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ABSTRACT Leader follower formation of unmanned aerial vehicles (UAVs) and unmanned ground
vehicles (UGVs) has found numerous applications such as surveillance of critical infrastructure, industrial
automation and disaster management emergency. For completion of high precision group tasks, the choice
of appropriate control mechanism is of utmost importance. In presence of environmental effects,external
disturbances and parametric uncertainties in the UAVs and UGV models, the controller design process is a
challenging task. In order to address the aforementioned problems and to ensure minimum tracking errors
and fast convergence of the states, this article proposes an adaptive robust formation and trajectory tracking
control scheme for a leader follower formation of UAVs and UGV using Non-Singular Terminal Super
Twisting Sliding Mode Control Method.Adaptive compensators are derived based on Lyapunov function
method and stability of the proposed controllers is guaranteed. Two variants of the control schemes namely
Adaptive Super Twisting SMC (AST-SMC) and Adaptive Non-Singular Terminal Super Twisting SMC
(ANSTS-SMC) are tested using numerical simulations performed in MATLAB/Simulink. From the results
presented, and with the proposed ANSTS-SMC control scheme, the measured [X Y] tracking errors for
leader, followerl and follower2 UAVs are [0 0.01]m,[0.01 0.02]m and [0.01, 0.02]m respectively, While
with the AST-SMC method the peak [X Y] tracking errors for leader, followerl and follower2 UAVs are
[0.05 0.05]m,[0.1 0.2]m and [0.05 0.1]m respectively. The proposed leader follower formation can be
effectively used to monitor solar/PV panels and cables in large solar parks.

INDEX TERMS Adaptive robust control, formation control, quad-rotor control, super twisting sliding mode
control, solar park monitoring.

NOMENCLATURE bi Roll angle of i

u,w Linear and Angular velocities of quad-rotor [m,‘fh]
unicycle robot respectively [m/sec, rad /sec] Vi Yaw angle of /

X;, Yi,Z;  Accelerations of i quad-rotor quad-rotor [rad]

. . ‘th
in earth coordinates [m/ sec?] 0i Pltc}; angle Of;
X;, Y;,Z; Velocity of i quad-rotor in qua -rotor [rad] . .
carth coordinates [m/sec] Orobot Unicycle robot orientation
Qi Overall speed of the propellers of i [rad] e s )
Dy; Uncertainty in X dynamics of

ad-rotor [rad
qu [rad /sec] i quad-rotor [m/sec?]

Dxyobot » Dyrobot» Dy, Dy, Uncertainty terms in dynamics
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Dy, Uncertainty in ¥ dynamics of
i" quad-rotor [m/sec?]

g Acceleration due to gravity
[m/ sec?]

Li Ly I Moments of i quad-rotor

inertiain X, Y and Z
coordinates respectively

[kg — m?]

Jyi Rotor inertia of i
quad-rotor [kg.m?]

Mg, Roll moment of i quad-rotor
[Nm]

My; Yaw moment of i’ quad-rotor
[Nm]

Moy, Pitch moment of i quad-rotor
[Nm]

moi Mass of i quad-rotor [kg]

X, Y, Z; Position of i quad-rotor in earth
coordinates [m]
Position of the unicycle robot

in inertial frame [m]

Xyobot» Yrobot

I. INTRODUCTION

A flight in which more than one quad-rotors fly and maintain
the relative distance among each other is called formation
flight. In recent times, the field of unmanned aerial vehi-
cles (UAVs) has evolved very fast. Particularly, the progress
made in the formation control of unmanned autonomous vehi-
cle have propelled the field of autonomous robots tremen-
dously. This resulted in an increased interest in the formation
control of quad-rotors. The trend is due to the numerous appli-
cations of quad-copters in defense industry, aerial mapping,
search and rescue operations, oil fields monitoring, agricul-
ture, disaster management and transportation of suspended
loads [1]. The payload market value of quad-copter UAVs is
expected to reach USD 3 billion by 2027 due to its anticipated
usefulness [2]. The swarm of quad-rotors is advantageous
due to its increased capacity for equipping sensors, support
for larger payload capacity and enhanced surveillance area as
compared to a single quad-rotor [3]-[7]. However, the for-
mation control of swarm of quad-rotors in the presence of
uncertainties is a very difficult task. Moreover, formation
dynamic model of swarm of UAVs in the presence of external
disturbances has also become an important topic.

The translational and rotational dynamics of a quad-rotor is
modeled as six degree of freedom nonlinear differential equa-
tions [8]-[11]. Different formation geometries exist for mul-
tiple quad-copters depending upon the number of quad-rotors
and the purpose of flight. Two of them are V shape geometry
and finger four geometry. In this paper, a V shaped geometry
is used for the flight formation of 3 quad-rotors for the
purpose of demonstration. The formation of the quad-copters
can be stepped up, stepped down and leveled depending upon
the altitude position between leader and follower. Leveled
formation of quad-copters is used in this paper. The system
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of quad-rotor is an under-actuated multi-variable non-linear
model making the system dynamics complex thus requiring a
sophisticated formation trajectory control law. The uncertain-
ties in the model and those produced due to wind gust must
be compensated using appropriate control schemes in order
to ensure robust formation control of quad-copters.

To ensure the robustness of quad-copter in the presence of
disturbances and to solve the problem of formation control of
multiple quad-rotors, many research efforts have been made.
Abbas et al. presented a leader—follower formation controller
using classical proportional derivative scheme for tracking
of leader on the desired trajectory and fuzzy logic system in
order to achieve the desired formation pattern [12]. However,
the uncertainties in the above controller were not taken into
consideration. In [13], a finite time control scheme and a
prescribed performance controller is presented for leader-
follower formation control of group of quad-copters. The
presented performance controller controls the translational
movements and desired orientations while the finite-time
formation controller makes the followers to track the desired
path. In the work of Wua et al. [14], each single quad-rotor is
controlled by a linear Proportional-Integral-Derivative (PID)
controller and the formation flying problem is solved by
adopting a sliding mode controller (SMC). However the dis-
turbances and communication delays between multiple UAVs
is ignored in the above mentioned PID-SMC based scheme.

The formation control problem of group of quad-rotors
is solved using classical SMC technique in [15]-[17], how-
ever high frequency chattering is produced in the excitation
signal in the classical SMC method thereby reducing the
life of the actuators. Abas et al. in [18] presents a circular
leader-follower formation control scheme for multiple aerial
vehicles. A synchronized position tracking PI controller for
the formation control of two UAVs is presented in [19].
Abdessameud et al. presented a distributed control algorithm
to achieve a desired formation pattern and to compensate
the communication delays in multiple UAVs formation [20].
In order to control the formation of micro UAVs, a nonlinear
distributed controller is proposed in [21]. In the work of
Bayezit et al., a distributed cohesive motion controller is pro-
posed for the formation of multiple UAVs [22]. A distributed
back-stepping controller is designed for the formation control
problem of swarm of UAVs in [23]. Similarly, a non-linear
model predictive controller which is tuned using adaptive
gain method is proposed for the trajectory control of multiple
UAVs in [24], [25]. Wang et al. proposed a priori-bounded
intermediary adaptive controller for the velocity tracking and
formation control of quad-rotors which gives the reference
orientation and bounded control thrust [26].

