ix’
1
fiy =~y iy
fiz = *m%]dizz'
dynamics (24) and (25) are converted into second-order subsystems in the form of
gi = ul-é + fl-é,
L0 (28)
iji =u; +f;,

where & = [¢;, x;,v;,z:]T and ; = [¢;,0;]" are the state vectors, u 5 = [u”b u¥ uy u?]T and

ul = [u;P, u?]T are the virtual input vectors, and f‘j [f 4 ,fl-z] and f’7 [f; ,ff}T

1
are the total disturbance vectors.

2.5. Communication Topology and Control Objectives

In this paper, the communication network topology among the quadrotors and the
global reference system is described in Figure 4, where only Quadrotor 1 has access to the
reference signals (desired trajectory PdI and desired formation yaw angle d,), while the two
quadrotors can exchange their own states, control inputs, and desired formation size L; via
the network. In the rest of this paper, we generally use subscript “d” of a variable to denote
its corresponding “desired” trajectory, i.e., its global reference signal.
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Global Reference

Desired Quadrotor Quadrotor

Trajectory 1 2

Figure 4. The communication network topology.

The control objectives of this paper are to design a guidance law and robust cooperative
controller for quadrotors under the communication network topology specified in Figure 4
such that the following are achieved:

(i)  The quadrotors achieve synchronized yaw angle tracking, i.e., ;(t) — J;(t) as t — oo;

(i) The quadrotors asymptotically track the desired trajectory in the desired, possibly
time-varying formation specified by L;(t) in the absence of disturbances;

(iii) In the presence of disturbances, the trajectory tracking error and the formation error
can be quantitatively regulated within a small neighborhood of zero.

3. Guidance and Robust Control Design

To achieve the aforementioned control objectives, we propose a novel two-module
framework, as shown in Figure 5.

Guidance Robust Cooperative Control xF iy pT 2F T

T .1 T T T T
N0 NN a5

w Control
Xl &l gLyl Ty ot AT A .| Position Command
*| Controller Conversion
Eq. Eq. (55,58)
Desired (39,42,46)
Position and Guidance Y b B ";) =
Yaw Angle L A5 A - ; ==
Eq. (29) aw . ‘1 Attitude 78 8 o8 Quadrotor 1
Eq. (31-33) Controller »
Eq. o
v, =6,0,=8,7,=3, "|(3040:42.4346) | A 4 6 6 viv |
l//’l V/Z UAV
Network
Guidance

Robust Cooperative Control 7 ;7 7 7 ;7 ;7

T T T T T .1
X, X% W V) % 5

Control

]

; .7 T T T o Position FE
Guidance %24 %24 %24 ’yzu’J’zd Vaa » Controller Commapd 2z
Law P - Conversion
Eq. (38) ek Eq. (55,58
Eq. (34-37) (39,44.,47) i )
AS AL RS
— > Attitude T Ty Do | Quadrotor 2
v, uf Controller
- Eq.
Yoy Voa W A A
20 Yaa Yaa »| (39,40,44,45,47) ‘¢z &, 0,0, y, v,
. ~ 7
LR G A 7 V¥,

Figure 5. The proposed guidance and robust cooperative control scheme for the quadrotor formation.

Specifically, on the one hand, via the desired formation yaw angle 6; and formation size
Ly, one role of the guidance module is to generate the formation offset for the cooperative
control module of the two quadrotors to achieve formation flight. Meanwhile, particularly
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for Quadrotor 2, another essential role is to calculate the local reference signals to address
the unavailability of the global desired trajectory imposed by the communication topology
specified in Figure 4.

On the other hand, the robust control module for each quadrotor includes a cooperative
position controller, an attitude controller, and a control command conversion module that
converts high-level acceleration commands into low-level attitude angle references and
a thrust command ng. To deal with the disturbances induced by the payload swing, an
uncertainty and disturbance estimator (UDE) that actively compensates for the disturbance
is incorporated in both the position and attitude controllers.

In what follows, the design of each module is presented in detail.

