Adaptive Super Twisting Sliding Mode Formation Control of

Multiple Quad-rotors with Wind Disturbances

Author

Yasir Mehmood

Registration Number
318899

Supervisor

Dr. Jawad Aslam

DEPARTMENT
SCHOOL OF MECHANICAL & MANUFACTURING ENGINEERING
NATIONAL UNIVERSITY OF SCIENCES AND TECHNOLOGY
ISLAMABAD
APRIL, 2021



Adaptive Super Twisting Sliding Mode Formation Control of Multiple
Quad-rotors with Wind Disturbances
Author
Yasir Mehmood

Regn Number
318899

A thesis submitted in partial fulfillment of the requirements for the degree of

MS Mechanical Engineering

Thesis Supervisor:

Dr. Jawad Aslam

Thesis Supervisor’s Signature:

DEPARTMENT
SCHOOL OF MECHANICAL & MANUFACTURING ENGINEERING
NATIONAL UNIVERSITY OF SCIENCES AND TECHNOLOGY,
ISLAMABAD
APRIL, 2021



Declaration

| certify that this research work titled “Adaptive Super Twisting Sliding Mode Formation
Control of Multiple Quad-rotors with Wind Disturbances” is my own work. The work has not
been presented elsewhere for assessment. The material that has been used from other sources it

has been properly acknowledged / referred.

Signature of Student

2021-NUST-MS-Mech-318899



Plagiarism Certificate (Turnitin Report)

This thesis has been checked for Plagiarism. Turnitin report endorsed by Supervisor is
attached.

Signature of Student

Registration Number: 318899

Signature of Supervisor



Copyright Statement

Copyright in text of this thesis rests with the student author. Copies (by any process) either
in full, or of extracts, may be made only in accordance with instructions given by the author
and lodged in the Library of NUST School of Mechanical & Manufacturing Engineering
(SMME). Details may be obtained by the Librarian. This page must form part of any such
copies made. Further copies (by any process) may not be made without the permission (in
writing) of the author.

The ownership of any intellectual property rights which may be described in this thesis is
vested in NUST School of Mechanical & Manufacturing Engineering, subject to any prior
agreement to the contrary, and may not be made available for use by third parties without
the written permission of the SMME, which will prescribe the terms and conditions of any
such agreement.

Further information on the conditions under which disclosures and exploitation may take
place is available from the Library of NUST School of Mechanical & Manufacturing

Engineering, Islamabad.



Acknowledgements

| am thankful to my Creator Allah Subhana-Watala to have guided me throughout this work
at every step and for every new thought which You setup in my mind to improve it. Indeed, | could
have done nothing without Your priceless help and guidance. Whosoever helped me throughout
the course of my thesis, whether my parents or any other individual was Your will, so indeed none

be worthy of praise but You.

I am profusely thankful to my beloved parents who raised me when | was not capable of

walking and continued to support me throughout in every department of my life.

I would also like to express special thanks to my supervisor Dr. Jawad Aslam for his help
throughout my thesis and also for Advanced Control Systems and Advanced Modeling and
Simulations courses which he has taught me. I can safely say that | haven't learned any other
engineering subject in such depth than the ones which he has taught.

I would also like to pay special thanks to Dr. Nasim Ullah for his tremendous support and
cooperation. Each time | got stuck in something, he came up with the solution. Without his help 1
wouldn’t have been able to complete my thesis. | appreciate his patience and guidance throughout
the whole thesis.

I would also like to thank Dr. Rehan Zahid, Dr. Riaz Ahmad Mufti and Dr. Emad Uddin
for being on my thesis guidance and evaluation committee and express my special thanks to Dr.
Mian Ashfaq Ali for his help. I am also thankful to Mr. Fazal Badshah for their support and

cooperation.

Finally, I would like to express my gratitude to all the individuals who have rendered

valuable assistance to my study.



Dedicated to my exceptional parents and adored siblings whose
tremendous support and cooperation led me to this wonderful

accomplishment.



Abstract

In recent times, multiple unmanned aerial vehicles (UAVs) grouped as leader follower
configuration have found numerous applications in various areas such as surveillance, industrial
automation and disaster management. The accuracy and reliability for performing such crucial
tasks in a group 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. Environmental effects, disturbances due to wind and parametric
uncertainties make the controller design process as a challenging task. This article proposes a
robust adaptive formation and trajectory tacking control of multiple quad-rotor UAVSs using super
twisting sliding mode control method. In the proposed design, Lyapunov function based adaptive
disturbance estimators are used to compensate the effects of the disturbances due to wind 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 ASTSMC scheme exhibits

enhanced robustness as compared to the fixed gain STSMC.

Key Words: Quad-rotor control, adaptive robust control, super twisting sliding mode control,

formation control
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CHAPTER 1: INTRODUCTION

The research work in this dissertation has been presented in four parts. First part is related
to system description and mathematical modeling. The objective of this part is the modelling of a
single quad-copter and translational 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.

1.1 Background, Scope and Motivation

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 interest in the formation control
of quad-rotors has attracted a lot of attention. This trend is due to its potential applications in
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 anticipated usefulness [2]. Multiple quad-copters
increases the capacity for equipping sensors, provides larger payload capacity as compared to
single quad-copter [3-7]. However, controlling the formation of multiple quad-rotors in the
presence of uncertainties is a challenging task. Moreover, the derivation of formation dynamic
model for multiple UAVs in presence of external perturbations has also become an important 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 3 quad-copters. Since a quad-copter is a complex system with under-actuated
multi variable non-linear model hence its formation control problem is more difficult to control.
In order 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 UAVSs. 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 for 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-copters is achieved by the design of priori-
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-copters 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-copters 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 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 [33]. In [34], 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 UAVs.