For the formation control of quad-rotors with attached
slung load, a Lyapunov function based guidance algorithm
is used, with a linear quadratic tracking controller [27].
Rifqi et al. implement a Leader-follower formation controller
for two parrot AR drones, where a dedicated PD controller is
designed for the respective models [28]. A distance based for-
mation controller is designed for the formation and tracking
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control of quad-rotors in leader-follower formation which has
the capabilities of collision avoidance via Lyapunov barrier
functions [29]. A classical adaptive controller is designed for
the formation control of swarm of UAVs in leader follower
formation in an environment with motion constraints and
unknown external disturbances [30]. Estévez et al. proposed
a model reference adaptive control for multiple quad-rotors
[31]. This controller uses fuzzy modeling of the error to
regulate the activation of the adaptation rules applied to PD
controller parameters. These rules are derived as error gradi-
ent descent rules. A semi-physical platform for multiple fixed
winged UAVs to control its formation is proposed in [33].
In [34], a detailed survey on inexpensive UAV platforms for
infrastructure inspection is presented.

The above cited work is specifically focused on the forma-
tion control of multiple UAVs. It is also necessary to describe
the background of robust control system due to its utmost
importance in control community. Fari proposed a robust
adaptive vector field controller for compensating unmod-
elled dynamics of a UAV [35], [36]. Robust controllers are
designed both in frequency and time domains. A widely uti-
lized frequency domain robust controller is the Hy, method.
Several variants of Hy, control were reported in the literature.
Some of them include the loop shaping method which is
discussed in [36], optimal Hy, control using Riccati equa-
tions in [37] and Linear Matrix Inequalities (LMIs) based
design of the controller in [38]. In the book of Edwards e al.,
sliding mode control (SMC) theory is discussed to over-
come the discrepancies between actual plant and mathemat-
ical model for controller design [39]. Classical SMC has
several disadvantages such as high frequency chattering and
asymptotic convergence property [40]. These disadvantages
are addressed by the introduction of new variants of slide
mode controllers such as Linear Matrix Inequalities based
SMC [41], Higher order sliding mode controller [42], [43],
Lyapunov function based adaptive SMC and Non singular
terminal SMC in [44]. The stability of the SMC controllers
is ensured by Lyapunov theorem [45]. Tripathi et al. pro-
posed a non-linear fast terminal sliding mode super twisting
controller (FTSMSTC) design for quad-rotor position and
altitude tracking in the presence of bounded disturbances
[46]. For the fast convergence of tracking error to zero and
to avoid singularity problem, a nonlinear fast terminal SMC
has been proposed in the above work. In the research work
of Feng et al., a method is proposed to overcome the sin-
gularity problem that arises in terminal SMC [47]. A global
non-singular terminal SMC strategy has been developed for
non-linear systems which ensures the finite time conver-
gence of the system to the sliding surface. An incremen-
tal non-singular terminal SMC for MIMO systems having
model uncertainties and external perturbations is proposed
in [48]. Chattering free attitude tracking of quad-copters is
achieved by non-singular terminal SMC in [49]. The pro-
posed theorems ensure global stability of the nonlinear sys-
tems and control given the condition that the disturbances are
bounded.
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From the above cited literature, several research challenges
have been identified for the formation control problem of
swarm of UAVs and it include the lack of knowledge of
the wind vector, unmodeled course angle dynamics, uncer-
tain course time constant, state-dependent uncertainty in the
course dynamics arising from coupling and collision avoid-
ance due to sling loads [27], [35], [36], [51].

Considering the aforementioned literature review, this
paper proposes adaptive robust formation and trajectory
tracking of leader-follower UAVs and UGVs using non-
singular terminal super-twisting SMC method. Since Non
singular terminal SMC method ensures finite time conver-
gence of the states, while super twisting SMC minimizes the
chattering phenomena, thus both of the mentioned methods
are combined to utilize their advantages in one hybrid con-
troller. The proposed controller compensates the disturbances
using adaptive control laws derived by Lyapunov function
method. System stability is ensured using Lyapunov theorem.
Furthermore, the formation flight between multiple UAVs
and UGVs is also controlled using non-singular terminal
super-twisting SMC methods.

The rest of the paper is organized into four sections.
Section 2 is related to system description and mathematical
modeling. The objective of this section is the modelling of
a single quad-rotor and transnational dynamics of multiple
UAVs. Section 3 formulates the trajectory and the formation
controller for UAVs and UGVs vehicles. In section 4, the sim-
ulation results are presented with a comparative analysis for
different controllers. Finally, Section 5 comments on the con-
clusions. Following specific contributions are highlighted:

1. In presence of external disturbances, robust forma-
tion and trajectory tracking of multiple UAVs and UGVs is
achieved using non singular terminal super-twisting sliding
mode control method.

2. The adaptive laws are derived using Lyapunov theorem
and implemented using projection operators.

Il. SYSTEM DESCRIPTION AND MATHEMATICAL
MODELING
Fig. 1 shows the potential application of UAVs and UGV
leader-follower formation. As shown, the aerial UAVs can be
utilized for solar panel health monitoring and UGV ground
vehicle is utilized for cable inspection. In this work, we are
only focused on the trajectory and formation control of UAVs
and UGV while the sensors and algorithms for health mon-
itoring of the solar panels and cables are excluded. Before
deriving formation and trajectory controllers, it is necessary
to formulate the mathematical model of a quad-rotor UAV in
earth’s reference coordinates (X, Y, Z). Apart from inertial
frame of reference, the body coordinates of the UAV are
given as: (Xp, Yp, Zg). To derive the model, the following
assumptions are made.

Assumption 1: UAVs are represented by a symmetrical
rigid body configurations with masses m.

Assumption 2: The external disturbances affect the X and
Y accelerations components of each UAV.
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FIGURE 1. Solar panels and cables health monitoring using drones.

Assumption 3: The disturbances are uniformly affecting the
leader and followers. Figure 2a shows the vector diagram of
multiple UAV quad-rotors in leader follower configuration.
Based on the above assumptions, the dynamic model of
the multiple UAV quad-rotors is formulated as 6 degree of
freedom equations. The equations expressing the linear and
angular dynamics of the quad-rotors are given as follows:

.. Uy
X; = (siny; sin ¢; + cos V; sin 6; cos ¢;) o Dyx; (1)
Mo

Qi
.. U i
Y; = (— cos ¥; sin ¢; + sin v; sin 6; cos ¢;) L Dy;
moj
(2)
.. Ui
Z; = g — (cosb;cosp;)) — — Dyz; 3
mo;
o Li—ILi. . . li
¢ = r < Oivri — =0, + — Ui — Dy, )
]xi ]xi Ixi
. L:—1.:. . S l;
O = LG — Qi+ ——Us; — Dy, (@)
I Iy 1y
. Li—1, . . [;
Vi = =——=¢if; + —Usi — Dy, 6)
Izi Izi

Equation (1-6) formulate the mathematical model of mul-
tiple quad-rotors UAV. In (1-6), Dx; and Dy; represent the
uncertainty in X and Y acceleration channels respectively,
while i is an index representing [L, j] and j = [Fi, F2, F3].
The subscript L represents the leader UAV, while F1 and F>
show follower 1 and 2 aerial UAVs respectively. Moreover F3
represents follower 3 ground robot.