3.1. Design of the Guidance Law

In this section, the global reference system is first defined, followed by the design of
the guidance law for Quadrotor 2 to generate its local reference.
Suppose that the global desired trajectory for Quadrotor 1 satisfies

&a=1u, (29)

where u% ; denotes the desired input. To form a formation with distance L, at yaw angle &,
the desired trajectory for Quadrotor 2 is

§od = C1a+ Ag,
dr = 10+ AS, (30)
God = ugd + Aé/

where Ag represents the desired formation offset that satisfies

A} 0
S AN Lysindy
Ai= A | | —Lacosdy | (31)
A 0

The first-order and second-order derivatives of Ag are

Ay 0
\E A; o Ldé.d cos by + _Ld sin dy
Ai= A | 7| Labgsindg — Lycoséy (32)
Az 0
and
i . . 0 .
AS— AY | —L403sinéy + Lydgcos 8y + Lydycosdy+ Lysindy + Lydgcoséy (33)
. AZ N Ld5§ cosdy + Lyoysind,; + 'Ld(Sd sind; — id cos by + Ldéd sin dy ’
A? 0
d

In this formation, the yaw angles and heights of the two quadrotors must be synchronized.

Note that for the i channel in particular, we set ¢;; = J; to ensure that the two
quadrotors align their yaw angles with the formation yaw angle.

The desired trajectories (29) and (30) are called “global” reference systems, and they are
specified by the prescribed control objectives. However, restricted by the communication
topology, Quadrotor 2 does not have access to its global reference (30), and, thus, we are
required to design Quadrotor 2’s guidance law to generate the “local” reference based on
the neighboring information of Quadrotor 1 and the desired formation information L; such
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that the global objectives are achieved. The idea of this paper is to replace the unavailable
desired signals in (30) with their corresponding states and the input of Quadrotor 1, which
leads to the following guidance law (i.e., the local reference for Quadrotor 2):

gZd - gl + AZ/
§2d - (:-(1 + A2, (34)
¢4 = ”1t + &5,

where ui’rt is the trajectory tracking control input term of Quadrotor 1 designed in

Section 3.2, and formation offset Ag uses 1, to approximate J; and satisfies

A 0
¢ _ 5 _ Ld sin llJl
! iS4 —L,cos 35
A 0
Then, Ag and Ag are respectively given by
AY 0
. 2 , o
Ag = A% _ | Latr cos iy + Lgsinypy (36)
A} Ly siny; — Ljcos iy
Ay 0
and
Ay 0
Ag _ A§ _ —Ldl,bl sin i +Ld1/11 cos +Ld1p1 cos —|—Ld sin g +Ld1p1 cos P . @7)
2 A L3 cos 1+ Lyty sin g1 + Ly sinypy — Ly cos ¢y + Ly sin gy
A3 0
2

This guidance law design, however, causes another practical issue, that is, signal 1; used
in (37) is immeasurable. Therefore, we employ the following Luenberger state observer
(LSO) to provide an estimate of {; denoted by Pr:

Hi]_[:g éH%*“ﬂ"”*{H’f‘f (38)

where ¢, is the estimate of y1; [; and I, are the observer feedback gains; and ulf is the
control input, which is designed in the following section.

3.2. Design of the Robust Controller

To achieve the control objectives, the controller should be designed to deliver the fol-
lowing: (i) the trajectory tracking of the global reference; (ii) the desired formation specified
by L; and d;; and (iii) payload swing disturbance rejection to ensure system robustness.
Therefore, for the ¢ and # channels, the robust controller is respectively designed as

Y
|

ut = ub+ul —fF (39)
u? = ul —fI (40)

it [

g

where uf:‘t and u?t are the trajectory tracking terms, u;, is the cooperative control term that

forms the desired formation, and ff and f'i” are the UDE terms (designed in Section 3.3)
that compensate for the disturbances.
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Remark 1. As shown in Figure 5, the reference system for the & channel is given by an exogenous
global reference (29) and a local reference (34) generated by the quidance law, whereas the § channel,
which represents the low-level tilt angle control system, obtains its reference signals based on the
acceleration commands provided by the & channel. Low-level reference signal generation is known
as “control command conversion”, as detailed in Section 3.4.

