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Abstract: Recently, formation flying of multiple unmanned aerial vehicles (UAVs) found numerous
applications in various areas such as surveillance, industrial automation and disaster management.
The accuracy and reliability for performing group tasks by multiple UAVs is highly dependent on
the applied control strategy. The formation and trajectories of multiple UAVs are governed by two
separate controllers, namely formation and trajectory tracking controllers respectively. In presence of
environmental effects, disturbances due to wind and parametric uncertainties, the controller design
process is a challenging task. This article proposes a robust adaptive formation and trajectory tacking
control of multiple quad-rotor UAVs using super twisting sliding mode control method. In the
proposed design, Lyapunov function-based adaptive disturbance estimators are used to compensate
for the effects of external disturbances and parametric uncertainties. The stability of the proposed
controllers is guaranteed using Lyapunov theorems. Two variants of the control schemes, namely
fixed gain super twisting SMC (STSMC) and adaptive super twisting SMC (ASTSMC) are tested using
numerical simulations performed in MATLAB/Simulink. From the results presented, it is verified
that in presence of disturbances, the proposed ASTSMC controller exhibits enhanced robustness as
compared to the fixed gain STSMC.

Keywords: quad-rotor control;adaptive robust control; super twisting sliding mode control; forma-
tion control

1. Introduction

A flight in which more than one quad-rotors fly and maintain the relative distance
among each other is called formation flight. Recently, the interest in the formation control
of quad-rotors has attracted a lot of attention. This trend is due to its potential appli-
cations in the defense industry, aerial mapping, search and rescue operations, oil fields
monitoring, agriculture and transportation of suspended loads [1]. It is expected that by
2027 the payload market value of global UAV may reach USD 3 billion due to its antic-
ipated usefulness [2]. Multiple quad-rotors increase the capacity for equipping sensors,
provides larger payload capacity and a wider surveillance area as compared to single
quad-rotor [3-7]. However, controlling the formation of multiple quad-rotors in the pres-
ence of uncertainties is a challenging task. Moreover, the derivation of formation dynamic
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model for multiple UAVs in presence of external perturbations has also become an impor-
tant topic . The transnational and rotational dynamics of a quad rotor is modeled as six
degree of freedom nonlinear differential equations [8-11]. For multiple UAVs, different
formation geometries exist depending upon the number of quad-rotors and the purpose
of flight. These include V shape geometry and finger four geometry. V shape geometry is
used in this paper for flight formation of three quad-rotors.The quad-rotors formation can
be stepped up, stepped down, and leveled based on the altitude position between leader
and follower. A leveled formation is used in this paper. Since a quad-rotor is a complex
system with under-actuated multi variable non-linear model hence its formation control
problem is more difficult to control. To ensure robust formation control, the modeling
uncertainties and the disturbance due to wind gust must be compensated using appropriate
control schemes.

To solve the formation control problem of the quad rotor, many research efforts
have been made. In [12] the authors proposed a leader—follower formation control using
classical proportional derivative scheme and fuzzy logic system for the formation pattern.
However the above controller did not take uncertainties into considerations. In [13], a
prescribed performance controller is proposed for formation control of multiple UAVs.
The prescribed performance controller ensures robust formation pattern and trajectory.
In [14], a classical PID control scheme with a sliding mode controller (SMC) is proposed
for multiple quad-rotors. However the above mentioned PID-SMC controller ignores the
disturbances and communication delays between multiple UAVs. In [15-17], classical
SMC method is proposed for formation control problems of multiple UAVs, however the
classical SMC method offers high frequency chattering in the excitation signal. Chattering
phenomena degrades the life of the actuators.A control scheme for the circular formation
scheme of multiple UAVs is presented in [18]. A classical PI control-based synchronization
control for the formation of two UAVs is presented in [19]. In [20] a distributed controller is
presented to compensate the communication delays in multiple UAVs formation. Similarly
a nonlinear distributed controller is proposed for formation of micro UAVs [21]. In [22],
the authors proposed a cohesive formation controller multiple UAVs.A back-stepping
control scheme is proposed for the formation control of multiple UAVs [23]. Similarly a
model predictive control scheme is proposed for multiple UAVs using adaptive gain tuning
method in [24,25]. Velocity tracking and formation control of quad-rotors is achieved by
the design of prior-bounded intermediary adaptive controller which gives the reference
orientation and bounded control thrust [26]. A guidance algorithm based on Lyapunov
function is used for the formation control of quad-rotors with attached slung load, where
the quad-rotors are controlled using linear quadratic tracking controller [27]. Leader
follower formation controller is designed for two parrot drones in [28], where a proportional
derivative controller is implemented in the respective models. The problems related to
formation and tracking control of quad-rotors in leader follower formation are addressed
and a formation controller is designed to avoid collision in swarm [29]. Adaptive law for
the formation control of swarm UAVs in leader follower mechanism influenced by motion
constraints and and unknown external disturbances is discussed in [30]. For a swarm of
three quad-rotors, a model reference adaptive control algorithm is presented in [31]. The
controller gains are tuned online, by which the algorithm allows the system to adapt to
unexpected disturbances. However, in this method, no robust controller is investigated.
A semi physical platform for formation control of multiple fixed wings UAV is proposed
in [32]. In [33], a detailed survey on low cost UAV platforms for infra structure monitoring
is proposed.