Referring to Fig. 2, the translational dynamics of the UAV's
is expressed as follows:

X; = Vx;cos () — Vy;sin () (7)
Yi = Vxisin (¥;) + Vyicos (¥) ®)
VL = wr )
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where Vy; and Vy; represent the velocities in X and Y direc-
tions of the inertial frame respectively. As shown in Fig. 2, let
the follower UAVs maintain dy; and dy; distances in X and Y
planes respectively with respect to the leader UAV, so dx; and
dy;j are expressed as follows:

dy; = — (X, — X)) cos (Y1) — (¥ — ¥}) sin (yz) (10)
dyj = (Xp — X;) sin (W) — (Y2 — Yj) cos (Y) (1)

where dy; = dicos(¢), dyy = disin(¢) and X; =
[XrF1, XFr2, Xr3]. The error in ¥ dynamics is defined as:
ey = ¥ — Y. By taking the first derivatives of equation
(10-11) with respect to time and combining the resultant
expressions with equations (7-8) yields:

dxj = dyjor, + Vxjcos (ey) — Vyjsin (ey) — Vxr  (12)
dyj = —dea)L + VXj sin ey + VYj Cos ey, — Vyr (13)
where Vy;, Vyj, Vxi and Vy, represent the longitudinal and
lateral velocities of the follower 1, follower 2 and leader
UAVs respectively. By defining errors in the longitudinal and

lateral dynamics of (12-13), the error state equation is given
as:

X =FQOO)+ GOy (14)

Equation 14 is explained as follows:

exj exj Vxj
x=\|ey|:x=|¢éy |:v=| Vy (15)
ey é,/, wF

The terms G(x) and F(x) in (14) are expressed as follows:

eyjop + Vxr — deyjd
F(x) = | —exjor + Vyi + wpdy;? (16)
L ey
[~ —cey sey 0
G(x)=| —sey —cey O a7n
0 0 1

In (17), ey is already defined, while ¢ and s represent cos
and sin functions respectively. Also form (15), we define:
exj = ded — de and eyj = dyjd — dyj. Where ded and
dyjd represent the desired commands. Finally the desired
reference trajectories for follower UAVs and ground robot are
expressed as follows:

Xgj = X — dxjcos (Y) — dyjsin (Yr)
Yy = Y +dxjsin (Yp) + dyjcos (Yr) (18)

IIl. TRAJECTORY AND FORMATION CONTROLLERS
FORMULATION

In this section, firstly the derivations of the attitude, altitude
and position controllers are formulated for the leader UAV.
Secondly, the formation controller is derived and based on
it, new references are calculated for follower 1 and fol-
lower 2 UAVs. Finally, the trajectory and attitude controllers
of the leader UAV are generalized for follower UAVs. Before
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FIGURE 2. (a) Leader-follower configuration (b) Block diagram of leader-follower configuration.
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deriving the control schemes, the following assumptions are
made:

Assumption 4: The following condition is true for the
uncertainty terms:

[IDxill < A lIDyll < AislIDzill < Asis||Dg;ll <
Auis||Dg; || < Asis||Dy, ||l < Agi
where Ay;, Az, Az, Agi,Asi,Agi represent the upper bound of
the mentioned uncertainties.

A. LEADER UAV CONTROL FORMULATION

In this subsection, the attitude, altitude and position con-
trollers are derived for leader UAV using adaptive super
twisting terminal SMC method.

1) ATTITUDE CONTROL

Attitude controllers regulate the roll, yaw and pitch angles
of the UAV. Let the reference Euler angle commands for the
leader UAV are set as @41, 041, Yar, then the desired sliding
manifold is chosen as follows:

Sp = kieg, +kaég, +kney" (19)

where Sy, represents the sliding surface for ¢y, loop, ki, k>
and kp; are the design constants and the ¢y, loop error dynam-
ics is expressed as follows: ey, = ¢ —Par, ey, = <;5L —q'ﬁdL.
By taking the first time derivative of (19), the following
expression is obtained:

. . . =1,
Sp. = kiey, +kaej, +kavp en’ ég, (20)
Equation (4) and Equation (20) are combined and
expressed as follows:
. -1, ..
S¢r = kieg, + k21V¢L€3;¢L)L e, +kalai 6Ly
— a1 + biLUs — Dy, — Garl (21

. Inl (21), the coefﬁcients are defined as follows: aj;, =
’LI;L‘L, ay = ; then the equivalent control

law for ¢ loop i 1s derived as follows

,b1L=

1 ki . k21 R
UsLeq = b <_E€¢L i — Vory,

+ a0 + ¢ar)  (22)

Using super twisting algorithm, the switching control law
is derived as fOIIOWS'

g, — a1L0LYL

kao
Unpsw = 13 5gn(Sp, ) — b / sgn(Sy,) (23)

Referring to (22) and (23), the total control action is the
sum of equivalent and switching control parts i.e. Uy, =
Uzreq + Uzpsw. Similar procedure is adopted to derive the
pitch and yaw controllers. The sliding surfaces for 6 and ¥,
loops are defined as follows: Sy, = kaeg, + kseg, + k34egiL
and Sy, = ksey, +keey, +k56e$L , then the 67, and Y1, loops
controllers are formulated as follows:

U — I (—ks . kg -1,
3Leq = E Ee ks G/ T ))
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—as Ly

+asr ¢ @t + Oar) (24)
d3 kd4
Usrsw = Dot 1S, 1% sgn(Se, ) — E/Sgn(&h) (25)
1 ks . kse RITAY
UsLeq = E( ke T G T en
—as 0L + 1ﬂdL) (26)

de

ka6
UsLow = |S¢L|°5sgn<sm>— Bar f sgn(Sy,) (27)

In (19-27), constant parameters ki, ky, k3, ka, ks, ke,

k12, k3a, kse, Yo, » Yo, » Yyr» kat, ka2, ka3, kda, kas, kae repre-
sent the gains of the controllers and the sliding surface. The

. . Li—1

coefficients are defined as follows:az; = “£—L a4 =
143

JrL L _ a1l _ L

T b = oo 950 =~ and b3, = 7=, Moreover Sg,

and Sy, represent the sliding surfaces for 6; and v, loops
respectively. The corresponding error dynamics for 6; and
WL 109ps are expressed as follows: ey, = ,GL —bar, €9, =
O — OaL, ey, = VYL — VdL, ey, = VL — VdL.

Theorem 1: Consider the nonlinear system presented in
(4-6),satisfying assumptions 1-3, then under the proposed
controllers of (22-23) and (24-25), the states of the attitude
dynamics will converge to the origin in finite time.