Herein, we define the state tracking errors as

{gi = Cia — Gis (1)

i = Hia — ;-
Since Quadrotor 2 only has access to its local reference (34), we design a trajectory

tracking controller for each quadrotor separately. For Quadrotor 1, the trajectory tracking
terms are designed as

”%t = ”ij‘“k%pgl +k§d61, (42)
wly = uyy ki ki, (43)

where ug 4 and u?d are the feedforward terms that drive the system move in a desired
manner, (kgpfl + k‘{' 4€1) and (k'{pﬁl + k? 4) are the feedback terms that eliminate the

trajectory tracking errors, and k% pr kf Py k¥p, and k'l7 ; are the feedback gains.
For Quadrotor 2, the trajectory tracking terms are designed as

ugt = EEd’ (44)
uy, =y, + kg i+ ki, (45)

where &, is the feedforward control term provided by the local reference system (34).
¢

To achieve cooperative formation control, we design the u;_ term based on the forma-

tion offsets Ag and Ag given by (31) and (35), respectively. Therefore, we have

w, = of(&—& — A%+ (& — & — A, (46)
uS, = a5(E — &+ A5 +B5(E — &+ AS), (47)

where cx? and ,Blg are the position and velocity cooperative formation control gains.

Remark 2. In the design of the Quadrotor 2’s trajectory tracking control (44), we only include
one feedforward term, as the feedback term, if designed based on the local reference system (34) as

kgp(i,‘gd — &)+ kgd(fﬁd — &), plays a similar role to the cooperative formation control term ugc
given in (47). Therefore, the feedback term is omitted for Quadrotor 2.

3.3. Design of UDE

To enhance the robustness of the quadrotors against payload swing disturbance, the
idea is to design an uncertainty and disturbance estimator (UDE) for each channel to
dynamically estimate the disturbance in real time and then actively use the estimation
signal to compensate for the disturbance. Since the models (28) for the ¢ and # channels are
in the same form, without the loss of generality, we first design the UDE for the ¢ channel,
and then the results apply straightforwardly to the # channel. Thus, the related discussion
for the # channel is omitted for simplicity.
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Following the design principle of classic UDE-based control [17], we let the estimate of
the disturbance, denoted by ff, satisfy the following relationship in the frequency domain
by noting (28):

EF(5) = G} (5)E} (s) = Gf (5)[5°&i(s) — s&:(0) — &(0) — U (5)), (48)

where we use the uppercase letter of a variable to denote its Laplace transform;
¢ T P Y . . . .

G; (s) = diag{G/ (s), G} (s),G](s),Gi(s)} is a transfer function matrix representing one

design freedom of the UDE; and Gf(s), ¢ € {y,x,y,z} are strictly proper, stable, rational

transfer functions to be designed later.
By assuming zero initial conditions and substituting (39) into (48), we obtain

Ff(s) = Gf () [s%&i(s) — U5 (s) — US(s) + EF (s)). (49)

1

Solving If“f(s) from (49) yields

B (s) = [I— G ()] 71 GE ()% (s) — U (s) — U (s)], (50)

1

where I is the identity matrix with compatible dimensions. The role of the transfer function
G?(s) is to ensure the physical realizability of lﬁig(s), and, thus, we select

Glé(s) = W’ g € {lp!xlylz}/ (51)

where Tf > 0 is the parameter that determines the UDE estimation bandwidth. Substitut-
ing (51) into (50) gives

Ef (s) = T [sgi(s)

1

S UHORSTHO) (52)

where the gain matrix satisfies

.11 11
T =diag{—, —, =, = }- (53)
1 Tl‘/} Tlx le le
The time domain expression of (52) is
A . t
A0 = THE) = [ u(0) + it ()a] 4

3.4. Control Command Conversion

In the classic quadrotor dual-loop control structure, the control command conversion
module converts high-level commands into low-level references. For the z; channel, by
using relationship (26), the thrust command F;; is obtained as

B m(g—uf)

5 — . 55
Y% cos ¢; cos 6 (55

Moreover, the x; and y; channel control commands, representing the desired acceleration,
are converted into the desired roll angle ¢;; and pitch angle 0;; given by

m(u¥ cosy; + ul sin;)

0y = arcsin(— , 56

id ( Fl‘lgz cos §; ) (56)
m(u¥ sinp; — u! i

¢$iq = arcsin(— ( ZSH”P;:B i oS Yi) . (57)

igz
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. . . . mu;
To avoid the singularity issues encountered when |W
apply the linear approximation x = sin~!(x) to (56) and (57) and obtain the reference signal

for the # channel:

muy
| > 10r|F£ZC7()ISl[Jl| > 1,We

m(uf cos 1[),-+uly sin ;)

8| FB, cos ¢;
Mid = |: bid :| B m(uf sinqwi—u:/ cos ;) (58)
B

iqz

Remark 3. The trajectory tracking control terms (43) and (45) require reference signal 1j;5 and
feedforward signal u?d = ij;q, which are the first- and second-order derivatives of 31;4. In practical
applications, if the quadrotors are not required to maneuver aggressively, these derivatives are
insignificant and, thus, can be set to zero, which is implemented in most quadrotor flight control
firmware. Otherwise, a numerical differentiation of n;; might be needed.

