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Abstract— In this paper, a distributed consensus
problem with path tracking problem for multiple
quadrotors with bounded disturbances under a directed
topology is solved. At first, dynamic model of a single
quadrotor is divided into two subsystems; fully-actuated
and under-actuated subsystem. Some coupling terms
between the two subsystems are regarded as internal
perturbations. Bounded external disturbances are
considered in this paper too and are entered to the
quadrotors. Rate bounded PID controller and sliding mode
controller are considered for fully-actuated subsystem of
the quadrotors, for altitude and yaw angle of the quadrotors
respectively. For under-actuated subsystems of the
quadrotors, a distributed control protocol based on sliding
mode control is proposed to guarantee that the consensus is
achieved and the desired path is tracked by the group with
bounded errors. These errors are only associated with
external disturbances. Analysis based on Lyapunov theory
and different simulations show the stability and
effectiveness of the proposed control system.

Keywords: Multi-agent system, Quadrotor, sliding mode
controller, distributed control protocol.

I.INTRODUCTION
his paper is focused on the cooperative control of a
multi-quadrotor ~ system  with a  particular
communication topology. One of the basic issues in the
field of multi-agent dynamical systems on networks is
design and development of distributed control protocols
to ensure consensus between the considered states among

group agents; and formation control is another issue
which researchers are focused on it nowadays.

In recent years, due to the enormous advantages and
abilities, the quadrotors have attracted the more attention
of companies, institutes and research centers and so daily
progress is noticeable on their facilities and flying.

In [1], by simplifying the quadrotor's dynamic equations
and using a nonlinear control method and a leader-
follower structure, the formation flight problem was
solved. In 2011, for regional coverage by several
quadrotors, distributed control protocols were used based
on location optimization techniques and a leader-
follower structure, formation and consensus problem
solved for several quadrotors by simplified dynamic
equations [2]. In [3], with the linearization of the
quadrotor's dynamic equations and with several other
simplification assumptions, the problem of formation
control of several quadrotors with a leader-follower
structure, along with collision avoidance was
investigated. In [4], formation control for a group of
quadrotors was also discussed with a simplified model,
and a different distributed control protocol based on
dynamic surface control was presented using the leader-
follower structure. In [5], the model of the quadrotor was
considered with the assumption that the Euler angles are
small. In that research, a specific control protocol is
provided to formation control and path tracking of
several quadrotors. This control protocol uses the inverse
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dynamical for outer control loop as well as the
backstepping control for inner control loop. Several
quadrotors reach a target point by creating a special
formation and using the dynamic surface control in [6].
Path tracking and obstacle avoidance, as well as protocol
design based on fuzzy logic and fuzzy cellular
decomposition algorithm, have been used to obtain the
shortest path to the target point in [7]. For designing
protocol, simplified dynamic equations of the quadrotors
were used. Formation control of several quadrotors using
sliding mode control along with disturbances has been
subject of paper [8]. It is worth noting that external
disturbances are not observed in that research and that
only internal disturbances are not neglected. Simulation
and experimental test of formation path tracking of
several quadrotors, despite the change in the
communication topology and with linearized equations,
was investigated in [9]. Guero et al used two control
loops to control their quadrotors group [10]. The first
loop ensures the stability of each quadrotor based on the
Lyapunov theory, and the other loop helps the group to
track a specified path and reach to the desired point. The
consensus problem was brought up for several quadrotors
using the feedback linearization control and a local
feedback control in [11]. An event-triggered-based
optimal distributed formation control algorithm was
proposed for a multi-quadrotor system in [12]. A
simplified dynamic model of the UAV was used in the
mentioned research. Using the linearized model of
quadrotors for their formation control, as well as the
collision avoidance, has been the subject of researches in
[13-14]. A time-varying anti-disturbance formation
problem was investigated for a group of quadrotor
aircrafts with time-varying uncertainties and directed
interaction topology in [15]. A leader-follower structure
was considered for solving the formation problem;
however, the leader was not considered as an agent of the
system. In [16], the problem of consensus and formation
control for several quadrotors was investigated by
introducing a visual algorithm. The model of the
quadrotors was simplified and leader-follower structure
was used in that research.