Proof of Theorem 1: The stability proof is only derived for
¢, loop only. Similar procedures can be adopted for the other
two loops of attitude dynamics. Equation (23) is modified
as follows: Uprgy = %|S¢LIO'5sgn(S¢L) + vgr; where the
term vy, is calculated from the following expression: Vg7 =
Zf—isgn(quL ). By combining the above terms with (21-22), S'¢L
is expressed as follows:

. —k41 05
Ser = WlSm' sgn(S¢; ) +ver — Dy

. ka>
VoL = —ESgn(Sm) (28)

Let the Lyapunov function for ¢ loop dynamics is
chosen as follows: V4 = 212(Sy,| + O.SvéL +

0.5[711S4, |*%sgn(Sg,) — verl?>. Where 71 = ’Ij% and

— ka
2= by

’7£L = [|S¢L|0‘5sgn(S¢L) ver]. Define matrix Py =
2 _
|:4T2 1_ ’ ZT 1:| and then the Lyapunov function is expressed
-7
as follows: Vg, = ngLanjL The time derivative of
the Lyapunov function along (28) yields the following
relation [32]:

. A new state vector is defined as follows:

. 1

Vo = =161 QL + Darqgy g (29)

oL

where the new matrices are represented as follows: Qp; =

21 + 72 -1

I 1 — = -

~ ( - | andq¢L = (212 + 5 rl T]) Apply

ing the uncertainty bounds mentioned in Assumption 4,
expression (29) is simplified as follows [32]:

. T -
VoL = ——ngLQq)LW)L (30
2 ’50.5 ’
oL
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where matrix Qg is:

Q;ﬁL _ 21y + ‘1,'12 — (% + ‘1:1) Agp —T1 + 204z
—71 + 2A4z 1

Equation (30) is negative definite only if Q;L > 0. If the
gains satisfy the following criteria 77 > 2Ay4;, 1w >

5A4T1+4A2 ~ .
n%, then 0 > 0 gnfl Vo, < 0.
Remarkl: The proof of finite time convergence property

can be derived by using the procedures adopted in [32].

2) ALTITUDE AND POSITION CONTROL

This section formulates the altitude and position control sys-
tem for the leader UAV expressed in (1-6). First, the altitude
control system is derived and then using the transforma-
tion matrix, the position controllers are formulated. With
the desired altitude Zy;, the sliding manifold is written as
follows:

SZL = k7€ZL —+ kgé‘ZL —+ k7g€;il‘ 31D

In (31), k7 and kg represent the design constants. The error
dynamics is defined as follows: i.e. ez, = Z; — Zy,, éz, =
7z, —7; 4 - Taking the first derivative of (32) w.r.t. time yields
the following expression:

. . . -1,
Sz, = knez, +kséz, +kigyz e, ez, (32)

Equation (32) and (3) are combined and expressed as
follows:

. . —-1.
Sz, = krez, + kigyz, eZL ez,

U .
+kslg — cos b, cos ¢ —— — Dzz. — Zar]  (33)
mor,

Using super twisting sliding mode theory, the altitude con-
troller is derived as follows:

k7 . k7g vz 1. -
UZL = _ggZL - EVZLeZLL eZL +ZdL
ka7 kag
15, 3sgn(szy) — 52 [ sentsa)
8 kg
mo, ky . kg yz -1,
U = —— — (— — = L
IL = s cosdr g —( P S A
. kg
+Zu = 1S %2 5gn(Sz,)
kas
——— | sgn(Sz,))] (34)
kg
Here Uz, = ZL = g — (cosfr cos qﬁL)% represents

the virtual control law. The stability proof is éérived based
on the same concepts presented for ¢ loop. The robust
terms of equation (34) are modified as follows: Ujrgy, =
%ISZLP'Ssgn(SZL) + vz, ; where the term vz, is calcu-
lated from the following expression: vz, = —If—gsgn(SzL).
By combining the above terms with (33) and robust term of
(34), Sz is expressed as follows:

—ka7
kg

Sz = 1Sz, 1% 5gn(Sz,) +vz, — DzL
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kas
——s8n(Sz,) (3%
ks
Let the Lyapunov function for Z loop is chosen as follows:
Vz, = 21|87, | + 0.5v5 + 0.5(71Sz, [*sgn(Sz,) — vz,)*.

Where 77 = %7 and g = %3 A new state vector is defined as

vz, =

follows: ’7£L = [|SZL|0'5sgn(SZL) vz, . Define matrix Pz, =

27
|:4t8 tuom and then the Lyapunov function is expressed

—17 2
as follows: V7 = ngLPZLnZL. The time derivative of the
Lyapunov function along (35) yields the following relation:
-1 4 r
Vz = —‘ 0 Nz QzLnzL + A3LqznzL (36)
Sy
L

where the new matrices are represented as follows: Oz, =

23417 —7T
(7 Yoty = (o < ).

ing the uncertainty bounds given in assumption 4, expression
(36) is simplified as follows:
T

. 7 ~
Vi = —— 51 QzinzL (37
2|87

where matrix Q~ZL is:
Q~ZL _ 213 + ‘IZ72 — (% + ‘L’7> Az —17 + 2A37
—17 4+ 2A3L 1
Equation (37) is negative definite only if Qz > 0. 1If the

gains satisfy the following criteria 77 > 2A3;, 13 >

5A3LT+H4AY, ~ .
1 52y - then Oz, > 0 and Vz, < 0.

Now to derive the XY controllers, we assume the following:

U
Uxz = (sin Yz, sindy, + cos ¥z sin 0y, cos ¢y ) —=
mor,
. . . UiL
Uyr = (—cos Y sin ¢y, + sin g, sin 0 cos ¢pr) ——.
m

oL
With these expressions, (1) and (2) are re-written for leader
UAV in the following form:

X; = Uxt — Dxt (38)
Yy = Uy — Dy (39

Let the sliding manifolds for the position loops of leader
UAV are expressed as follows:

. yxp—1.
Sx, = koex, + kioex, +koryx ey, éx,

vy, —1.

: (40)
Sy, = kuey, +kizéy, +koyy ey éy,

In (40), k9,k10,k11,k12 are the design constants and the error
dynamics is expressed as follows: ex, = X; — Xy, ex, =
XL — XdL, ey, = Yi — Y, éYL = YL — YdL~ By taking the
derivative of (40) w.r.t. time and combining it with (38) and
(39), one acquires the following expressions:

. . vxp—1.
Sx, = koex, + k91)/XL€X}ZL ex; + kio[Uxr

—Dxi, — X1
. ] vy —1, 41)
Sy, = kuey, +koyy ey, ey, +ki2[UyL
— Dy, — Y4
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From (41), the virtual controllers Ux; and Uy are
expressed as follows:

.. ko . ko1 v, —1.
Uxp = [Xap — —ex, — —Vx.ex" éx
k10 L kloy L¢x; L
kao ka10
o 193 sgn(Sy,) — 410 / sgn(Sx,)]
klO klO
. ST ko2 vy, —1.
Uy = [Ya — —ey, — —yr. ey ey,
kip F klzy T t
kati ka2
— =18y, |*sgn(Sy,) — — / sgn(Sy,)]  (42)
ki k12