The above cited work is specifically focused on the formation control of multiple
UAUVs. It is also necessary to describe the back ground of robust control system due to
its utmost importance in control community. Robust control is designed for uncertain
systems in which the uncertainty belongs to bounded set [34]. Robust controllers are
designed both in frequency and time domains. A widely used frequency domain robust
controller is the Ho, method and it was first reported in [34]. Later on several variants of
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Hoo control were reported in the literature such as loop shaping in [35], optimal He control
using Riccati equations [36] and Linear Matrix Inequalities (LMIs)-based design in [37].
In frequency domain, the performance and stability of the control system is measured in
terms of gain and phase margins, percent overshoot, rise, delay and settling times of the
signals. Apart from frequency domain, a modern approach for designing robust controllers
is the state space frame work. Sliding mode-based control (SMC) system variants are
the most widely used methods and it find numerous applications in all areas of science
and technology [38]. Classical SMC has several disadvantages such as high frequency
chattering and asymptotic convergence property. These shortcoming are addressed by
introducing new variants of SMC such as global sliding mode [39], LMI-based SMC [40],
Higher order SMC [41,42], Lyapunov-based adaptive SMC and Non singular terminal SMC
in [43]. A widely and important criteria to ensure the stability of the SMC controllers is the
Luyapunov theorem [44]. The proposed theorems ensure global stability of the nonlinear
systems and control using the condition that the disturbances are bounded.

Considering the aforementioned literature review, this paper proposes adaptive robust
formation and trajectory tracking of multiple UAVs using super-twisting sliding mode
control method.The proposed controller compensates for 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 are also
controller using super twisting sliding mode control methods.

The rest of the paper is organized into four parts. First part is related to “system
description and mathematical modeling”. The objective of this part is the modelling of a
single quad-rotor and transnational dynamics of multiple UAVs. The second part includes
the trajectory and the formation controller formulation. Then the simulation results are
presented and comparative analysis for different controllers is done. At last, conclusions
are made. Following specific contributions are highlighted:

1. In presence of external disturbances, robust formation and trajectory tracking of mul-
tiple UAVs is achieved using adaptive super twisting sliding mode control method.

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

2. System Description and Mathematical Modeling

Figure 1 shows 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 Y5 Zp).
To derive the model, the following assumptions are made.

Assumption 1. It is assumed that the UAVs are represented by a symmetrical rigid body configu-
rations with masses m.

Assumption 2. The external disturbances affect the X and Y accelerations components of each UAV.

Assumption 3. It is assumed that the disturbances are affecting the leader and followers
UAV uniformly.

X; = (siny; sin ¢; + cos ¥; sin 0; cos ¢;) nl;lli — Dy; 1)
Qi
“. _— . 1 . 1 . 1 . . ulz .
Y; = (— cos p; sin ¢; + sin ¢; sin 6; cos ¢,)m— — Dy; )
Qi
.-A o . . ull .
Z; = g — (cos b cos ¢;) — Dy, (3)
Tl’lQi
Li—1, . . . I
$i = L—"6ipi — heiﬂri + Uy — Dy, 4)
le I.Xl IJ(I
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Figure 1. Quad-rotor in inertial reference frame.

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 six degrees of freedom equations. The dynamic equations
expressing the linear and angular dynamics of the quad-rotors are given as follows:
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Figure 2. Cont.
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Figure 2. (a) Leader-Follower Configuration (b) Block diagram.

Equations (1)—-(6) formulate the mathematical model of multiple quad-rotors UAV.
From Equations (1)-(6), Dx; and Dy; represent the uncertainty in X and Y acceleration
channels, while 7 is an index representing [L, j| and j = [F;, F]. The subscript L represents
the leader UAV, while F; and F, show followerl and 2 UAVs respectively.

Referring to Figure 2, the transnational dynamics of the UAVs are expressed as follows:

Xi = Vxi COS(IPZ') — Vyi Sin(l[)i) (7)
Y; = Vx;sin(y;) + Vy; cos(1;) (8)
P = wr )

where Vy; and Vy; represents the velocities in X and Y directions of the inertial frame. As
shown in Figure 2, let the follower UAVs maintain dy; and dy; distances in X and Y planes
respectively with respect to the leader UAV, so dy; and dy; are expressed as follows:

dxj = —(Xp — X;) cos(yr) — (Yo — Y;) sin(y1) (10)

dy]' = (XL — X]) Sil’l(lpL) — (YL — Y]) COS(#)L) (11)
where dx; = dicos(¢), dyj = d;sin(¢) and X; = [XF1, Xp2]. The error in ¢ dynamics as
defined as follows: ey = ¥; — ¢.. By taking the first derivatives of Equations (10) and (11)
with respect to time and combining the resultant expressions with Equations (7) and (8)
yields the following expressions:

dx;j = dyjwr, + Vxjcos(ey) — Vy;sin(ey) — Vxr (12)

de = _dewL + VX] sin ey + Vy] Ccos ey — 1%%3 (13)

where Vx;, Vy;, Vxi and Vy represent the longitudinal and lateral velocities of the fol-
lowerl, follower2 and leader UAVs respectively. By defining errors in the longitudinal
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and lateral dynamics of Equations (12) and (13), the error state equation is represented
as follows:

X =Fx) +G{xv (14)

Equation (14) are explained as follows:

er éXj VXj
xX=\|ej [sx=|¢; [;v=| W, (15)
e¢ 6'4; wr

Also the terms G(x) and F() are expressed as follows:

d
eyjwr, + VxL — a)Ldy]'

F(x) = —exjwr + Vyr + dede (16)
€y
—cey sey O
G(x)=| —sey —cey 0O (17)
0 0 1

In Equation (17), ey is already defined, while ¢ represents cos while s is a sin function.
Also from Equation (15), we define: ex; = ded —dyxjand ey = dy]'d —dy;. Where dxjd and
dyjd represent the desired commands. Finally, the desired reference trajectories for follower
UAUVs are expressed as follows:

Xgj = Xp — dx;jcos(ipr) — dyjsin(ypr) (18)
Yy =YL+ de sin(yr) + de cos(r)

3. Trajectory and Formation Controllers Formulation

In this section, as a first step, the derivations of the attitude, altitude and position
controllers are formulated for the leader UAV. As a second step, the formation controller is
derived and based on it, new references are calculated for followerl and follower2 UAVs.
In the last step, the trajectory and attitude controllers of the leader UAV are generalized for
follower UAVs. Before deriving the control schemes, the following assumptions are made:

Assumption 4. [t is assumed that the following condition is true for the uncertainty terms:
[[Dxil| < A1i; || Dyil| < 82| [Dzil| < Agis|| Dy || < Agis||De,|| < Asiz|| Dy, || < Agi
where Ay;, Npj,Asi,Agi,Asi,Ngi vepresent the upper bound of the mentioned uncertainties.