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 [35]. Robust controllers are designed both in frequency and
time domains. A widely utilized frequency domain robust controller is the H,,method and it was
first reported in [35]. Later on, several variants of H,, control were reported in the literature such
as loop shaping in [36], optimal H, control using Riccati equations [37] and Linear Matrix
Inequalities (LMIs) based design in [38]. 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 utilized methods and it find numerous applications in all areas of science and
technology [39]. Classical SMC has several disadvantages such as high frequency chattering and
asymptotic convergence property. These shortcomings are addressed by introducing new variants
of SMC such as global sliding mode [40], LMI based SMC [41], Higher order SMC [42-43],
Lyapunov based adaptive SMC and Non-singular terminal SMC in [44]. A widely and important
criteria to ensure the stability of the SMC controllers is the Lyapunov theorem [45]. The proposed
theorems ensure global stability of the nonlinear systems and control using the condition that the

disturbances are bounded.

1.2  Aim of the thesis

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 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 controlled using super twisting sliding mode
control methods. Following specific contributions are highlighted:

1. In presence of external disturbances, robust formation and trajectory tracking of multiple

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.



1.3 Nomenclature

dy; Uncertainty in X dynamics of i*" quad-rotor [m/sec?]

X, Y., Z Accelerations of i"" quad-rotor in earth coordinates [m/sec?]
X, Y, Z; Velocity of it quad-rotor in earth coordinates [m/sec]

Qi Overall speed of the propellers of ith quad-rotor [rad=sec]
@; Roll angle of i" quad-rotor [rad]

W, Yaw angle of it quad-rotor [rad]

9; Pitch angle of i quad-rotor [rad]

dy; Uncertainty in ¥ dynamics of in quad-rotor [m=sec?]

g Acceleration due to gravity [m=sec?]

Ixir Iyiy Iy Moments of i"" quad-rotor inertia in X, Y and Z coordinates [Kg-m?]

Jri Rotor inertia of i" quad-rotor [Kg-m?]

M Roll moment of i quad-rotor [ N-m]

Mp; Pitch moment of i quad-rotor [N-m]

mg; Mass of i'" quad-rotor [Kg]

Xi, Yi, Zi Position of i*" quad-rotor in earth coordinates [m]



CHAPTER 2: SYSTEM DESCRIPTION AND MATHEMATICAL
MODELLING

2.1 Quadcopter Dynamics Model

Zs

Figure 1: Quad-rotor in inertial reference frame

Fig. 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: (Xg Yg Zg). To derive
the model, the following assumptions are made.
Assumption 1: It is assumed that the UAVs are represented by a symmetrical rigid body
configuration 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.

Based on the above assumptions, the dynamic model of the multiple UAV quad-rotors is
formulated as 6 degree of freedom equations. The dynamic equations expressing the linear and

angular dynamics of the quad-rotors are given as follows:

N U.:
X, = (siny; sin ¢; + cos ; sin 0; cos ¢;) mu — Dy; 1)

Qi



N U.:
Y, = (— cos ys; sin ¢p; + sin Y; sin B; cos ¢;) m—ll — Dy; (2

Qi
Z, = g — (cos 8; cos ¢; ) — Dy; (3)
mp;
. L, N | l;
¢, = > qul ﬂ Qri + _IUZL' - D¢i 4)
Ixi xl Ixi
L J ’
6, = 2", — - By + 7= Us; = D, (5)
y yl yi
. Ly l
qJL I (I)l ] i - DljJi (6)
zi L

Equations. 1-6 formulates the mathematical model of multiple quad-rotors UAV. From Eq.
1-6, Dxi and Dy; represent the uncertainty in X and Y acceleration channels, while i is an index
representing [L, j] and j = [F1, F2]. The subscript L represents the leader UAV, while F1 and F2
show follower 1 and 2 UAVs respectively.

2.2 Formation Error Dynamics Model

Y, XL
Y Leader
YF2 ——————————————————————————————
" Vxez
d Follower2
YF2
> X
X1 Xez ).

Figure 2: Leader-Follower Configuration
Figure 2 shows multiple UAV quad-rotors in leader follower configuration. Referring to

Fig. 2, the transnational dynamics of the UAVSs are expressed as follows:



X, = Vy; cos() — Vy; sin(y;) (7
Y, = Vy; sin(Y) + Vy; cos(;) (8)
Y, = wy, ©)
Where Vxiand Vyi represents the velocities in X and Y directions of the inertial frame. As
shown in Fig. 2, let the follower UAVs maintain dx; and dy; distances in X and Y planes

respectively with respect to the leader UAV, so dx; and dy; are expressed as follows:
dxj = _(XL - Xj) cos() — (YL - Y]) sin(y;) (10)
dy; = (X, — X;) sin(y) — (¥, — ¥;) cos(Y,) (11)
Where dy; = d;cos($),dy; = d;sin(d) and X; = [Xpy, Xg], the error in g dynamics
as defined as follows: e, = y; — .. By taking the first derivatives of Eqgs. 10-11 with respect to
time and combining the resultant expressions with Eqgs.7-8 yields the following expressions:
d;(j = dy;jw;, + Vy; cos(ew) — Vyj sin(elp) - Vx (12)
d;,j = —dyjw;, + Vyjsiney + Vyjcosey — Vy, (13)
Where Vy;, Vy;, Vxi, and Vy;, represent the longitudinal and lateral velocities of the
follower 1, follower 2 and leader UAVSs respectively. By defining errors in the longitudinal and
lateral dynamics of Eq. 12-13, the error state equation is represented as follows:
X=F0)+G6Gv (14)
EqQ. 14 are explained as follows:

VX]
= eY} P X = ey] P V= Vy] (15)
Also, the terms G(x) and F(y) are expressed as follows:
eyj(DL + VXL - (A)Ld}czi]
FOO = |—exjo, + Vy, + w dy; (16)
€y
—cey Sey O
G(X) = [—sew —Céy, 0] (17)
0 0 1

In Eq. 17, ey, is already defined, while c represents cos while s is a sin function. Also
form Eq. 15, we define: ey; = dy;? — dx; and ey; = dy;* — dy;. Where dy; and dy;*

represent the desired commands. Finally, the desired reference trajectories for follower UAVs



are expressed as follows:

Xaj = X, — dyjcos(Y) — dy; sin(P)

Yqj =Y, +dy;sin(y,) + dyjcos(,) (18)



CHAPTER 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 follower 1 and follower 2 UAVSs. 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: It is assumed that the following condition is true for the uncertainty terms:

[1Dxil] < s [IDyil] < Agii [1D21]] < Asis ||Dg]| < Bai 5| 1Dy | < Bsi 3| IDy]| < A

Where A;;, Ay, Asi, Ay, As;, Ag; represent 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.

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 ¢4y, 041, War, then the desired sliding
manifold is chosen as follows:
Se, = kieg, + kaey, (19)
Where S, represents the sliding surface for ¢, loop, k4, k, are the design constants and
the ¢, loop error dynamics are expressed as follows i.e., ey, = ¢, — bgr, €4, = ¢, — bgr. By

taking the first time derivative of Eq. 19, the following expression is obtained:

Sp, = kiey, + kaep, (20)
Eqg. 4 and Eq. 20 are combined and expressed as follows:
Sr.i)L = k1e(i>L + k, [a1L9L1|jL - QZLGLQrL + b1 Uy, — Dy, — (I).c.iL] (21)
In Eq. 21, the coefficients are defined as follows, i.e., a;;, = Iyi_IZL, a, = fLL by =
xL xL

L.

1
xL

then the equivalent control law for ¢, loop is derived as follows:

10



1 /—k; . .. . .
Uzeq = 7— <_1 €p, — a8y +az0,.Qp + q)dL) (22)

blL kZ
Using super twisting algorithm, the switching control law is derived as follows:
kdl Kaz
Uston = 2|5y, “sgn(50,) 52 [ sgn (54,) @)

Referring to Eq. 22 and 23, the total control action is the sum of equivalent and switching

control parts i.e., Uy, = Uppeq + Uzpsw. Similar procedure is adopted to derive the pitch and yaw
controllers. The sliding surfaces for 6,, and s, loops are defined as follows i.e., Sg, = kseq, +

kseg, and Sy, = ksey, + keey,, then the 6, and Y, loops controllers are formulated as follows:

Usreq = b_; (_k_lzg eq, — a3L¢L.qu + ay $rQ + 92&) (24)
UsLsw = kd3 |SeL| sgn(SeL) — : sgn (Se,) (25)
Uspeq = by <_k_l:5 ey, — a5L¢L.6.L + qJ.élL) (26)
Usrsw = kds |S¢L| sgn(Sq,L —'Z—:f sgn (Sq,L) (27)

From Eqgs. 19-27, constant parameters kq, ko, k3, ka4, ks, ke, ka1, Kaz, Kaz, Kgar Kas, Kae
represent controllers and sliding surface gains. The coefficients are defined as follows: as;, =

l I —1 l
, Qg =%, by, =, as, = =2 and bz, = —=. Moreover Sq, and S,,, represent the
Iyr Iy IpL IxL

Tz1—=IxL a JrL

Iy
sliding surfaces for 6, and s, loops. The corresponding error dynamics for 6, and s, loops are
expressed as follows i.e., eg, = 0, — 0,4, €5, = 6, — Oq1, €y, = Vi — War, €, = Y — Yar.
Theorem 1: Consider the nonlinear system presented in Eq. 4-6, satisfying assumptions 1-3, then
under the proposed controllers of Eq. 22-23, 24-25, states of the attitude dynamics will converge
to the origin in finite time [32].

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. Eq. 23 is modified as follows: Uj;q,, =

kd1

|S¢L|0'Ssgn(5¢L) + vy,,; Where the term vy, is calculated from the following expression:

VL = bizsgn(sm). By combining the above terms with Eq. 21-22, Sy, is expressed as follows:
1L

11



R
Sp, = = |5¢>L| 59"(5¢L) + Vg — Dyr

k
VoL = —ﬁsgn(&m)

(28)

Let the Lyapunov function for $\phi$ loop dynamics is chosen as follows: Vg, =

2
21,|Sp, | + 0502, + 0.5 (1S, |**sgn(Sy,) — ver) . Where ©, = o4 and, = 12 A new

1L

state vector is defined as follows: nj, = [|S¢L|O'Ssgn(S¢L) V¢L]- Define matrix Py, =

[4‘[2 + 72

. —2T1] and then the Lyapunov function is expressed as follows: Vg, = T]£>LPT]¢L- The
-t

time derivative of the Lyapunov function along (28) yields the following relation [32]:

V(in = |S$5| qu)LQT]q)L + A4Lq¢Ln¢L (29)

Where the new matrices are represented as follows: Qg4 = 2 <2T2 : H _1T 1) and
—l

QoL = (212 + %rf — %rl). Applying the uncertainty bounds mentioned in Assumption 4,

expression (29) is simplified as follows [32]:

V<;>L = 7I¢L Q¢LT]¢L (30)

z|5;;5|

21, + 15 — (% + Tl) Ay —Tq + 24,
1

Where matrix Qg = <
1y 4 204, 1

). Eq. 30 is negative

definite only if @, > 0. If the gains satisfy the following criteria t; > 24,,, T, > T4 SAaTat40s,
2(Ty—204) '
then @ > 0 and V,, < 0.