The stability proof is derived based on the same concepts
presented for Z loop. The robust terms of (42) are modified
as follows: Uxigy = %ISXL |0'5sgn(SXL) + vx, ; where the
term vy, is calculated from the following expression: vy, =
— 410 5on(Sx, ) and Uypgw = 4L Sy, [ 5gn(Sy, )+vy, ; The
term vy, is calculated from the following expression: vy, =

—%sgn(SyL). By combining the above terms with (41) and

(42), Sxz. and Sy, are expressed as follows:

Sx, = %ISXJO'SS%(SXL) +vx, —Dx

vx, = —k:TIOOSgn(SXL)

Sy = %wm“sgn(sm +vy, — Dy

vy, = —%sgn(SyL) (43)

Let the Lyapunov function for X loop dynamics is
chosen as follows: Vx, = 27110|Sx,| + O.Sv)%L +
0.5(9|Sx; |0'5sgn(SXL) —vx, )2, where as, for Y loop dynam-
ics, the Lyapunov function is given as follows: Vy, =
2112|8y, | +0.5v7, +0.5(z111Sy, [*7sgn(Sy, ) — vy, )*. Where

_ ko _ kawo _ kin ki
9 = i’ Tl0 = k10 711 = ki T2 = ki

The following new state vectors are defined: n)T(L =
[ISx, 1*3sgn(Sx,) vx, 1; nf, = [|SYL|O‘5sgn(Sy,2) vy, 1.
Define new matrices as follows: Py, = 410 :_ %o —21 4R
—19

2 _

Py, = |:4T12j ti 72:1 1] and then the Lyapunov functions

=Tl

are expressed as follows:Vx, = ¢ U§LPXLUXL + D)T(LDXL;
Vy, = 527’/£LPYL nyr + DIT,LDYL. The time derivative of the

Lyapunov functions along (43) yields the following relation:

. 1
Vx, = —1 ‘TT])T(LQXLUXL + (1 DxLgx XL
S .
XL

+ D;T(L Dxr
1

Vy, = —;Z‘TnQQYLnYL + &DyLqynvL
Sy
L

+ DY, Dy, (44)

where:

_D 2‘[1()+'L'92 —19 \ .
OxL = > ( — 1% 1)

74392

T [ 2t1p + 7121 —T1]
OyL = — |
—T11

2
and gk, = <2r10 + %rgz - %‘L’g);
ay, = (2“2 + %lel

Dyy, are scalar quantities so D)T(L = Dy, and DIT,L = Dyy,
then adaptive laws are derived as follows:

— %‘L']l). From (44), since Dx; and

Dy = —é“lq)T(LnXL
Dy, = —{qinve (45)

Applying the uncertainty bounds given in Assumption 4,
and by combining (44) with (45), the simplified expressions
of (44) are given as follows:

Vi = ~57505] o H§LQXL NXL
. |57 | N (46)
VyL = — 575057 Sl Oyinye
ISy |

Here, the matrices are defined as follows:

- 2 _ (4o _
QXL=<2110+T9 (Tg +T9)EA1L f9+2EA1L)

—19 +2EA L 1
and
~ [ 2t2+ ‘C121 — (4;—'2 +‘L'11)EA2L —111 + 2E Ay
Oy = 11
—T11 + 2EAy 1

The expressions V;}L and V}L are negative definite only if

Oxz > 0 and Q;L > 0. If the gains satisfy the following

5 EALTo+4 EAY)
T0 > 932 EA;) ~ tll =~

criteria 79 > 2 EAqp,
5 EAgpti1+4 EAS ~
2EML, T2 > TG, o EA, s then Ox > 0

Q;/L > 0 and VXL < 0; Vy, < 0. Here the terms EA;, =
DXLegimaea = DXL3 EA2L = DYLygingea — DyL represent
estimation error of the adaptive loops.

Remark 1: Discontinuous projection operator is used to
implement the adaptive laws Dy, Dyr.. The projection oper-
ator is defined as follows:

projDx y)L (%)
0 if Dx,y)L = DX, ¥)Lyps * >0
=10 if Dix,y)r =Dx.v,,: * <0 47)
* otherwise

In (45), £1 and & represent the adaptation gains. To gen-
erate reference trajectories for 67, and ¢4, the virtual con-
trollers Uy, and Uyy, are expressed as follows:

U
XémQL = cos Y sinf cos ¢ + singp sinyyr (48)
I
U
YILJmQL' = sinyy sinf, cos ¢y — cos Yy sing (49)
1L

Multiplying (48) by sin ¢ and (49) by cos ¥ and then tak-
ing difference of the resultant equations yields the following

expression:
Uxemor . UyLmor
—Q sin w — —Q

cos Y = singgp, (50)
1L UiL
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Equation (50) is simplified to get the reference command
for ¢ loop of the leader UAV as follows:
U
XL Gin vy —

1L

Multiplying (48) by cos ¢ and (49) by siny and taking
the summation of the resultant equations yields the following
expression:

UyLmgy,

cosyr] (51

.1
¢ar = sin” [

Uxim Uyrm
XL QLCOSl/f—i— YLMQL

sinyr = sinfyy, cos ¢y, (52)
UL UiL

Squaring (50) on both hand sides and equating sin” ¢; =
1 — cos? ¢y, the expression is written in terms of cos ¢y and
given as follows:

U U
COS Pgr, = \/l — [%Sinlﬁ —%

cosy1?2  (53)

Now from (51) and (52), the reference command for 6, is
expressed as follows:

UXLmQL
—Tn €08 v+

Uxpmor
\/ =0 Ui sinyy —

B. LEADER FOLLOWERS FORMATION CONTROL

Before discussing the trajectory controllers for the follower
UAVs, it is necessary to derive the formation controller which
will generate the desired trajectory for the follower UAVs.
Let the following sliding surface is defined for the formation
controller:

UyLmor,
in
UL i

Oqr = sin"![ 1 (G4

UYLmQL cos ¥r]?

)/ .
Sy =x+1u / X+Tx (55)

where 71 and 1, represent gain matrix of the sliding surface.
By taking time derivative of (55) and combining it with (14),
one obtains the following expression:

: ; Y=l
Sy = FOG) + GUvi+ Tixj + avgx;, . % (56)

For the formation control, the desired longitudinal and lateral
velocities of the follower UAVs are calculated as:

v~ .
nyex; | Xl G

Visw = —111Sy,*7sgn(S,,) — ma / 5gn(Sy,) (58)

Vieg = GOy =F () — i x —

For stability proof, same procedures as adopted for XYZ
loops, are applied here.