3.1. Leader UAV Control Formulation

In this subsection, the attitude, altitude and position controllers are derived for leader
UAV using adaptive super twisting sliding mode control method.

3.1.1. 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 ¢, 051, P41, then the desired sliding
manifold is chosen as follows:

S¢L = kle(pL + k2é¢L (19)

where Sy, represents the sliding surface for ¢; loop, ki, k2 are the design constants and the
¢1. loop error dynamics are expressed as follows, i.e., ey, = ¢ — Par, €p, = ¢1. — Par - By
taking the first time derivative of Equation (19), the following expression is obtained :

Sy, = kieg, + koeg, (20)
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Equations (4) and (20) are combined and expressed as follows:
Sp. = kieg, + ko[ar 0091, — 20011 + b1Usr — Dy, — Par] (21)
In Equation (21), the coefficients are defined as follows, i.e., aj;, = b LI;LIZL, @ =
ﬁ—ﬁ, b = ﬁ; then the equivalent control law for ¢;, loop is derived as follows:
1 [~k . o . .
Uzreg = 7— | ——€p, — mL0LYL + a200. Q. + Pur (22)
bip \ k2

Using super twisting algorithm, the switching control law is derived as follows:

—k k
uZst = ﬁ‘S¢L|O‘5Sng(S¢L) - ﬁ /sgn(S¢L) (23)

Referring to Equation (22) and (23), the total control action is the sum of equivalent
and switching control parts, i.e., Ua; = Uareq + UpLsw - Similar procedure is adopted to
derive the pitch and yaw controllers. The sliding surfaces for 6;, and ; loops are defined
as follows i.e., Sg, = kaeg, + kaég, and Sy, = ksey, + keéy, , then the 6; and ¥ loops
controllers are formulated as follows:

1 [ —ks . .. . ..
UsLeg = or <k4369L — a3 Py + ag prQyp + 9dL> (24)
—k k
Usteo = 5, 210, *sgn(Sa,) — 52 [ sgn(Ss,) 25)
1 [/ —ks | .
UsLeg = bar (k;e‘” —as $LoL + #’dL) (26)
Us o — k516 05, kae S 7
4Lsw = E| 1I7L| Sg”( 1I7L) - E Sg”( ll’L) (27)

From Equations (19)-(27), constant parameters ki, kp, k3, kq, ks, ke, kg1, kg, ka3, kaa,
ks, kge represent controllers and sliding surface gains. The coefficients are defined as

. L;—1I L Lp—1IL
follows: az;, = ZLIyLXL, Ay = %, by = I 051 = XlzLy
and Sy, represent the sliding surfaces for 6; and ¢ loops. The corresponding error dy-
namics for 07, and ¢y loops are expressed as follows, i.e., eg, = 01 — 041, €9, = 0 — 04y,

ey, =YL — Par, ey, =P — Pyr

and b3;, = IITLL/ Moreover, Sq,

Theorem 1. Consider the nonlinear system presented in Equations (4)—(6),satisfying assumptions
1-3, then under the proposed controllers of Equations (22)—(25), states of the attitude dynamics will
converge to the origin in finite time [45].

Proof. Proof of Theorem 1 [45] The stability proof is only derived for ¢ loop only. Similar

procedures can be be adopted for the other two loops of attitude dynamics. Equation (23) is

‘0.5

modified as follows: Uprs = % |Sg |"2sgn(Sg, ) + vpL; where the term vy, is calculated

from the following expression: 0y = %s ¢1(Sy, ). By combining the above terms with
Equations (21) and (22), S¢L is expressed as follows:

- —ka
Spw = 5 1S9 "75gn(Sp.) + 091 — Dyt

. ko
Upr, = ——58n(S 28
¢L blL ( oL ) ( )



Sensors 2021, 21, 2401

8 of 24

Let the Lyapunov function for ¢ loop dynamics is chosen as follows: Vy, = 21|Sg, | +
O.SUéL +0.5(71]Sg, [%25gn(Sg, ) — vp1)?. Where 1y = Z‘ﬂ and 1, = kdz . A new state vector
is defined as follows: 115 = [|Sg, |**sgn(Sy,) vpr]. Define matrix Py, = {472_—;1— _;1}
and then the Lyapunov function is expressed as follows: Vy, = 17$LP17¢ L. The time derivative
of the Lyapunov function along (28) yields the following relation [45]:

Vo, = —?’Y&Q’Mm + A4L‘]£L77¢L (29)
PL

. 2 —
where the new matrices are represented as follows: Qyr = 3 ( © J; E 1T1 ) and
-7
q4T>L = (2’(2 + %le - %Tl). Applying the uncertainty bounds mentioned in Assumption 4,

expression (29) is simplified as follows [45]:

VoL = 2‘ ’ ’7¢L QgL oL (30)

21 + le - (% + Tl)A4L —T +2Ay1
—T1 + 201
tive definite only if Q:p L > 0. If the gains satisfy the following criteria 7y > 2Ay4;, T >

5A4 T +4A2 < .
le then Q > 0and Vj, <O0.

where matrix Qg = ( ) . Equation (30) is nega-

Remark 1. The proof of finite time convergence property can be derived by using the procedures
adopted in [45]. O

3.1.2. Altitude and Position Control

This section formulates the altitude and position control system for the leader UAV
expressed in Equations (1)—(6). First the altitude control system is derived and then using
the transformation matrix, the position controllers are formulated. With the desired altitude
Z,1, the sliding manifold is written as follows:

Sz, = krez, +kséz, (31)
In Equation (31), k7 and kg represent the design constant. The error dynamics are

defined as follows: i.e., ez, = Z — Zy,, éz, = Zr — ZLdL- Taking the first time derivative
of Equation (32) yields the following expression:

S.ZL = k7€ZL + kgéZL (32)

Equation (32) and Equation (3) are combined and expressed as follows:
L Ui »
7, = k7€ZL + kg [g — cos 0 cos ¢L7117QL — Dy — de (33)

Using super twisting sliding mode theory, the altitude controller is derived as follows:

kr .k k
uZL = _leZL + ZdL - d7 |SZL‘O5Sgn( ) kd88 Sgn(SZL)

ks
U1L:&[g*( k ez +ZdL*7|SZ "%sgn(Sz )*kﬁ/sg”(sz )] (34)
cos 0 cos ¢r kgt g ks . '
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Here Uz, = Z; = g— (cosfy cos gbL)n%LL represents the virtual control law. The
stability proof is derived based on the same concepts presented for ¢ loop. The robust terms
of Equation (34) are modified as follows: Uj s, = %8"7 Sz, 1%%sgn(Sz, ) + vz, ; where the
term vz, is calculated from the following expression: 97, = — %85 gn(Sz, ). By combining

the above terms with Equation (33) and robust term of (34), Sz is expressed as follows:

: —k
Sy, = %\SZJO'Ssgn(SZL) +vz, — Dz
, k
iz, = —ki;sgn(szg (35)

Let the Lyapunov function for Z loop is chosen as follows: Vz, = 213|Sz, | + O.SZJZZL +

0.5(17|Sz, |*2sgn(Sz, ) — vz, )*. Where 17 = % and 13 = % . A new state vector is defined
i+t -7

—T7 2
the Lyapunov function is expressed as follows: Vz, = 5L, Pz 177, The time derivative of
the Lyapunov function along (35) yields the following relation [45]:

‘0.5

as follows: 1, = [|Sz,|*sgn(Sz,) vz, ]. Define matrix Pz, = [ } and then

50.5

. 1
Vz, = —‘WgLQZLWZL + AsLqhinzL (36)
Zy

L4

. 2+ T2 —T
where the new matrices are represented as follows: Qz; = + ( s+ 7 7 ) and

—T7 1
qL, = (ZTg + %T72 — %T7>. Applying the uncertainty bounds given in Assumption 4,
expression (36) is simplified as follows [45]:

7

VoL = —sros120QzuzL (37)
2|52

2T8+T72— (4.% +T7)A3L —T7 + 2031
—T7 + 2031, 1
tive definite only if Q1 > 0. If the gains satisfy the following criteria 77 > 2A3;, 13 >

503, 77 +4A3 ~ -
T oy - - then Qz; > 0and Vz, < 0.
Now to derive the XY controllers , we assume the following;:
Ux = (sinyy sin¢r + cos ¢, sin 1, cos ¢ ) %
Uy = (— cos y sin ¢y + sin . sin 61 cos 47L)nlf—1LL.
With these expressions, Equations (1) and (2) are re-written for leader UAV in the

following form:

where matrix Q7 = ( ) . Equation (37) is nega-

X1 = UxL — Dxt (38)

Y, = Uy, — Dy 39)

Let the sliding manifolds for the position loops of leader UAV are expressed as follows:
{ Sx, = koex, +kioéx, (40)

Sy, = kuiey, + kiaéy,

In Equation (40) kg,k19,k11 ,k12 are the design constants and the error dynamics are
expressed as follows: ex, = X — Xyr, éx, = Xy — Xgp, ey, = YL — Yyr, éy, = Y1 — Yyr.



Sensors 2021, 21, 2401

10 of 24

By taking the first time derivative of Equation 40, and combining it with Equations (38)
and (39) one acquires the following expressions:
{ Sx, = koex, +kio[Uxr — Dx1. — Xy ] 1)
Sy, = kuiey, +ki[Uyr — Dyp — Y]

From Equation (41), the virtual controllers Uy and Uy are expressed as follows:

kd9 |O.5

k
UXL - (XdL kloeXL |SXL Sgn(SXL) kdllo sgn(SXL)) (42)
Uy = (Yar — glley, — k‘m |SYL|O5Sg”(SYL - k‘ﬂ Jsgn(Sy,))

The stability proof is derived based on the same concepts presented for Z loop. The

robust terms of Equation (42) are modified as follows: Uxpsy = _lqgg 1Sx, \0 5 sgn(Sx, ) +vx,;

where the term vy, is calculated from the following expression: vx, = ‘“0 sgn(Sx, ) and

k11
k12

expression: vy, = ‘“1 sgn(SyL). By combining the above terms with Equations (41)

Uyrsw = ISy, |0 S gn(SyL) + vy, ; where the term vy, is calculated from the following

and (42), Sx; and Sy are expressed as follows:

Sx, = #5&\0’558’1(5&) +vx, — Dxt.
Ox, = kdloosgn( x.)
SyLL = —kam Sy, |*%sgn(Sy, ) + vy, — Dyt
oy, = —%sgn(sn) (43)

Let the Lyapunov function for X loop dynamics is chosen as follows: Vx, = 2110|Sx, | +
0.5‘0%(L + 0.5(19|Sx, |*°sgn(Sx, ) — vx, )?, where as for Y loop dynamics is the Lyapunov
function is given as follows: Vy, = 215|Sy, | + 0.51)%@ + 0.5(111|Sy, |*°sgn(Sy, ) — vy, )%
Where 19 = %, Tio = ]2"1100 11 = %, Ty = k‘%.The following new state vectors are