Remark 1: The proof of finite time convergence property can be derived by using the procedures
adopted in [32].

Altitude and position Control:

This section formulates the altitude and position control system for the leader UAV
expressed in Egs. 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;,, the sliding manifold

is written as follows:
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SZL = k7eZL + kge.ZL (31)
In Eq. 31, k, and kg represent the design constant. The error dynamics are defined as
follows: i.e., ez, =Z, — Zy,, e7, = Z, — ZL'dL. Taking the first-time derivative of Eq.32 yields

the following expression:

Sz, = ksez, + kgez, (32)
Eq. 32 and Eq. 3 are combined and expressed as follows:
. . Uiy -
SZL = k7ezL + kg Ig —cos 0, cosp,——— Dy, — ZdLl (33)
mQL
Using super twisting sliding mode theory, the altitude controller is derived as follows:
k, . kg
s, = =2, + T = 22|52 sqn(s,) = 22 [ sgn(s2,)
moy k; . . kd7
o e b (i A )42 )

(34)

Here U, = Z), =

proof is derived based on the same concepts presented for $\phi$ loop. The robust terms of Eq. 34

. - 0.5 .
are modified as follows: Uy, = % 1Sz,| " sgn(Sz,) + vz,; where the term vy, is calculated

from the following expression: v;, = — %sgn(sh). By combining the above terms with Eq. 33
8

and robust term of 34, S, is expressed as follows:

. k
Sz = |SZL| "sgn(Sz,) + vz, — Dy
35
_ kas %)
vz, = —k—SSQ"(SZL)

Let the Lyapunov function for $Z$ loop is chosen as follows: V;, = 2Ts|SzL| + 0.5v§L +

2
0.5 (r7|SZL|0'55gn(SZL) — VZL) .Where t, = % and g = % . A new state vector is defined as
8

8

[4‘(8 +1¢ -1,

follows: n%, = [|SZL|O'Ssgn(SZL) sz]. Define matrix P,, = 5 ]and then the

Lyapunov function is expressed as follows: V;, = n%,Pz;nz;.. The time derivative of the Lyapunov
function along (35) yields the following relation [32]:
V.ZL =N2.QziNz1 + D31.q7MzL (36)

13



213+ 12 -1y
_T7 1

Where the new matrices are represented as follows: @, =%7(

) and q%, =
(218 + %T% — %17). Applying the uncertainty bounds given in Assumption 4, expression (36) is

simplified as follows [32]:

. T o~

VoL = =75 2eQziNze (37)
2|s;

21 + T2 — (4% + T7) Ay, —T, + 244,

Where matrix Q,; =<
_T7 + 2A3L 1

).Eq. 37 is negative

5A3LT7 +4-A§L

definite only if Q4 > 0. If the gains satisfy the following criteria t, > 2A5;, 13 > T, 28
7" 3L

then @z, > 0and V;, < 0.

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

U
Uy, = (siny sin ¢, + cos Y sin 6, cos cl)L)m—lL
QL

U
Uy, = (—cos i, sin ¢ + sin s, sin 6, cos cl)L)m—lL

QL

With these expressions, Eq 1 and 2 are re-written for leader UAV in the following form:
XL = Uy, — Dy, (38)
YL = Uy, — Dy, (39)

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

Sx, = koey, + kqpex
In EQ. 40 ko, k19, k11, k1, are the design constants and the error dynamics are expressed
as follows: ex, = X, — Xq1, ex, = X, — Xap, ey, =Y, — Yy, ey, =Y, — Yy, By taking the first
time derivative of Eqg. 40, and combining it with Eg. 38 and 39 one acquires the following
expressions:
S%L = koey, + klO[UXL — Dy, — X'(:i'L] (41)
SYL = k11e{rL + klZ[UYL — Dy, — YdL]

From Eq. 41, the virtual controllers Uy, and Uy, are expressed as follows:

14



. k k
Uy, = (XdL - k—lgoe,} & |5xL| sgn(SXL) — dlloo f Sgn(SxL)>

v kyp kd11 kaiz (42
Uy, = (YdL - k_lzeYL |5YL| Sgn(SYL Ky Sgn(SYL))

The stability proof is derived based on the same concepts presented for Z loop. The robust
terms of Eq. 42 are modified as follows: Uy, = % |SXL|0'Ssgn(SXL) + vy, ; where the term

d10

vy, Is calculated from the following expression: vy, = — Sgn(SXL) and Uypew =

L

- 0.5 . . .
% Sy, | “sgn(Sy,) + vy,; where the term vy, is calculated from the following expression:

vy, = —%sgn(sn). By combining the above terms with Eq. 41 and 42, Sy, and Sy, are
12

L

expressed as follows:

. —k .
Sk, = —7— |5XL| “sgn(Sx,) + vx, — Du
k
v).(L = kdlo Sgn(SXL)
10 (43)
SyLL = dll |SYL| Sgn(SYL) + vy, — Dy,
k
vy, = kdllz sgn(Sy,)

Let the Lyapunov function for X loop dynamics is chosen as follows: Vy, = 2110|5XL| +

2
0.5v%, + 0.5 (r9|SXL|O'Ssgn(SXL) — vXL) , Whereas for Y loop dynamics is the Lyapunov
. . . . 2 0.5 2
function is given as follows: Vy, = 214,|Sy,| + 0.5v¢, + 0.5 (T11|SYL| sgn(Sy,) — ”YL) .