C. FOLLOWER UAVs CONTROL FORMULATION

In this section, we briefly explain the trajectory control of
follower UAVs. As mentioned above, the reference position
trajectories are generated using (18), and governed by the for-
mation controller of (57-58). Thus, by defining the attitude,
altitude and position errors for the follower UAVs, the rest of
the analysis used for the derivation of the subject controllers
is the same as that of the leader UAV. For simplicity, here

VOLUME 9, 2021

the final control laws are included: let the attitude sliding
manifolds are defined as follows:

. Yo,
Sp; = kijeg; + kojeg; + kleeqs,—J
. 6
Se; = ksjeq, + kajeg; + kaajep
. Vv,
Sy; = ksjey,; + kejey; + k56j6’wjj (59)

where j = [F1, F>] and F| and F; represent follower 1 and
follower 2 UAVs respectively. Also kyj,kzj,k3j,k4j.ks;,ke; Tep-
resent the constants of sliding surfaces for follower UAVs.
The respective errors are defined as follows: ey, = ¢j — Paj;
ey, = 0 — Oqj; ey, = Y; — ;. Similarly, position and altitude
sliding manifolds for follower 1 and 2 are given as:

. Yz;
Szj = kyjezj + kgjezj + k7gjezj]
. VX;
Sxj = kojexj + kojex; + koyjey,
. YY;
Syj = kuijey; + kigjey; + kogjey (60)

where k7j, kgj, kgj, klea klljs k12j, k7gj, kglj, k92j represent
the constants of sliding surfaces for follower UAVs. The
respective errors are defined as follows: ez, = Z; — Zy;;
ex; = X; — Xujs ey, = Y; — Yy4i. Now, following the same
procedures, the attitude, altitude and position controllers for
follower UAVs are formulated as follows:

1 —klj k21j .—1
Usipg = — | —2 .
Aeq by; ( kaj “ ko PR ¢/ €,
— a0y + az; sz,, + baj) (61)
—kai; ka2
U = 221551050059~ 2 / sgn(Sy)  (62)
J

1 —k3; kaai vl
j . 34; .
Usjeg = -— | —— € — — vo¢5” €5

b2j k 4 6 k 4 Yo 0;
— a3V + asji; + Ogp) (63)
—ka3; ka4
Usion = —- 1541 sgn(Sg) = 5 / sgn(Sy)  (64)
2j 2j
1 (—ks;j . ksej vyl .
Usjeq = b3j ( ke; W k_ﬁjy'/f"ellfjj ey; — asjit)
+ ) (65)
kgs; kae
Ugjsw = #|Swj|o Ssgn(Sx/,]) - —3/Sgn(5¢,) (66)
3j ]
mo; kj . kg vz,
U= ——[o—(—¢e7, — —Zyre, .
Y7 cos 0 cos ¢; g = kg; “ kg; i€y 2
. ka7
+Zg — K_’|Szj|°-5sgn<szj>
]
kas;
- —8’ 5gn(Sz))] (67)
]
koj . koij  wvx—l,
Uxj = Xgj — mex] kloj ijerf ex;
d9, ka0
11 sgn(S) — == [ sgn(Sx;)
10j
ki1 kogj — yr—1
Un = Yo = e = EJ,VY]-‘?Y]’ ey,
74393



IEEE Access

N. Uullah et al.: UAVs-UGV Leader Follower Formation Using Adaptive Non-Singular Terminal Super Twisting SMC

R ‘—Accelaration disturbance applied to X dynamics I
[72)
£ 2 f
=
(]
O I L I I L | 1
0 10 20 30 40 50 60 70
o ‘ Accelaration disturbance appliedto Y dynamics‘ I
0
E 2 i
i
(]
0 | ! | | | | |
0 10 20 30 40 50 60 70
Time (s)
FIGURE 3. Applied acceleration type disturbance in X and Y dynamics.
kdll/ 05 k 2j Ra m,br
S Sy;) — S 68 03 = —
Ky —— ISy, [""sgn(Sy;) fy sgn(Sy;) (68) 3= X Dk
DXj = _é‘l]SXj 0y = I]j_ (k akp +Be> k] 41
. ] P
Dy = —0jSy, (69) R m b -
The reference commands for 6 and ¢g; are derived using 0s = ko dk
. . PR
the same procedures given in (48-54). o R, [k kb B d o
" ka \ R ) 2rkpr

D. FOLLOWER GROUND ROBOT TRAJECTORY CONTROL
In this subsection, the trajectory control of ground robot is
discussed based on the idea presented in [50]. The refer-
ence trajectory of the ground robot is generated using (18),
(57) and (58). The kinematic model of the ground robot is
expressed as follows:

cos v —asinv

)'Cmbot u Dxmbot
j’rqbot = | sin® acosv |: © ] + | Dy,ppor (70)
4 0 1 0

Similarly, the dynamic equations of the ground robot are
represented as follows:

. 03 2 9 1
5 6 1
1) —puw — g 0 % Wy
Dy
71
+ [ Dw] (71)
Here u and w represent the linear and angular veloc-
ities respectively, Xopor, Viobor denote the position of
robot in inertial frame, ¥ represents robot orienta-
tion,Dyyopor» Dyrovors Du, Dy are the uncertainty terms in
dynamics and kinematics of the robot respectively. Moreover
the parameters 6; with i = 1,2,3,4,5, 6 are expressed as
follows [50]:

R 1
6, = |:k_: (mrr2 + ZIe) +2 rkDT]

(2 rkpr)
0 = [% (red® +272 (L +mpb?) ) +2 rdeR}

1
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(2 rdkpr)

In the above expressions, m, represents mass of the robot,
I, is its moment of inertia at G, R,, k, and k, represent
resistance, back emf constant, and torque constants of motors
respectively, B, represents coefficient of friction, I, is the
moment of inertia of each group rotor-reduction gearwheel,
r is the radius of each wheel. kpy > 0 and kpg > 0, kpr >0
and kpr > O represent the control gains of motor internal
loops.

The kinematic controller proposed in [52] is utilized for the
outer loop. The control equations are given as follows:

ug| | cos?d sin ¥

wg| —%sinz? écosz?
. ke ~
Xd—robor 1 Ix tanh T-Xrobot

X * (72)

. ky ~
Yd—robot + ly tanh iyrobot

Here X,op0r and y,pe represent the positions error.
Similarly, the dynamic model of (71) is re-organized as

follows [50]:
vi =HV +C(V)V+F(V)vV +A (73)

where, from (73) we have:
| 6/i 0
H = [ 0 92i| ’

N Y 0
F(V)—[o 96+(95/i—93)iu]

VOLUME 9, 2021



N. Uullah et al.: UAVs-UGV Leader Follower Formation Using Adaptive Non-Singular Terminal Super Twisting SMC

IEEE Access

80 o
»=== Reference leader *"*"'Reference follower 1 === Reference follower 2 followe ~1|
== ANSTS-SMC leader == ANSTS-SMC follower 1 "*"*ANSTS-SMC follower 2"
60 . |——AST-SMC leader ——AST-SMC follower1 AST-SMC follower 2
T
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- 2. 1o
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FIGURE 4. UAVs XYZ trajectory tracking comparison under acceleration type disturbances.

TABLE 1. Leader-followers UAV parameters.

Symbol Value Unit

mQrL = mr1 = Mp1 0.65 kg
lL=lF1:lF2 0.23 m

Jrp = Jp1 = Jpa 6.5% 1075 k:g.m2
Iop =11 = Ip2 7.5%1073 Ns?rad=1!
IyL = IyFl = IyF'? 7.5%1073 Ns?rad=1!
I.p, =1,r1 =12 1.3 %102 Ns?rad=1!