%5sgn(Sx,) vx,Jint, =[Sy, |*°sgn(Sy,) vy, ]. Define new matrices
4710 + T92 T9:| Py, — |:4T12 + T121 —T11
s YL —
—T9 2
functions are expressed as follows: Vyx, = gln)T(LPXLﬂXL + D)T(LDXL; Vy, = §277$LPYL77YL +
DY, Dy; The time derivative of the Lyapunov functions along (43) yields the following
relation [45]:

defined : 7%, = [|Sx,

as follows: Px; = [ and then the Lyapunov

—101

‘UXLQXLUXL + 01Dxrqx nxe + Dy Dxi

)s

. 44

Vy, ‘s ‘WYLQYLWYL + 02Dy1qy,yL + Dy Dyr (44)
) 270 + 2 27117 + 2 —T11 T

where: Qx; = 3 ( 1 9 ) Qv = ( T 11 1 and g%, =

(21’10 + %192 - %Tg),‘qll;L = (2'(12 + ETH - %Tn). From Equation (44), since Dx; and
Dy are scalar quantities so D)T(L = Dxr and D)T,L = Dy, then adaptive laws are derived
as follows: ) .
Dx; = —
DXL _ _élq}]{LnXL (45)
YL CofyyL
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Applying the uncertainty bounds given in Assumption 4, and by combining Equation (44)
with Equation (45), the simplified expressions of (44) are given as follows [45]:

Vx = —zs%ﬁpTgLQXLUXL
. ‘rﬁd T A (46)
VyL = — 510511y QyLiyL
2|s%7|
Here the matrices are defined as follows:
o — [ 20+ 2 (‘% n 19) EAy,  —T9+2EA;L
—T9g + 2EA 1
and
Q;/L _ 2T + T121 — (4.:% + T11) EAy;  —T11 +2EAyL '
—111 +2EAy; 1
The expressions Vxr and Vy are negative definite only if QOxi. > 0 and Q;,L > 0.
2
If the gains satisfy the following criteria 79 > 2EAj;, 79 > To % ;T >

EA 4EA? ~ ~ - .
2EAy;, T > Tn% ,then Qx; > 0;Qy; > 0and VXL < O;VYL < 0. Here the

terms EAq; = Dx1 — Dxp1; EAyp = Dy,
the adaptive loops.

— Dy represent estimation error of

estimated estimated

Remark 2. Discontinuous projection operator is used to implement the adaptive laws Dxy,Dyr .
The projection operator is defined as follows:

0 if Dy =Dxyr,, 5 *>0
prOjD(X,Y)L(*) =40 1f D(X/Y)L = D(X,Y)L ; <0 (47)
* otherwise

min

In Equation (45), {1 and {, represent the adaptation gains. To generate reference
trajectories for 6;; and ¢, the virtual controllers Uy and Uy are expressed as follows:

Uxim

% = cospp sin By cos ¢, + sin¢gy sin gy, (48)
1L

Uym

% = sinyy sin 01, cos ¢L — cos P singy (49)
1L

Multiplying Equation (48) by sin ¢ and Equation (49) by cos ¢ and the deference of
the resultant equations yields the following expression:

Uxim Uy;m
XLMQL oy YLMQL

———=-cos Y = sin 50
G Sinyg = == cosy = singa (50)

Equation (50) is simplified to get the reference command for ¢ loop of the leader UAV

as follows:
bar, = sin_l[iuXLmQL siny — UyLmor cos ] (51)
1L Ui
Multiplying Equation (48) by cos ¢ and Equation (49) by sin ¢ and the summation of
the resultant equations yields the following expression:

Uxim Uyrm
XLMQL cos YLMQL

+ ————==siny = sinf 7 cos 52
Ui P Ui () 4L Cos L. (52)
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Squaring Equation (50) on both hand sides and equating sin? ¢; = 1 — cos? ¢r, the
expression is written in terms of cos ¢ and given as follows:

u u
cos Py, = \/1 - [% siny — % cos ]2 (53)

Now form Equations (51) and (52), reference command for 6 is expressed as follows:
Uxpmgr Uy, mQL
U Ccosy+ siny
\/1 - [uxélanL sin ¢ — uyﬁiﬁﬂ cos ]2

3.2. Leader Followers Formation Control

0,1 = sin ! (54)

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

Sxi=X+T / Xj (55)

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

Sx; = F(x)) + G(xj)vj + tx; (56)

For formation control, the desired longitudinal and lateral velocities of the followers
UAV are calculated as follows:

vjeg = G(xj) = F(xj) — Tx;] (57)

Ujsw = _771|5Xj|0'55gn(5)(j) - szsgn(SXj) (58)

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

3.3. Followers UAV Control Formulation

In this section, we briefly explain the trajectory control of followers UAV.As mentioned
above, the reference position trajectories are generated using Equation (18), and governed
by the formation controller of Equations (57) and (58). Thus, by defining the attitude,
altitude and position errors for the followers UAYV, the rest of the analysis used for the
derivation of the subject controllers is the same as leader UAV. For simplicity, here the final
control laws are included: let the attitude sliding manifolds are defined as follows:

Sg; = kajeg; + kajéy,
59/, = k3j(39], + k4]'é9]. (59)
Sl,b]' = k5]‘€1pj + kéjélpj

where j = [F;, F] and F; and F, represent followerl and follower2 UAVs respectively.
Also kq j,kzj,k3j,k4j,k5j,k6]- represent the constants of sliding surfaces for followers UAV. The
respective errors are defined as follows: ey, = ¢;j — ¢yj; o, = 0j — 645 ey, = Pj — Pyj.
Similarly position and altitude sliding manifolds for followerl and 2 are given as follows:

SZj = k7jer + kgje'zj
SX]' = kngX]' + klo]'ej(j (60)
Syj = kuijeyj + kjey;
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where k7;,ksj,koj,k10i,k11j,k12; represent the constants of sliding surfaces for followers UAV.
The respective errors are defined as follows: ez, = Z; — Zy;; ex; = Xj — Xgji ey, = Y — Yy
Now following the same procedures, the attitude, altitude and position controllers for
followers UAV are formulated as follows:

1 [~k .
Upjeq = - ( sz — mjf; + ari; Q,]+¢d]> (61)
—ka; ka2
Ustw = ]‘S¢/|O5Sgn<s¢]) - W /sgn(5¢/) (62)
j
1 [ —ks; .
Uszjeq = b ( k4 “3]¢]¢]+“4]‘P] r]+9d]> (63)
—kg3; kaaj
Ui = 52180/ sgn(5y) = 322 | sn(Sy) (64
1 [ —ks; .
u4]eq b < k6] (15]47]9 +7~de) (65)
—ks; ka6
Usio = =59, "Isgn(Sy,) = 3 [ sgn(Sy,) (66)
j
mo; koi . ..
ulj = cos()jgés(p/- [g - (_Fgezj + de (67)
ka7: kas;
k|5, 1955gn(S7,) — 5 [ sgn(Sz,)
. k9' kdg 0j
Uy = (X Féexj _FO]"S 1\05sgn(S ) p ']/sgn(SX))
j j j
oo ko kang kaoj r
Uyj = (Yo = £ s = 715y v |%3sgn(Sy,) — ku]/ sgn(Sy,) (68)
Dxj = —C1j5x;
. (69)
Dyj = —02jSy,

The reference commands for 6;; and ¢,; are derived using the same procedures given
in Equations (48)—(54).

4. Results and Discussion

In this section, the proposed ASTSMC controller is tested numerically for the system
of multiple quad-rotors shown in Figure 2. The parameters of the leader and followers
UAVs are identical and given in Table 1. The control parameters of leader and follower
UAUVs are given in Tables 2 and 3. Since the UAVs are identical, leader and followers UAV
use the same control parameters.The parameters for formation control loops are chosen

1.5 0.1 0.05
as follows: Tr1 = Tpp = 15/, MF1 = M2 = 0.1 21 = M2p2 = 0.05| . For the
0.5 0.075 0.02

leader UAYV, the reference position and altitude commands are set as follows: X; = sint,
Y] = cost and Z; = t. Figure 3 shows the applied acceleration disturbance on X and Y
dynamics of the leader and followers UAV. it is assumed that same type of disturbance
acceleration is applied for all UAVs. Furthermore the disturbance acceleration has no
effect on the Z dynamics of UAV. Moreover, the following parametric uncertainties are
applied: ar, = 2.5011L;611j = 2.5a1]~;a2L = 2.5a2L;a2]- = 2.5&12]‘;LI3L = 2.5013L;613]‘ = 2.5613]‘,‘H4L =
2.5{14L,'El4]‘ = 2.5&4]','115L = 2-5‘15L;115j = 2-5a5j;b1L = 1.75b1L,'b1]' = 1.75b1]’,‘b2L = 1.75b2L,'b2]' =
1-75b2j/'b3L = 1.75b3L;b3j = 175b3]
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o |—Accelaration disturbance applied to X dynamics
(]
E2 f
=
(m]
0 L L L L | | |
0 10 20 30 40 50 60 70
R | Accelaration disturbance applied to Y dynamics‘
(2]
E 2 :
s,
o
0 | | | | 1 1 1
0 10 20 30 40 50 60 70
Time (s)
Figure 3. Applied acceleration type disturbance in X and Y dynamics.
Table 1. Leader-followers UAV parameters.
Symbol Value Unit
mQp = Mp1 = Mgy 0.65 kg
lL = 11:1 = l]:z 0.23 m
Jio =T =Jr2 6.5x 107> kg-m?
Li =L = L 7.5 %1073 Ns?rad~!
Ly = Iyr1 = Iy 7.5x 1073 Ns?rad !
Li=Lr = Lp 1.3 x 1072 Ns?rad !

Table 2. Leader UAV control parameters for attitude, altitude and position loops.

Parameter Value Parameter Value
k1 200 ko 1
ka1 70 kan 15
k3 200 ky 1
ks 50 ka4 10
ks 95 ke 1
kas 4.6 ki 0.5
k7 97 ks 1
ka7 300 kas 1.5
ko 60 k1o 1000
ka9 2.5 ka0 180
k11 60 k12 1000
kan 25 ka1 5
l1 15 e 25

Table 3. Follower UAVs control parameters for attitude, altitude and position loops.

Parameter Value Parameter Value
kyj 200 kaj 1
kaj 70 kaj 15
ksj 200 kyj 1
kasj 50 kasj 10
ks; 95 kej 1
kas; 4.6 ks 0.5
k7j 97 kg] 1
kazj 300 kas; 1.5
koj 60 k1o 1000
Kaoj 25 karoj 180
kllj 60 k12]' 1000
ka1 25 k12 5

2.5

C1j 1.5 o
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Figure 4 shows the trajectory tracking simulations of leader followers UAV in presence
of applied disturbance of Figure 3. From the presented results, it is concluded that in
presence of disturbances, ASTSMC controllers ensure robust behaviour, while the fixed
gain STSMC controllers exhibit steady state errors in the X and Y tracking responses of the
leader and followers UAVs.

60
NN |_c ader tracking with ASTSMC
— B B Leader reference
40 mm— Follower 1 tracking with ASTSMC
E m— Follower 1 reference
S W Follower 2 tracking with ASTSMC
N = Follower 2 reference
W Follower 2 tracking with STSMC
20 W Follower 1 tracking with STSMC
[ Leader tracking with STSMC

Y(m) X(m)

Figure 4. XYZ trajectory tracking comparison under wind disturbance.

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, followerl and follower2
UAUVs respectively. From the presented results, it is concluded that minimum deviations
are observed in the trajectory tracking for all UAVs with ASTSMC controllers, while with
fixed gain STSMC controllers all UAVs show significant drift from the reference trajectories
in XY plane. Figure 8 shows the combined trajectories of leader followers UAVs with
ASTSMC and fixed gain STSMC controllers in XY plane. From the presented results, it is
obvious that the proposed ASTSMC controllers ensure robust formation control between
the leader and followers UAVs, while with fixed gain STSMC controllers, all UAVs show
drift in their trajectories.