_kao k _k _k
Where 19 = =2, 1,0 = 22, 1,; = -2 1,, = -22 The following new state vectors are defined :
9= k1 10 k1o 11 = iy 12 = k1o

nk, = [|SXL|O' sgn(Sx,) vXL]; Ny, = [|SyL|O' sgn(Sy,) vyL]. Define new matrices as follows:

AT10+ T3 —To. _[4t + 18—

P, and then the Lyapunov functions are
—1, 2 ] YL 1y, 2 yap

Py, =

eXpI‘ESSGd as fOIIOWS VXL = z1n§LPXLnXL + D};LDXL; VYL = ZZn;LPYLT]YL + D}’I;LDYL. The tlme

derivative of the Lyapunov functions along (43) yields the following relation [32]:
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—$iToomT | E ML Qxulxs + $1DxrqxuMxs + DxoDxs
(44)

= —(==7 7YYLQ)/L’IYL + (ZDYLqYLnYL + DYLDYL

ISSSI

. _ (2T + T8 —To). _ ot (2T + T —T11) T _
Where: Qx, = ( 1, 1 >, Qv = ( 1y 1 and gy, = (2T10 +

%r% — %19) ;qr, = (2”[12 + %ril — %rn). From Eq. 44, since Dy, and Dy, are scalar quantities
so DI, = Dy, and DI, = Dy, then adaptive laws are derived as follows:

D;(L = —01qxMxL
Dy, = —G2qy.My1
Applying the uncertainty bounds given in Assumption 4 and by combining Eq. 44 with

(45)

Eq.45, the simplified expressions of (44) are given as follows:[32]:

. Tg —
[VXL = —TTIJT(LQXLT]XL]
ZISXL
. (46)
Vy, = T]YLQYLT]YL
2|53L5

Here the matrices are defined as follows:

4t
2t + T2 — ( LU rg) EA;, —To + 2EAy;

Q;L=

To
_Tg + 2EA1L 1
and
) 414,
— 2T12 + Tll - <_ + T11> EAZL _Tll + ZEAZL
Qv = T11

—Ty4 + 2EA,; 1

The expressions Vy; and Vy, are negative definite only if 0y, > 0 and Qy, > 0. If the gains satisfy

5EA1LT9+4EA1L

the following criteria T > 2EAy;, Ti0 > To o—2EA)
9™ 1L

T11 > 2EA,, T2 >

5EA2LT11+4EA%L
1 2(ty,-2EA,)

DXL’ EAZL -

, then Qx;, > 0; Qy, >0 and Vy, <0; Vy, <0. Here the terms EA;; =

Dy, represent estimation error of the adaptive loops.

XLestimated DYLestlmated

Remark 1: Discontinuous projection operator is used to implement the adaptive laws Dy, Dy;.

The projection operator is defined as follows:
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0 if Dy =Dxy)ime: 3 *>0
projD(X,Y)L(*) =10 lf D(X,y)L = D(X'Y)Lmin ; *< 0 (47)
* otherwise

In Eq. 45, {; and , represent the adaptation gains. To generate reference trajectories for

04, and ¢, the virtual controllers Uy, and Uy, are expressed as follows:

Uxym
%QL: cos Y sin0; cos d; + sin P, sin Y, (48)
1L
Uyym
YlL] L — sin Y, sin 6, cos b, — cos Y, sin ¢, (49)
1L

Multiplying Eg-48 by siny and Eq.49 by cosy and the deference of the resultant
equations yields the following expression:
Uy m Uy,m
O Gin g — 2L o Y =sindy; (50)
U1L 1L
Eq. 50 is simplified to get the reference command for ¢ loop of the leader UAV as follows:

Uyrmgy

cos L|J] (51)

Uxrmgr
$g, = sin~? [—Q siny —
UL 1L

Multiplying Eg-48 by cosy and Eq.49 by siny and the summation of the resultant
equations yields the following expression:

UxLmgy,

Uyrmgr . .
cos Y + ———siny = sin B, cos by, (52)
UL UL

Squaring Eq. 50 on both hand sides and equating sin? ¢4, = 1 — cos? ¢4, the expression

is written in terms of cos ¢,; and given as follows:

Uyym Uyym 2
cosq)dL:\/l—[ XLL] QLSinLIJ— YlL] QLcosq;] (53)

1L 1L

Now form Egs. 51 and 52, reference command for 64 is expressed as follows:

Uxrmgr UyrmqL .
AL cos | + —Lsin s
UL UL

2
UXLm L . UYLm L
\/1—[—Q SlIlLIJ——U g COSLIJ]
1L

Uir

0,4, = sin~! (54)

3.2 LEADER FOLLOWER 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
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following sliding surface is defined for formation controller:
ij=xj+rij (55)
Where Tt represents gain matrix of the sliding surface. By taking time derivative of Eq. 55
and combining it with Eq. 14, one obtains the following expression:
Sy = FO0) + G + (56)
For formation control, the desired longitudinal and lateral velocities of the follower UAVs

are calculated as follows:
Vjeq = GO H=F)) — ™l (57)

vl = =[Syl "“sgn(Sy) =z [ son(s,) 58)

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

3.3 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 Eq. 18, and governed by the
formation controller of Eq. 57. 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 leader UAV. For simplicity, here the final control laws are included: let the attitude sliding
manifolds are defined as follows:

Spj = kijeq; +kaj €g,
Sej = ksjeq; + kaj e, (59)
Syj = ksjey; + kej ey,

Where j = [Fy, F,] and F; and F, represent follower 1 and follower 2 UAVs respectively.