3.5. Stability and Performance Analysis

In this section, the stability of the quadrotor formation and the robustness against
disturbances are analyzed using singular perturbation theory. The conditions required for
the feedback gains to ensure system stability are given in the following stability condition:

Stability Condition 1. For the & € {y,x,y,z} channels, kfp >0, kfd >0, a% + ocg > 0, and
ﬁ‘% + ,Bg > 0. For the n € {¢, 0} channels, k?p >0, and k!, > 0.

To simplify parameter tuning, we introduce the following parameter mapping;:

¢ _ o
{Ti =eT7", ¢e{p,xyz}, (59)

T! = €T", y € {¢,0},

where € > 0 is the singular perturbation parameter that bridges the UDE parameters of the

two quadrotors, and Tlf: * and TZ7 * are positive tunable parameters. Now, we are ready to
present the main analysis results of the proposed guidance and control framework.

Theorem 1. Under Stability Condition 1, the following statements hold:

(i)  All the states of the two quadrotors are bounded by applying the proposed guidance law and
UDE-based robust controllers to the six channels;

(i)  The trajectory tracking errors of the quadrotor formation, as well as the low-level attitude
angle tracking errors, can be quantitatively requlated and satisfy

GOl < of(e), V> 1, Te{pryzl, (60)
(D] < o), Vi, e {0}, (61)
where Uig (¢) and o (€) are the specified ultimate bounds of tracking errors &;(t) and fj;(t), respec-

tively, satisfying af(s) — O0and 0 (¢) — Oase — 0, and t;: and t! are their corresponding

settling times.
Proof of Theorem 1. The proof of this theorem is presented in Appendix A. O

Remark 4. The statement (ii) of Theorem 1 shows that the system tracking performance and
robustness are monotonic functions of ; that is, by reducing a single parameter, ¢, to enhance the
disturbance rejection performance of the UDE, the quadrotor state tracking errors can be reduced to
an arbitrarily small neighborhood of zero in the steady state. This feature is practically attractive
because the parameter tuning for improving system robustness is simple and intuitive.
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4. Simulation

In this section, the effectiveness of the proposed guidance and control framework
for the two quadrotors carrying a suspended payload is verified numerically via MAT-
LAB/Simulink simulations. Regarding the parameters and control gains used in the
simulations, the parameters of the system are specified in Table 2, and the control gains are
summarized in Table 3.

Table 3. Control gains used in the simulations.

Control Gains

Control Channels

ip kia L} Bi T € I I
x 3 2 5 5 1 1 \ \
y 3 2 5 5 1 1 \ \
z 0.5 1 5 5 004 1 \ \
¢, 0 20 20 \ \ 005 1 \ \
P 3 2 5 5 1 1 100 100
The initial positions of the quadrotors are PL(0) =  [Om,0m,—1m]|T,

P} (0) = [0m, —1m, —1m]", and, thus, the initial formation size is L(0) = 1m, while the
initial formation yaw angle is 6(0) = 0 rad. The initial quadrotor attitude angles, the
payload swing angles, and the quadrotor linear/angular velocities are all set to zero.

To show the capabilities of the proposed framework in terms of cooperative take-off,
level flight, coordinated turn, formation size change, and formation flight manner change,
we herein consider three different flight scenarios, as summarized in Table 4. Moreover,
the system robustness against payload swing disturbance is verified in Scenario 4, where
a set of different parameters ¢ = {0.5,1,2,5} is applied to the UDE during hovering. The
simulation results for each scenario are detailed below.

Table 4. Scenarios considered in the simulations.

Scenario Number Scenario Description

1 Take-off and level flight with varying formation size
2 Coordinated turn in a circular flight

3 Obstacle avoidance via time-varying formation flight
4 Robustness verification during hovering

4.1. Scenario 1

In Scenario 1, the two quadrotors start by hovering at their initial positions for 10 s.
Then, the two quadrotors carry the payload, ascend to an altitude of zZ = —4 m, and fly
along the x”-axis with a desired velocity of 0.1 m/s. For 40-60 s, the formation size L shrinks
gradually from 1 m to 0.5 m at a constant speed and then maintains 0.5 m afterwards.