1.5 T \
= Reference

—ASTSMC ||
—S8TSMC

1.5 -1 -0.5 0 0.5 1 1.5
(m)

Figure 5. XY leader trajectory tracking comparison under wind disturbance.

leader
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N

—Reference
—ASTSMC i

—
T

—STSMC

(m)
1

follower
1
N
T

Y

(m)

X
foIIower1

Figure 6. XY follower1 trajectory tracking comparison under wind disturbance.

4.5 .

—Reference
4+ —ASTSMC i
—STSMC
— 3.5 ’ |
E
‘_N 3 [ -
L]
3
2 25¢- N
L
> 2L il
1.5+ N
1
-1 0 1 2 3 4 5 6
Xfollowerz(m)

Figure 7. XY follower?2 trajectory tracking comparison under wind disturbance.

5 : T : : : T H H T
_ Follower 2
Eo | ; |
>- : FO"OWBI' 1 : ;Re[erence fol.lower2
: : : ——ASTSMC follower2
: : : . |——STSMC follower2
/ﬁ\ : ! ;Leader mmm Reference leader
[’ ' : o —— ASTSMC leader
'& W 7 T '~ |~———STSMC leader
& - Reference follower1
/ i : : : . |—— ASTSMC follower1
; ; ; ; STSMC follower1 ‘
-5 : | : | : : | | :
-6 -4 -2 0 2 4 6

X(m)
Figure 8. XY Leader-followers trajectory tracking comparison under wind disturbance.

To compare the trajectory tracking performance of the leader followers UAV quanti-
tatively, the X and Y trajectories are individually plotted against time and the results are
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presented in Figures 9 and 10 for the leader UAV. From Figure 9, and at time ¢ = 45 s, the
exr, tracking error is 0.1 m with fixed gain STSMC controller while with ASTSMC controller,
the measured error ey, is 0.05. ASTSMC ensures lowest error due the adaptive disturbance
compensation term Dy and from the presented results of Figure 9, it is obvious that at time
t = 45 s, the adaptive term Dy adds appropriate compensation to cancel the disturbance
and it switches from 50 to —100. Similarly from Figure 10, ey; is measured 0.28 m and
0.05 m with fixed gain STSMC and ASTSMC controllers respectively. ASTSMC controller
offers lowest error due to the adaptive estimator term Dyj. From the presented results
of Figure 10, it is obvious that at time t = 45 s, the adaptive term Dy} adds appropriate
compensation to cancel the disturbance and it switches from 0 to —150. Similarly for
followers UAYV, the X and Y tracking responses are plotted against simulation time and
the results are shown in Figures 11-14. From the presented results and at time ¢t = 45 s,
the measured error signals with fixed gain STSMC controller are as follows: ex,, = 0.2m,
ey, = 0.3m, ex,, = 0.2m, ey, = 0.5 m, while with ASTSMC controllers , the errors are
measured as follows: ex,, = 0.1 m, ey,, = 0.1 m, ex,, = 0.05m, ey, = 0.05 m. From the
presented results of Figures 11-14, it is obvious that at time t = 45 s, the adaptive terms
Dx;,,Dy;,, Dx;,,Dy;, add appropriate compensation to cancel the disturbances.

E 2 ' /‘\ . ' [—— Reference —— ASTSMC —— STSMC]|
T|< 0 /\/\f N \/ \_/ \/ "/
-2 | | | | | | |
0 10 20 30 40 50 60 70
g T T e
oo e ] 3
o~ { | | | | | [—AsTsMC —sTsMc]| |
0 10 20 30 40 50 60 70
a 100 |—Iestimated disturlbancer’
S 0 R
-200
0 10 20 30 40 50 60 70

Time (s)

Figure 9. X,,4., tracking comparison under wind disturbance.

' ‘ ' ‘ ——Reference —— ASTSMC STSMC]|

E 1 [~ //“\7\1. ’I/\‘\‘ .‘/\\ r,/'\‘ /,r"\» ’/_,"\“ ‘_/'m‘\_
2o /NSNS NSNS NS /
> -1cC / ~ - L M ~ ™ I { I m

0 10 20 30 40 50 60 70

’g 0.2 [——AsTsMC stsmc| | / ‘ N
£ ol f
L4 0= I L T —~— /\\/\’4—/\/‘>

0 10 20 30 40 50 60 70
4 0 ‘7I i d distur‘bance}»
‘o 100+ ]

-200 L L L L L L L
10 20 30 40 50 60 70
Time (s)

Figure 10. Y}, ., tracking comparison under wind disturbance.
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Figures 15 and 16 show 6 and ¢ tracking responses for leader and follower UAVs
with both fixed gain STSMC and ASTSMC controllers respectively. From the presented
results and at time t = 45 s, it is evident that the proposed ASTSMC controllers generate
appropriate reference commands for both 6 and ¢ loops of leader and follower UAVs. To
have a better understanding of the above claim, Figure 17 shows the difference of the
generated reference 6 and ¢ commands with ASTSMC and fixed gain STSMC controllers.
From the presented results , it is obvious that at time t = 45 s, the proposed ASTSMC
controllers generate appropriate reference commands for both 6 and ¢ loops of leader and

follower UAVs.
‘é‘ 0 ' [— Reference —ASTSMC — STSMC| |
= 27\ <~ 4 ) ]
0 10 20 30 40 50 60 70
= 04 ' 8m To.0om| [—asTsmc —sTsmc]
E oo
><|_|_ 0 I R e S F— |
QO -0.2 & | | | | | | | =
0 10 20 30 40 50 60 70
1500 | . = ——
- |— d dlsturbance|
box
a 0 V |
.500 H | | | | | | | =
0 10 20 30 40 50 60 70
Time (s)
Figure 11. X tracking comparison under wind disturbance.
‘é‘ 0 ' ' ' ' \—'Reference ——AsTsMC SITSMCF
-~ -2 ' ; -~ ~ il
S P //\I//\//I\/ \/. \/ \/« ' W
0 10 20 30 40 50 60 70
’é“ 0.2 i [—ASTSMC ——STSMC] ' Tossm[e————"— ]
S~ - o- M‘*—_;—«
QJ>- -0.2 |— | | | | | | |
0 10 20 30 40 50 60 70
- 200 I I I I I ‘—;stimated disturlbanceF
w
> ol i
'200 [ 1 1 1 1 1 1 1 |
0 10 20 30 40 50 60 70

Time (s)

Figure 12. Yr; tracking comparison under wind disturbance.
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E 4 T T ]
o 2 ’
o 0 | | | i |[—Reference —ASTSMC ——STSMC
0 10 20 30 40 50 60 70
£ 0° “‘I‘—\—w ' |—ASTSMC —sTsMC]
= ofle—— ~-
x
¢ .05 | ‘ | .
0 10 20 30 40
1000 .
X 0 b“ e ]
0 10 20 30 40 50 60 70

Time (s)

Figure 13. X, tracking comparison under wind disturbance.