Also kyj, kyj, ks, kaj, ksj, kej represent the constants of sliding surfaces for follower UAVS.
The respective errors are defined as follows: ep; = §j — daji €o; = 6 — Og;; ey, = W — y;.

Similarly position and altitude sliding manifolds for follower 1 and 2 are given as follows:

SZj = k7jezj + ksje.zj
Sxj = kojexj + kigjex; (60)
Syj = klljeYj + k12je}"}

Where k;;, kgj, koj, k10, k11, k12; represent the constants of sliding surfaces for follower

UAVs. The respective errors are defined as follows: ez, = Zj — Zgji ex; = X; — Xqji ey, = Yj —

18



Yy;. Now following the same procedures, the attitude, altitude and position controllers for follower

UAVs are formulated as follows:

1 [—ky;
Uzjeq = e¢ a,;9, L|J]+a2]9 Qr]+c|)d] (61)
b kyj ™
_kd 1
Uzjsw = |S¢J| sgn (Sq,j) — —f sgn (Sq,J) (62)
1 (ks
U3jeq 3 eG a3]¢]¢j + a4]¢jQT] + edj (63)
b kyj )
kas
Usjon = 22 |59 | s (s6,) f sgn (So)) (64)
—ks;
U4jeq ell;, a5]q)je +¢d] (65)
b k6]
ko
kqs de
Ugjsw = 5] |SqJ | sgn (Sq,]) by, = sgn (Sq, ) (66)
_ Mo k7] d7j
15 = s 6, cos q>jl < k8 24— |SZ | sgn (SZJ)
" (67)
_ a8
ke, jsgn (Szj)ﬂ
. kgj . kdgj klej
Uxj = (Xd] - Fro; ex, — Fro; |SXJ| sgn (S ]) o) fsgn (SX]-) )
. k11j kdll] kd121'
Uy = (Hiy = 2, = T2 | sqm (5,) =522 [ sam (51
DX] = —Z1J'SX]- (69)
D.Y] = _ZZJ'SY]-

The reference commands for 8,; and ¢; are derived using the same procedures given in

Eq. 48-54.
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CHAPTER 4: RESULTS AND DISCUSSIONS

In this section, the proposed ASTSMC controller is tested numerically for the system of
multiple quad-rotors shown in Fig. 2. The parameters of the leader and follower UAVs are identical
and given in Table 1. The control parameters of leader and follower UAVs are given in Table 2
and 3. Since the UAVs are identical, thus leader and follower UAVs use the same control

1.5
parameters. The parameters for formation control loops are chosen as follows: Tz, = T, = [1.5],
0.5

0.1 0.05
NiF1 = MiF2 = [ 0.1 ] Nor1 = N2p2 = 0.05]. For the leader UAV, the reference position and
0.075 0.02

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 follower UAVS. 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: aq;, = 2.5ay,; a;; = 2.5a4j; ay, = 2.5a,,; aj = 2.5a;;;
as, = 2.5a3;,; az; = 2.503j; A4y, = 2.5a4;; a4j = 2.5a4;; as, = 2.5as,; as; = 2.5asj; by, =

175b1L’ bl] = 175b1], bZL = 175b2L1 sz = 175b2], b3L = 175b3L' b3] == 175b3]

N \—Accelaration disturbance applied to X dynamics I I
[7;]
£ 2 ]
=
(]
0 | | | | | | |
0 10 20 30 40 50 60 70
K ‘ Accelaration disturbance applied to Y dynamics\ I I
[7;]
£ 2 ]
=
(]
0 | | | | | | |
0 10 20 30 40 50 60 70

Time (s)

Figure 3: Applied acceleration type disturbance in X and Y dynamics
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Table 1: Leader-followers UAV parameters.

Symbol Value Unit
Mo = Mpp = Mpyq 0.65 Kg
l, =1lp = lp; 0.23 m
Jro =Jr1 = Jr2 6.5% 107> kg.m?
L, = Ip1 = Ixpz 7.5%1073 Ns?rad™1
Ly, = Lypy = Lyp 7.5 %1073 Ns?rad™?
Ly, = L = Ly 1.3 x 1072 Ns?rad™!

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

Parameter Value Parameter Value
ky 200 k, 1
kg1 70 ko 15
ks 200 k, 1
ks 50 ks 10
ks 95 ke 1
ks 4.6 ke 0.5
k, 97 kg 1
kg, 300 ke 15
ko 60 k1o 1000
k4o 2.5 K410 180
kys 60 kys 1000
K411 2.5 K1z 5
@ 15 7, 2.5
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Table 3: Follower UAVs control parameters for attitude, altitude and position loops.