The simulation results are given in Figures 6 and 7. From a stability and robustness
viewpoint, it is seen that all system states are bounded during the flight, and robust trajec-
tory tracking is achieved for the quadrotor formation under payload swing disturbance.
Moreover, the proposed guidance law and cooperative controller enable the formation to
change its size dynamically in a flight mission, and this capability is practically meaningful
when the formation needs to pass through narrow corridors, as demonstrated in Scenario 3.
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Figure 6. Scenario 1: flight trajectories of the formation and other states of the quadrotors and the
payload.
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Figure 7. Scenario 1: UDE disturbance estimation signals.

4.2. Scenario 2

Unlike Scenario 1, where the quadrotor formation flies forward along the x £,-axis,
i.e., where the flight direction is perpendicular to the two-quadrotor formation, Scenario 2 re-
quires the quadrotor formation to fly laterally along the y, -axis to point
PdI = [Om,5m, —1m]T. Then, the quadrotor formation makes a coordinated turn in a
circular flight path with a radius of 5 m by varying its yaw angle 4. During the turn, the
desired formation yaw angle é; increases at an angular velocity of 0.1 rad/s.

It is seen in Figure 8 that payload swing angle f§ is stimulated by the lateral motion
of the formation. But thanks to the disturbance estimation and rejection capability of
the proposed UDE shown by Figure 9, the payload swing only causes a very small per-
turbation in the formation size L, as shown in Figure 8. Furthermore, in circular flight,
the two quadrotors deliver excellent synchronized tracking performance of the desired
formation yaw angle 6, which results in high-accuracy trajectory tracking.
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Figure 8. Scenario 2: flight trajectories of the formation and other states of the quadrotors and the

payload.
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Figure 9. Scenario 2: UDE disturbance estimation signals.

4.3. Scenario 3

The capability of the proposed methodology is best illustrated by its application in
a complex flight environment, where the quadrotor formation passes through a narrow,
winding corridor. The simulation results are given in Figures 10 and 11. From Figure 10, it
is observed that, to avoid collision, the formation size shrinks in Phase 1. When the corridor
is too narrow to allow the quadrotor formation to fly through, as shown in Phase 2, the
formation flies in a lateral manner instead and then restores its size in Phase 3 when the
corridor becomes broader.
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Figure 10. Scenario 3: flight trajectories of the formation and other states of the quadrotors and
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Figure 11. Scenario 3: UDE disturbance estimation signals.

4.4. Scenario 4

To verify Theorem 1 presented in Section 3.5, that is, the notion that the tracking
performance of the proposed control can be improved by decreasing a single parameter, ¢,
we apply a set of ¢ = {0.5,1,2,5} to the UDE. Moreover, the proposed control without the
UDE (denoted by “no compensation” in Figure 12) is also tested and compared to show
the effectiveness of the UDE in terms of robustness enhancement. In this scenario, the
quadrotors hover at their initial positions. The lateral component of the cable pulling force
induced by the payload gravity on each quadrotor forces the quadrotors to become closer.
It is seen in Figure 12 that, without the UDE to compensate for the disturbance force, the
feedback control alone fails to maintain the formation size L. In contrast, when applying a
smaller ¢ to the UDE, the deviation of the formation size becomes smaller. This result is
consistent with the statement (ii) of Theorem 1, showing the advantage of the proposed
control regarding parameter tuning.
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Figure 12. Scenario 4: formation size and UDE disturbance estimation signals under different
€ parameters.

5. Conclusions

This paper investigates the guidance and cooperative control of two quadrotors car-
rying a cable-suspended payload in a novel “Y”-shaped manner. To explicitly show the
impact of payload swing on the linear motions of the two quadrotors, we first derive the
payload swing motion dynamics associated with quadrotor acceleration, and then we
establish a comprehensive, nonlinear, coupled quadrotor-payload model that converts the
payload swing into disturbance cable pulling force vectors on the quadrotors. The compre-
hensive model is decoupled into six second-order subsystems by the feedback linearization
technique. To address the problem of Quadrotor 2 not having access to the reference
signals, a guidance law for Quadrotor 2 is proposed using Quadrotor 1’s measurable state
information and estimates of unmeasurable state derivatives provided by a Luenberger
state observer. Based on the local reference signals provided by the guidance law and the
neighbor’s state information, uncertainty and disturbance estimator-based cooperative
control is proposed for the two quadrotors to actively reject payload swing disturbance
and achieve robust trajectory tracking in a desired, possibly time-varying formation. A
singular perturbation theory-based performance analysis is provided, showing a practically
attractive feature of the proposed control whereby the disturbance rejection performance
and the overall trajectory tracking accuracy can be simultaneously improved by tuning
one single parameter, . Simulation results for three different scenarios are demonstrated
to verify the effectiveness of the proposed control and its capability of achieving obstacle
avoidance by varying the formation size and formation flight manner.