— 4r T T T T T
E, IS
>';'- 0- | i i | — Reference ——ASTSMC —STSMC\ =
0 10 20 30 40 50 60 70
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T 205 Vg 0.18m /
CI’>-- '1 | ‘ ‘ | |—ASTSMC —STSMC|
0 10 20 30 40 50 60 70
~ 600 I I ‘—t‘astimated disturlbance‘_
o 200 1
0 10 20 30 40 50 60 70
Time (s)

Figure 14. Yr, tracking comparison under wind disturbance.
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©
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Figure 15. 0 tracking comparison under wind disturbance.
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Brng(ASTSMC) bp,(ASTSMC) (e (STSMC)
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Figure 16. ¢ tracking comparison under wind disturbance.

Figures 18 and 19 show Z and i loops tracking responses for leader and follower
UAVs. Since no disturbances are applied on both these loops, the tracking responses under
fixed gain STSMC and ASTSMC controllers are comparable. Finally, Figure 20 shows the
robustness of the formation controllers for tracking the respective reference commands
i.e., the distance between the leader and the followers in X , Y plane. From the presented
results it is obvious that apart from the transient error, the formation controllers accurately
maintain the desired distance between the leader- followerl and leader-follower2 UAVs.

[0, (ASTSMC)-0_(STSMC)] ‘ 1

0.5

[, (ASTSMC)-g, (STSMC)] ‘

s= oo
-0 =N

L
[

S
(3]

20 40 60

(radian) s (radian)
o

(radian)e‘9 (radian) e, (radian)

1 [rbH(ASTSMC)-o‘)HtSTSMCJ]‘ 0.3 [0, (ASTSMC) 0F1(STSMC)]| ﬂ
o mmwwwwi
1 ‘ ‘ ‘ r-011" | !
_ 0 20 40 60 0 20 40
c o
-_g 1 |—[¢F2(A5TSMG)-¢F2(STSMC)]‘ 0.5 [, (ASTSMC)- oF,(STSMC)1|
g o 0
& < -0.5
o 0 20 40 60 o 20 40
Time (s) Time (s)

Figure 17. Difference between desired 6, ¢ with ASTSMC and STSMC controllers.
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Figure 18. z tracking.
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Figure 20. Formation controller tracking.

Figure 21 shows the simulation results of the control inputs using the proposed control
schemes. Since the attitude loops are not adaptive and gains are fixed so the control signals
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chatters, however the control inputs are feasible for practical implementations and well
bounded. Moreover, the virtual XY control outputs of the proposed control schemes offer
vert low chattering (Figures 15 and 16) In future work, gains of the proposed control
schemes will be tuned online to overcome the chattering phenomena.

10 | |
=R 7
) | | | | | |
0 10 20 30 40 50 60 70

Time (s)

Figure 21. Control inputs using proposed control scheme.

5. Conclusions

This paper proposes adaptive super twisting sliding mode trajectory and formation
controllers for multiple UAVs flying the leader follower configuration. 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 proposed ASTSMC
and fixed gain STSMC controllers. The robust performance of the proposed control is
verified from the following measured errors of the leader and follower UAVs. For leader
UAV, ex; = 0.05 m, ey, = 0.05 m with ASTSMC control while with the fixed gain STSMC
controller, the measured errors are as follows: ex; = 0.1 m, ey; = 0.25 m. Similarly for
follower UAV,ex,, = 0.09 m, ey,, = 0.05 m, ex;, = 0.09 m, ey,, = 0.04 m, with ASTSMC
control while with the fixed gain STSMC controller, the measured errors are as follows:
exp = 0.18 m, ey, = 0.25m, ex,, = 0.2 m, ey,; = 0.14 m. Moreover, the settling time of
XY states after the occurrence of disturbances is faster as compared to fixed gain STSMC
control methods. From the quantitative comparison here; it is concluded that the proposed
ASTSMC controllers show enhanced robust behaviour to the acceleration type disturbances
and parametric uncertainties of the system.
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Nomenclature

Jri Rotor inertia of it quad-rotor [kg~m2]

g Acceleration due to gravity [m/s]

Dy; Uncertainty in X dynamics of i’ quad-rotor [m/s?]

Dy; Uncertainty in Y dynamics of i quad-rotor [m/s?]

Oy Overall speed of the propellers of i quad-rotor [rad/s]
Ly Iy I;  Moments of i quad-rotor inertia in X, Y and Z coordinates [kg-m?]
ma; Mass of it" quad-rotor [kg]

My, Roll moment of 7" quad-rotor [Nm]

My, Pitch moment of 7" quad-rotor [Nm ]

My, Yaw moment of i" quad-rotor [Nm ]

0; Pitch angle of ith quad-rotor [rad]

¥ Roll angle of i"* quad-rotor [rad]

P; Yaw angle of i quad-rotor [rad]

X;,Y;, Z; Position of it" quad-rotor in earth coordinates [m]
X;,Y;,Z; Velocity of i quad-rotor in earth coordinates [m/s]
X, Y, 2

/;  Accelerations of i quad-rotor in earth coordinates [m/s?]
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