, [0 —60
C(V) = O30 03],

. [ —0, 0 D,
a=[ S]]

v = ) u
L0 1]’
So, the dynamic controller is expressed as follows:
ve = H(Vq + T (¥)) + Cv, + Fv}

It is assumed that H,F and C are known quantities. The
modified velocities vector is expressed as follows [52]:

(74)

c oy [0 ua h T() i
o= [ =101 ]| wg . Moreover the term T (V') is
_ 10 tanh ll‘—“n}>
expressed as follows: T (V’ ) = |: " i| k" . The
0 /o] | tanh o

controller gains satisfy the following criteria: k, > 0, k,, > 0.
Moreover, [, € R and [, € R are saturation gains and @ =
wg — w and 1 = ug — u are the current velocity errors.

IV. RESULTS AND DISCUSSION

In this section, the proposed ANSTS-SMC is tested numer-
ically for the system of leader follower configuration shown
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TABLE 2. Leader UAV control parameters for attitude, altitude and

position loops.

Parameter Value Parameter Value
k1 200 ko 1

ka1 70 ka2 15
k3 200 ka 1
kas 50 kaa 10
ks 95 kg 1
kas 4.6 kas 0.5
kv 97 ks 1
kar 300 kas 1.5
ko 60 k10 1000
ka9 2.5 kaio 180
k11 60 k12 1000
kq11 2.5 kq12 5

G 15 G2 2.5
ko1 500 k34 250
k56 50 kvs 25
ko1 150 ko2 85
Yoy, 0.25 Yor 0.25
YX1, 0.45 0057 0.45
vz, 0.45 Vepp, 0.25

TABLE 3. Follower UAVs control parameters for attitude, altitude and

position loops.

Parameter Value Parameter Value
klj 200 kgj 1
kdlj 70 kd2j 15
k3 200 k4j 1
kdgj 50 kd4j 10
ksj 95 ke 1
kd5j 4.6 kdﬁj 0.5
k7]‘ 97 kgj 1
kaz; 300 kqs; 1.5
koj 60 k10; 1000
kd9j 2.5 klej 180
k115 60 k12; 1000
kd11;5 2.5 kq12; 5
C1j 1.5 C2; 2.5
ko1 500 k345 250
k56J 50 k}78j 25
ko1 150 ko2, 85
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FIGURE 5. XY leader UAV trajectory tracking comparison under acceleration type disturbances.
3 ==Reference
2 =:s ANSTS-SMC |- ,
—AST-SMC T /
1 -
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— T li."
E° (
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> -2 5 e
, s
L SRR C
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5L
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Xfollower1 [m]

FIGURE 6. XY follower 1 UAV trajectory tracking comparison under acceleration type disturbances.

in Fig. 2. The parameters of the leader and followers UAVs are control loops are chosen as follows: 1p| = tr2 = TF3 =

identical and are given in Table 1. Moreover, the parameters L5 0.1
of UGV are given in [52]. The control parameters of leader LS|, mr1 = mr2=mr3 = | 0.1
and follower UAVs are given in Table 2 and 3, while the con- 0.5 0.075
troller parameters of UGV are the same as given in [52]. Since 0.05

> M2F1 = 1M2F2

the UAVs are identical, thus leader and follower UAVs use n2r3 = | 0.05 |. For the leader UAV, the reference position

the same control parameters. The parameters for formation 0.02

74396
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FIGURE 7. XY follower 2 UAV trajectory tracking comparison under acceleration type disturbances.
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—AST-SMC
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—AST-SMC

[ follower1

0 2 4 6
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FIGURE 8. XY Leader-followers UAV trajectory tracking comparison under acceleration type disturbances.

and altitude commands are set as follows: X; = 0.1¢sint,
Y, = 0.1tcost and Z; = t. Figure 3 shows the applied
acceleration disturbance on X and Y dynamics of the leader
and follower UAVs. It is assumed that same type of dis-
turbance acceleration is applied for all UAVs. Furthermore,
the disturbance acceleration has no effect on the Z dynamics
of UAV. Moreover, the following parametric uncertainties
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are applied: a;p = 2.5a1.; ayj = 2.5ay;; aor = 2.5ap;;
ayj = 2.5ay;; asp = 2.5a31; az; = 2.5a3;; asp = 2.5a41;
a4j = 2.5a4j; asy, = 2.5a5L; a5j = 2.5(15j; blL = 1.75b1L;
bij = 1.775byj; byr, = 1.75by1;b2j = 1.75byj; b3 = 1.775b3;
bzj = 1.75b3;.

Figure 4 shows the trajectory tracking simulations of leader
follower UAVs in the presence of applied disturbance of
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FIGURE 9. Xjeqder UAV tracking comparison under acceleration type disturbances.
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FIGURE 10. Yjgqqer UAV tracking comparison under acceleration type disturbances.

Figure 3. From the presented results, it is concluded that

in the presence of

ensure robust behaviour, while AST-SMC controllers pro-

duces steady state
leader and follower

Table 4 shows the trajectory tracking comparison between
AST-SMC and ANSTS-SMC at 45 seconds when the wind

74398

disturbances are applied to the quad-rotor. It shows the robust-
ness of the ANSTS-SMC algorithm in terms of low error
generated as compared to AST-SMC algorithm. In order
to have a clear picture of the trajectory deviations under
wind disturbance, Figures 5-8 show the trajectory tracking
comparisons in XY plane for leader, follower 1 and fol-
lower 2 UAVs respectively. From the presented results, it is

disturbances, ANSTS-SMC controllers

errors while tracking responses of the
UAVs in the X and Y direction.
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TABLE 4. Trajectory tracking comparison of ANSTS-SMC and AST-SMC
algorithms at time = 45s.

Tracking Error AST-SMC ANSTS-SMC
exJ, 0.05 m 0Om

eyr 0.05m 0.0l m

€X 0.1 m 0.01 m

€yp, 0.1 m 0.02 m

€X oy 0.05m 0.0l m

€Yo 0.1 m 0.02 m
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concluded that minimum deviations are observed in the tra-
jectory tracking for all UAVs with ANSTS-SMC controllers,
while with AST-SMC controllers all UAVs show signifi-
cant drift from the reference trajectories in XY plane. The
trajectory tracking comparison of the controllers in X and
Y plane for leader and follower quad-rotors is presented
in figures 9-14. In these figures, the value of tracking error is
quantified. Figure 8 shows the combined trajectories of leader
follower UAVs with ANSTS-SMC and AST-SMC controllers
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in XY plane. From the presented results, it is evident that the
proposed ANSTS-SMC controllers ensure robust formation
control between the leader and follower UAVs and has less
tracking error, while with AST-SMC, all UAVs show drift in
their trajectories.