As mentioned above, consensus and formation control
problems for several quadrotors have been solved by
various types of control theories in various works.
However, several simplifying assumptions were found in
them for describing dynamical equations of quadrotors,
e.g., ignoring the aerodynamic forces applied to the
quadrotors, or assuming small Euler angles. Leader-
follower structure was used in many researches. When a
failure is occurred to leader, this structure cannot be
overcome to this issue and mission will be failed. In
addition, all the mentioned researches developed a
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distributed formation control for a multi-quadrotor
system directly and not for a general multi-agent system.
Therefore, the main aim of this article is designing a new
distributed formation control for a class of nonlinear
multi-agent system which these agents have inherent
nonlinear under-actuated dynamical model. A multi
quadrotor system can be considered as a special case of
this multi-agent system. In this research, simplifying
assumptions in modeling of the quadrotors are reduced,
e.g., the aerodynamic forces applied to the quadrotors are
not ignored and so on. In addition, a virtual structure
based distributed formation control is proposed for an
under-actuated nonlinear multi-agent system and is
developed for a multi-quadrotor system.

The dynamical model of quadrotors is divided into two
subsystems, fully-actuated subsystem and under-actuated
subsystem. The coupled terms between the two
subsystems in this study, contrary to previous researches,
are considered as internal disturbances applied to
quadrotors. A bounded rate PID controller and a sliding
mode control is considered for the fully-actuated
subsystem. For the under-actuated subsystem, a
distributed protocol control based on sliding mode
control is proposed. The proposed protocol guarantees
the consensus of the desired states as well as tracking an
arbitrary path by the group with a small error due to
external disturbances. Furthermore, the aerodynamic
forces applied to the quadrotors are not neglected and are
included in the dynamical equations of the quadrotors.
In the second section, the dynamics of quadrotors is
presented in the presence of external disturbances. The
third section addresses the design of a distributed control
protocol for quadrotors and analyzes its stability. Section
4 illustrates the performance of the proposed protocol
using the simulated example. Finally, in the fifth section,
the conclusions are presented.

11.QUADROTORS DYNAMIC

In this section, a mathematical model describing the
dynamics of a quadrature is presented. As previously
mentioned, the quadrotors dynamic equations are divided
into two subsystems.

It is assumed that a group of n quadrotors with the
following dynamical equations is available for the i,
quadrotor [17].

¥; = (cos ¢; sin 8; cos Y;
+ sin ¢; sin i)y ()

Xi
— Ky ™ + Oy
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= (cos ¢; sin 9; siny;
— sin@; cos YUy,

- KZl yl + 53”
. Zi
Z; = —g + (cos ¢; cos 9i)u1i — K3; o
13
. i
G =uy — liK4i1_l
1i
B} 0;
0; = us; — liKSiI_
b
Vi

i = Uy — K i
3i

where (x;, ;, z;) are the center of gravity coordinates and
(¢;, 0;, ;) are Euler angles of the i, quadrotor. g is the
earth's gravity acceleration, [; is the distance between
motors and center of gravity and m; is the total mass of
the i, quadrotor. I,,; (p = 1,2,3) are inertia moments
relative to the body coordinates. K,; (p = 1,2, ...,6) are
constants of the aerodynamic forces entered to the i,
quadrotor. &,; and &,,; are external disturbances entered
to the i, quadrotor. ug; (q = 1,2,3,4) are virtual control
inputs defined as (2).
wy = (Fyy + Fyy + F3 + Fu)/my

Uy = Li(—=Fy; — Fp + F3; + F) /Ly )
Ug; = li(_Fli + F,; + F5; — F4i)/1yi
Uy = C(Fyy — Fo + F3y — Fay) /1

where F,; (p = 1,2,3,4) is the thrust force produced
by pin motor of the i,, quadrotor. C is the coefficient
proportional to the length of the blade. Dynamical model
of the i;, quadrotor (1), divided into a fully-actuated
subsystem (3) and an under-actuated subsystem (4).

['{i] _ [uu(cosqﬁi cos 6;) - d

Yi Uy
—K3; Z;/m; (3)
_K6i1pi/13i]
-l s
el tlal @

[ ] uzl] [ liKy; qbl/lu]
Uszj [;Kz; 0,/ 1,;

Slnce the drag force is very small at low velocities, we
can consider terms with a drag coefficient in the above
equations in the form of small disturbances, which will
be explained below.