In the future, we aim to extend the proposed method to the cooperative formation
control of multiple quadrotors carrying a suspended payload by cables in a “Y”-like shape.
Specific steps include (1) deriving a generic model for the quadrotor-payload system and
(2) designing a cooperative guidance law and local robust controller using multi-agent
system distributed control theory.
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UDE uncertainty and disturbance estimator
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Appendix A. Proof of Theorem 1
The UDE estimation error is defined as

fi=f-F (A1)

By combining (48), (51), and (A1), the UDE estimation error can be expressed in the
frequency domain as

Ff(s) = [I— G (s)]F' (s), (A2)

which can be rewritten in the time domain as
fi=-Tf+ (A3)

where Tf is given in (53).

From (35), it can be seen that the i channel is in a cascade connection with the x and y
channels. Therefore, we start with the analysis of the ¢ channel. By plugging the control
design (39) into the quadrotor model (28) and then subtracting the model from the global
reference systems (29) and (30) for the two quadrotors, we obtain the following tracking
error dynamics in the i channel:

lZ’l 0 1 0 0 1 0
Vo b g b ¥ . -
P || TRy k=B o By P |10 ? (A4)
{13 0 0 0 1 o 0 0 ;'b '
K aat kg b gt 5 0 . |24
hll’z 1p T % 14 T B> > —B lf/_/ gt A
P AY ¥ B/

By substituting the parameter mapping (59) into (A3), we obtain the UDE estimation error
dynamics for the two quadrotors in the ¢ channel as

. 1
iy == 0 7 o

s[@]_ i l&,, +e[;gH@,,]_ (%)
I X f B} I

b

Up to now, we have derived the tracking error dynamics (A4) and the UDE estimation dy-
namics (A5), which are exactly in the form of the standard singular perturbation model [18].
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Thus, it is natural to exploit singular perturbation theory to analyze the system stability and
robustness. By letting ¢ = 0 in (A5), we obtain the quasi-steady state of the f¥ dynamics:

fr*=o. (A6)

Then, by plugging the quasi-steady state f¥* into (A4) and letting ¢ = 0, the following
reduced model is obtained: .

= Al (A7)
It is readily verified that the origin of (A7) is an exponentially stable equilibrium under
Stability Condition 1. Meanwhile, the boundary-layer model corresponding to (A5) is

Fr=alf, (A8)

which is also exponentially stable at its origin by noting (59). Therefore, by using
Theorem 11.4 in [18], we conclude that there exists a ¢* > 0, such that VO < ¢ < &¥,
and the tracking error dynamics (A4) and the UDE estimation dynamics (A5) are both
stable, provided the boundedness of f;ﬁ and its derivatives up to the second order. Thus,
the boundedness of ¢; and fiw is verified.

Now, we show the robustness of the ) channel. The solution of the reduced model (A7) is

2

$(t) = A §(0). (A9)

Via Theorem 11.2 in [18], we conclude that there exists a positive constant ky such that
V0 < & < £* and Vt > 0, and the following inequality holds:

P(t) - t?f(t>H2 < kye. (A10)

Hence, we have

17) H < kype+

19O, < ||§(t) - ]|, + 018 (A11)

Note that (A7) is stable, and we have Hfb(t) H2 — 0. Thus, it is clear that there exist t;p >0,

e > 0, and ultimate bound Uilp(s) satisfying O';P(S) — 0ase — 0, such that V0 < ¢ < ¢**,
and the following inequality holds:

(D] < 1FOll, < kye+ |[$(1)]|, < o (e), Ve > . (A12)

Since the z channel has an identical form to the ¢ channel, an analysis of its stability
and robustness can be performed in the same way as that presented above, and, thus, it
is omitted here. In what follows, we analyze the x and y channels. The tracking error
dynamics are