Parameter Value Parameter Value
ky; 200 kyj 1
Kaij 70 Kaaj 15
ks 200 kaj 1
kas; 50 kqaj 10
ks 95 kej 1
kas ; 4.6 kae; 0.5
ky; 97 kg 1
ka7 300 kag;j 1.5

ko; 60 kio; 1000
kaoj 25 ka1oj 180
kiqj 60 kizj 1000
Kai1j 2.5 Ka1zj 5

{1 15 0o 2.5

60
NN | ¢ ader tracking with ASTSMC
— W W [Leader reference
40 ' Follower 1 tracking with ASTSMC
E W Follower 1 reference
S m— Follower 2 tracking with ASTSMC
N W Follower 2 reference
NN Follower 2 tracking with STSMC
2 0 W Follower 1 tracking with STSMC
W Leader tracking with STSMC

Y(m) X(m)

Figure 4: XYZ trajectory tracking comparison under wind disturbance

Figure. 4 shows the trajectory tracking simulations of leader follower UAVSs in presence of

applied disturbance of Figure.3. From the presented results, it is concluded that in presence of
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disturbances, ASTSMC controllers ensure robust behavior, while the fixed gain STSMC
controllers exhibit steady state errors in the X and Y tracking responses of the leader and follower
UAVs.

1.5 . . ‘
= Reference

—ASTSMC ||
—S8TSMC

xleader(m)

Figure 5: XY leader trajectory tracking comparison under wind disturbance
2

—Reference

1+ —ASTSMC
—S8TSMC

1
L o
T T

onllower (m)

(m)

follower

Figure 6: XY follower 1 trajectory tracking comparison under wind disturbance
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1.5 n
1
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Figure 7: XY follower 2 trajectory tracking comparison under wind disturbance
5 T T o 5 5 '
3 - - oy - : Follower 2
Sor — — | — E i
>~ ‘Follower 1 ‘ : v/ —— Reference follower 2
: : : : : : ——ASTSMC follower2
S i EL'ea'd'e:r ...... —— STSMC follower2
| g T ‘ i = Reference leader i i
A A ) : : : STSMC leader
T et
5 e | o STSMCfollowert |
-6 -4 -2 0 2 4 6

X(m)

Figure 8: XY Leader-followers trajectory tracking comparison under wind disturbance
In order to have a clear picture of the trajectory deviations under wind disturbance, Fig. 5,

6, 7 and 8 show the trajectory tracking comparisons in XY plane for leader, follower 1 and follower
2 UAVs 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.
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Figure 9: X;.qq4er tracking comparison under wind disturbance
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> 1Lt "/ 'z,/l" N\ /| \_/ \/ | | 1
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Figure 10: Yjqqer tracking comparison under wind disturbance

In order to compare the trajectory tracking performance of the leader follower UAVs
quantitatively, the X and Y trajectories are individually plotted against time and the results are
presented in Fig. 9 and 10 for the leader UAV. From Fig.9, and at time t = 45sec, the ey, 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 Fig.9, it is obvious that at time t = 45s, the adaptive term
Dy, adds appropriate compensation to cancel the disturbance and it switches from 50 to -100.
Similarly, from Fig.10, ey, is measured 0.28m and 0.05m with fixed gain STSMC and ASTSMC

controllers respectively. ASTSMC controller offers lowest error due to the adaptive estimator term
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Dy;.. From the presented results of Fig.10, it is obvious that at time t = 45s, the adaptive term Dy,
adds appropriate compensation to cancel the disturbance and it switches from 0 to -150. Similarly
for followers UAV, the X and Y tracking responses are plotted against simulation time and the
results are shown in Fig. 11, 12, 13 and 14. From the presented results and at time t = 45s, the
measured error signals with fixed gain STSMC controller are as follows: ey, = 0.2m, ey, =
0.3m, ex,, = 0.2m, ey, = 0.5m, while with ASTSMC controllers, the errors are measured as
follows: ex, = 0.1m, ey, = 0.1m, ex,, = 0.05m, ey, = 0.05m. From the presented results of
Fig.11, 12, 13 and 14, it is obvious that at time ¢ = 45s, the adaptive terms Dy, , Dy, Dx,,, Dy,
add appropriate compensation to cancel the disturbances.

Fig. 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 = 45s, it is evident that the proposed ASTSMC controllers generate appropriate reference
commands for both 6 and ¢ loops of leader and follower UAVSs. In order to have better
understanding of the above claim, Fig. 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 = 45s, the proposed ASTSMC controllers generate appropriate reference

commands for both 6 and ¢ loops of leader and follower UAVSs.

— 0 i T I I T =
g:- YN i [—Reference ASTSMC STSMCL
AL NSNS NS /NS NSNS NSNS NG
0 10 20 30 40 50 60 70
E 0.4 ' ' [—ASTSMC ——sTsMc]]
><E 0 e T — < - Y o e S S
QO 0.2 5 | | I | | | | e
0 10 20 30 40 50 60 70
1500 . . S
- & ‘—estlmated dlsturbance‘
L x"
o 0 — ]
-500 \ w ! \ | ‘ | i
0 10 20 30 40 50 60 70
Time (s)

Figure 11: Xy, tracking comparison under wind disturbance
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Figure 12: Y, tracking comparison under wind disturbance
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Figure 13: Xy, tracking comparison under wind disturbance
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Figure 14: Yz, tracking comparison under wind disturbance
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Figure 15: 0 tracking comparison under wind disturbance
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Figure 16: ¢ tracking comparison under wind disturbance

Fig. 18 and 19 show Z and ys loops tracking responses for leader and follower UAVSs. Since

no disturbances are applied on both these loops, thus the tracking responses under fixed gain
STSMC and ASTSMC controllers are comparable. Finally, Fig. 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- follower 1 and leader-follower 2 UAVS.
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Figure 21: Control inputs using proposed control scheme