In order to compare the trajectory tracking performance
of the leader followers UAV quantitatively, the X and Y
trajectories are individually plotted against time and the

74400

results are presented in figure 9 and 10 for the leader UAV.
From Figure 9, and at time ¢+ = 45sec, the ex; tracking
error is 0.05 m with AST-SMC while with ANSTS-SMC,
the measured error eyy, is approximately zero. ANSTS-SMC
ensures lowest error of magnitude O due the adaptive distur-
bance compensation term Dy;, and from the presented results
of figure 9, it is obvious that at time t = 45s, the adap-
tive term Dy adds appropriate compensation to cancel the

VOLUME 9, 2021



N. Uullah et al.: UAVs-UGV Leader Follower Formation Using Adaptive Non-Singular Terminal Super Twisting SMC

IEEE Access

w1
& |
g v
= ‘_ - -6, ANSTS-SMC __¢, ANSTS-SMC 0,4 AST-SMC ... 0, AST-SMC
=)
20 30 40 50 60 70
W
c
o
ke ‘l Ll skl
E ) T
QE -1 “: |_ - _9F1d ANSTS-SMC _9F1 ANSTS-SMC 9F1d AST-SMC _._._6‘F1 AST-SMC
0 10 20 30 40 50 60 70
m ;
S 4 | \ \ |
5 0 i!::f Dbkt VJ%'!ik@ﬁdﬁiﬁaﬁquHSSJQQmxniwﬁhﬂﬁm.xﬂﬁéﬂ&ﬁﬁjﬂbyﬁq
o ¥ ! | !
I_.E -1 if - ’9F2d ANSTS-SMC 79,:2 ANSTS-SMC 9F2d AST-SMC .. 9F2 AST-SMC
=)
0 10 20 30 40 50 60 70
Time (s)
FIGURE 15. UAV ¢ tracking comparison under acceleration type disturbances.
g 1 l | [~ #ANSTSSNC — ANSTSSMC g, AST-SNC —, AST-SMC
— I | | 1 el (hin. L4t
'U +H ‘lg' i ‘:w\“ e H i ‘w:;"“""' e Ra T i (17 A iidid BRRTTY AL gt HCTL1 111111 7) i irthtirhy L
Z, 0 L [P I Ik I T T
< 1 |
0 10 20 30 40 50 60 70
% 1 ‘ P ANSTS-SMC _¢F1ANSTS—SMC ¢F1dAST-SMC _____ ¢F1AST-SMC
.-6 0 'jv—-‘w‘r--‘-!' “‘ .“'! WL ‘M}‘ HiL ‘WI:.‘.I il il “"Hli""‘ Wl : i 'r i Uttt S
.g. ﬂ e A A "_‘"“T' i o
eE )
0 10 20 30 40 50 60 70
E' 1 | ‘7 g ANSTS-SMC g3, ANSTS-SMC PepqAST-SMC .. ¢F2AST-SMC|
© :
qs 0 ﬂﬂLJQ!QQ“HHN_gw*&.Wy Igh ﬂJ;\H I ””“'Jh?ﬂb”\‘ﬂwi‘ ‘hﬂfmthw { Ly Lt ‘!,
o F‘F i (il N I I el (1 LT 7 : ' ‘
I—:I“ L '
< -1
0 10 20 30 40 50 60 70
Time (s)

FIGURE 16. UAV ¢ tracking comparison under acceleration type disturbances.

disturbance and it switches from 50 to —200. Similarly,
from figure 10, ey is measured as 0.05m and 0.01m with
AST-SMC and ANSTS-SMC respectively. ANSTS-SMC
offers lowest error of 0.0lm due to the adaptive estima-
tor term Dyy. From figure 10, it is obvious that at time
t 45s, the adaptive term Dy;, adds appropriate com-
pensation to cancel the disturbance and it switches from 0
to —200.
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Similarly, for follower UAVs, the X and Y tracking
responses are plotted against simulation time in figure 11-14.
From the presented results and at time ¢ = 455, the measured
error signals with AST-SMC are as follows: ex,, = 0.1m,
eyr, = 0.lm, ex,, = 0.05m, ey,, = 0.1m, while with
ANSTS-SMC, the errors are measured as follows: ex,,, =
0.01m, ey,, = 0.02m, ex,, = 0.0lm, ey,, = 0.02m. From
the presented results of figures 11-14, it is obvious that at
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time ¢t = 45s, the adaptive terms Dy, ,Dy;,, Dxz,,Dyy, add
appropriate compensation to cancel the disturbances.

Figure 15 and 16 show 6 and ¢ tracking responses for
leader and follower UAVs with both AST-SMC and ANSTS-
SMC respectively. From the presented results and at time
t = 45s, itis evident that the proposed ANSTS-SMC generate
appropriate reference commands for both 8 and ¢ loops of
leader and follower UAVs.
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Figure 17 and 18 show Z and v loops tracking responses
for leader and follower UAVs. Since no disturbances are
applied on both of these loops, thus the tracking responses
under AST-SMC and ANSTS-SMC are comparable. Finally
figure 19 shows the robustness of the formation controllers
for tracking the respective reference commands i.e. the
distance between the leader and the followers in XY plane.
From the presented results, it is obvious that apart from the
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transient error, the formation controllers accurately maintain
the desired distance between the leader-followerl, leader-
follower2 and leader-follower3 UAV and UGV.

Figure 20 shows the simulation results of the forma-
tion between UAVs and UGV vehicle. From the presented
results, it is obvious that all the followers (UAVs and
UGV) accurately form the leader follower configuration and

VOLUME 9, 2021

moreover each follower also follow the respective reference
trajectory generated in XY plane.

V. CONCLUSION

This paper proposed an adaptive non-singular terminal super
twisting sliding mode trajectory and formation controllers for
multiple UAVs flying in the leader follower configuration.
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Acceleration type disturbances and parametric uncertainties
are applied to X and Y dynamics of leader and follower
UAVs. The formation control of UAVs is tested with the pro-
posed ANSTS-SMC and AST-SMC algorithms. The robust
performance of the proposed controller is verified from the
measured errors of the leader and follower UAVs presented in
the discussion section. For leader UAYV, the errors are ex; =
0 m, ey, = 0.01lm with ANSTS-SMC control while with
AST-SMC, the measured errors are as follows: ex;, = 0.05m,
ey, = 0.05m. Similarly for follower UAVs, the errors are

ex;, = 0.01lm, ey,, = 0.02m, ex,, = 0.0lm, ey,, =
0.02m with ANSTS-SMC algorithm while with AST-SMC,
the measured errors are as follows: ex,, = 0.lm, ey,, =

0.1m, ex,, = 0.05m, ey,, = 0.1m. Moreover, the settling
time of XY states of ANSTS-SMC after the occurrence of
disturbances is upto 1 second which is faster as compared
to AST-SMC control methods. The trajectory tracking com-
parison for a ground based unicycle mobile robot in leader
follower formation with a quad-copter is also presented, how-
ever the tracking signal suffers from steady state error due
to non adaptive control loops and fixed gains of unicycle
robot. From the quantitative comparison, it is concluded that
the proposed ANSTS-SMC algorithm show enhanced robust
behaviour to the acceleration type disturbances and paramet-
ric uncertainties of the system as compared to AST-SMC
algorithms.
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