1 1 0 0 & 0 0 0

= 7k(: _ 0(6 7k§ _ (‘: aé g 2 _1 ~,g,

g p ™1 1d0 Pi 01 ﬁll % +1 ) 8 ~1g + 8 ES, Ze{xy}, (A13)
. 2

g _k§ +af k6, 488 —af gt £ 0 —1 | ——~ 1

&2 3 kiatBy ey B3| G2 -

é 4 H B ES

4 A7 r b

where E¢ = K (y;) — he(yy) = ': Ag + zxg(Ag Ag) + [BZ(A': Ag) is the formation
offset-related term satisfying
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E¥ = (Lyipg cos g + Latpy cos y + Lysinpy + Latpy cos g — Lyip3 sinpy)

—(Lgipy cos 1 + Lyt cos gy + Lysin gy + Lyipy cos iy — Lyp? sin )

—a) (Lgsin 1 — Ly sin ) — B (Lgipy cos Y1 +Lg sin 1 — Lty cos g — Ly sin py), (A14)
EY = (L cos g + Lyt sin g + Lytpy sin g — Ly cos g + Lyt sinpy)

—(Layj cos 1 + Laty sin 1 + Lytpy sin g — Ly cos 1 + Lypy sin )

—a3 (Lg cos pg—Lg cos 1) — B3 (L cos g — Lyipg sin g — Ly cos 1+ Lyipy sin ¢y). (A15)

Similar to the parameter mapping (59) employed in the ¢ channel, by mapping
Tl-(: = eTf = {x,y}, itis found that the UDE estimation error dynamics are
1 0] ff
+s{ 01 } L, ¢e{xy} (Al6)

S[ff]_ i O [ff

—— — ———

~ f .
BS £t

fe Ag e

Via singular perturbation theory, it is readily concluded that VO < ¢ < ¢*, and the error
dynamics (A13) and (A16) are stable under Stability Condition 1, provided the boundedness

of ff and its derivatives up to the second order; thus, the states ¢; and the UDE estimation

signals fig are bounded.
As for the robustness analysis, the reduced model that corresponds to (A13) is

E= ASE+ECES, ¢e{xy), (A17)

and its solution is denoted by

(t) = eAEE(O) + /Ot eAg(t*T)EgEng, ¢e{xy} (A18)

Nat >

From the stability of systems (A4) and (A5), we conclude that state ¢, and its derivatives
up to the third order are bounded. Furthermore, reference signal ¢; and its derivatives
up to the third order can be designed to be bounded. Then, it is clear that the derivative
of function h¢, denoted by hg(lp), is bounded by a positive constant hgmx, and, thus, the
following inequality holds by noting (A12):

|E§‘ = |h§(lpd) - hg(%)l < h[r:mzx‘ lpd - 1/71 | < hgmxaip(e) é UE (8)/ (: € {x, }/}, (A19)
5,—/

1

where the bound o (lep ) — 0 as e — 0. Then, we have

IN

to, < |0+

e 2], + om0 e — naf) e

& [t _a¢
eA’t/ e A"TdTEEU'Eg(S)
0 2

IN

o Gelnyr (A20)

Based on the boundedness of H (eAgt —1I) (A‘E)*l Eg
of the reduced model (A17), we use singular perturbation theory to conclude that there

‘2 provided by the exponential stability
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exist kg > 0, a tig > 0, &* > 0, and ultimate bound (Tlf: (e) satisfying Uf () > 0ase — 0,

such that VO < e < ¢ and Vt > t?, and the following inequality holds:

GO < lE®], < & -ém|,+ &),
< kee+||eME) |+ g (o) (A - 1) (ad) 1|,
< of(e) Ce{xny} (A21)

Up to now, we have finished the proof of Theorem 1 for the § € {¢, x,y,z} channels,
and the next step is to analyze the 77 € {¢, 6} channels. The tracking error dynamics and
UDE estimation error dynamics are respectively given by

I
7 - & + i’ S 19 ’ A22
l: i :| l —k?p _k;?d ] 7; —1 fl n {4) } ( )
~— ———
and . .
ef] = —Ty*f? +ef!, ne{p0}. (A23)

1

Under stability Condition 1, it is clear that the reduced model

= Al 1€ {¢,6}, (A24)
and the boundary-layer model
. 1 .
fl ==zl neioo}, (A25)
1

are exponentially stable at the origin. The remaining parts can be proven in the same way
as the proof of the ¢ channel and is omitted. This ends the proof of Theorem 1.
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