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

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

(Fig. 15-16) In future work, gains of the proposed control schemes will be tuned online to

overcome the chattering phenomena.
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CHAPTER 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 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; = 0.05m, ey; = 0.05m with ASTSMC control while with
the fixed gain STSMC controller, the measured errors are as follows: ey;= 0.1m, ey; = 0.25m.
Similarly, for follower UAVS, exr;= 0.09m, eyp;= 0.05m, exp,= 0.09m, eyr,= 0.04m, with
ASTSMC control while with the fixed gain STSMC controller, the measured errors are as follows:
exrp1= 0.18m, eyr;= 0.25m, exr,= 0.2M, eyr,= 0.14m. 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 behavior to the acceleration type disturbances and parametric
uncertainties of the system.
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APPENDIX A: SIMULINK® BLOCK MODEL AND MATLAB FUNCTION
CODES

Simulink® Block Implementation:

The Block Diagram for the implementation of the model is given in the Appendix A. The different
figures show the block diagram implementation of different loops of the swarm of quad-rotors.
Figure 21 shows the Simulink model of three quadcopters, in which the upper model is leader and

lower ones are the followers. Figures 22-29 presents the different blocks of the leader quad-rotor.
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Figure 22: Simulink Model for swarm of 3 quad-copters
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Figure 25: Attitude Controller for roll, pitch and yaw angles for leader quad-copter

Z desired

Z

C 2=} phi_desired
phi_d
2 > phi
phi 2
> o pei - . ouz
u2
6 1 d_theta
dTheta
P omega
dpsi
Ca4a } P thela_desired
Theta_d
{ 5:°) theta
Theta <
dps. Cub——(2)
u3
G a_phi
- &>
» omega
Omega
psi_desired
psi_d
8 ) 1 psi
psi us @
diheta u4
d_phi

elE

ezl

Phi

D—{=]—
Thetha

cos Phi

cos Theta

Figure 26: Altitude Controller of leader quad-copter

34




— ()
L Phi dot
1 1
Phi dot dot = » -
( ) N Omega Theta dot 5 §
U1 Phi dot Phi
U2 4 [
( : J—————uw N
vz w2 v Theta dotdot } > }
w Theta dot Thetat Mpsi Ydot  AcY
- u3_2 u3
4 ) U4 u42 U4 - 2 dotdot H H o
i Psi dot dot > . . Z
MMAL : : Zdot ActZ
P Omega Psi dot2 Psit Displacement
omega Angles
@+
dpsi_L

Figure 27: Dynamics model of leader quad-copter

> D b

Omegasqrd i n
O—————¥x | 2
4 + -
Omegasqrical

‘ T [

: D
u2 ¥ Omegasqr3 times1 2
bl 3 T@» Omegasqr2cal
2% a (— ,_
u3

N Omegasqracal
( : >—':| Omegasgr2 P

U4
ad > j
a : -
> Dr— times3 w2
Omegasqrdcal n

df

Omegasqr1

Omega

Figure 28: Motor Mixing Algorithm of leader quadcopter

35



(hy - 1zVix
[ov-rome ] 8=
al
|-Jn|x } >
a2 x -
> | . % Phi dot dot
| Wix }
51 s
O
= o
=
(D
Theta dot
>
> x
G =
Paidot Sk g [ 3’7 .
= S| 5 Theta dot dot
GO
= viy
bz
G
Omage D
us
(Ix - by)z
a5

Figure 29: Rotational Dynamics of leader quadcopter

CO—x

u1

. L=

m

[5]

Phi

—
)

e

J sin

L]
ol - T

cos Theta
> z 2
o B3
y dotdot

Psi X

I : l»—» .

B

5 X - 2 dotdot
x »

> i

Figure 30: Translational Dynamics of leader quadcopter

36



MATLAB FUNCTION CODES:

The leader and follower quadcopters have the same Simulink model for position, altitude,
attitude controllers and quadcopter dynamics. However, the reference position of follower
quadcopters is derived from the leader quadcopter position. The MATLAB codes for the reference
positions and formation errors of follower quadcopters are shown below:

Formation Error:

function [dlambda_x,dlambda_y]=
fcn(lambda_xd,lambda_x,lambda_yd,lambda_y,psi_F,psi_L,v_Lx,v_Ly,dpsi_L)
L=1;

kf=1;

w_L=dpsi_L;

e_x=lambda_xd-lambda_x;

e_y=lambda_yd-lambda_y;

e_psi=psi_F-psi_L;

Gammal=v_Lx-(w_L*lambda_yd);

Gamma2=v_Ly+(w_L*lambda_xd);

invG_X=inv([-cos(e_psi) sin(e_psi) O; -sin(e_psi) -cos(e_psi) 0; 0 0 1]);
F_X=[(e_y*w_L)+Gammal,; -(e_x*w_L)+Gammaz2; e_psi];
X=[e_x;e_y;e_psi];

% fun= @)X ;

% integ= integral(fun);

% sigma2=X+(kf*integ);

v=invG_X*(-F_X-(kf*X));

v_Fx=v(1,1);

v_Fy=v(2,1);

w_F=v(3,1);

dlambda_x= (lambda_y*w_L)+(v_Fx*cos(e_psi))-(v_Fy*sin(e_psi))-(v_LX);
dlambda_y=-(lambda_x*w_L)+(v_Fx*sin(e_psi))+(v_Fy*cos(e_psi))-(v_LYy);
dlambda_x=dlambda_x;

dlambda_y=dlambda_y;
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Reference position:

function [x_F,y_F] =fcn(x_L,y_L,psi_L,lambda_x,lambda_y)
X_F=x_L+(lambda_x*cos(psi_L))-(lambda_y*sin(psi_L));
y_F=y L+(lambda_x*sin(psi_L))+(lambda_y*cos(psi_L));
yl=x_F;

y2=y_F;
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