I11.DISTRIBUTED CONTROL PROTOCOL

For fully-actuated subsystem (3), a bounded rate PID
controller and a sliding mode control can be designed
[18]. Desired control input for z; is
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Uy gi
kp1i(zai — 2) + Ky [ (2a; — 2;)dt
cos ¢; cos 6; %)
ky3i(Zai — 7;) g

cos¢;cosB; cos¢;cosb;
where k,q;, k,,; and k,5; are control parameters and
z4; 1S the desired altitude of the i,;,, quadrotor. A bounded
rate controller can be converged u,; to u4;.
Uy =k X

(koi f(uwi

sat

—uq)dt + kq(Uyq; — Uqy) 6)
€

where sat(.) is saturation function. k;, k;, k; and ¢;
are other control parameters. The initial conditions are
chosen so that u,;(0) = u,4;(0). Thus,

|ty;] < k; (7

On the other hand, for quadrotors rotation angle, a
sliding mode controller is used to make ; to converge to
its desired value vy ; in the presence of disturbances.

Uy = —Cyith; — My;sign(syi) — kyiSy (8)
where cy;, My,; and ky,; are control parameters which
are all positive. sy; = cy; (¥; —g) +; is stable
sliding surface which are designed for ;.

Before developing the controller for the under-
actuated subsystem (4), below under-actuated system is
considered.

It is assumed that a group of n agents with the
following dynamical equations for the i,, agent is
available.

xli =X t+ dll

Xgp = fx3) +dp +
X3i = Xy

Xy = U +dyy

where x,;eR™ (p = 1,2,3,4) are state variables of the
i;, agent. w;eR™ is input control. d,;, d,;, d3;eR™ are
internal disturbances and V; are external disturbances
exerted to the i, quadrotor. f is a smooth vector
function. The virtual leader for these n agents is defined
with same dynamic x,,eR™ (p = 1,2,3,4). State
variables of the x,,, are always known and are presented
in the form of the desired path. The following
assumptions are considered for controller design.
Assumption 1: f(0) =0
Assumption 2: Jacobian matrix of f(x) shown with
J(f) are always positive definite.

Assumption 3: Maximum of the values row summation
of the matrix J(f) is bounded, so that
IV (f Ges)) ||, < B: where B; is a positive constant.

Assumption 4: The finite norm of the difference between
internal disturbances are bounded function of the state

differences. In the sense that
n n

> ayllds; —duill < @ Y ay ey — x|

j=1 j=1

©)
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n n

> ayllday = dull < & Y aiyllesy =

j=1 j=1

(£ esy)) dsj = 1(F (s

j=1 .
< Bid; Z aij||x4j - x4i”
j=1
where B;(i =1,2,..,n) = . Moreover, for the

difference of external disturbances we have

Zaunv - <v2au||a

j=1
To stabilize all states of the agents, as well as path
tracking of the desired path along with the formation
control of the group agents some errors are defined as
n

€1 = Z a;j(x1j — %1 — Ayj)

j=1
n

€2 = Z aij(xzj — X31)

S (10)
es = ) ay{f () - FGxs0)

j=1
n

€4 = Z aii{J(f (ocs))xa; — J(f (x30)) %4 }
j=1

where a;; is the i, row of the J,; from communication
graph Laplacian matrix [19]. A sliding variable for the i,
agent is defined as

Si = Cyieq; + Cyiep; + Czie3; + ey (11)
where Cy,; (p = 1,2,3) are control parameters and it is
explained in more detail on choosing them in future. The
distributed control protocol is proposed as

U;

inv(J (f (x31)))
Zj=1 a;j;

Gy ay(fs) — fxs)
+ C5; Zj=1aij(](f(x3j))x4j
-J(f (xaz))x4ii) (12)
+ ;#1 a;; (a (](f(x3j))) X4
- Eg(f(xgi»)xu)
+ Z T (U (f Cesp))wy) + M;sign(s;)

j=1

Cy; Z ai;; (x2j — X2;)

j=1

+ VL'SL'

where v; > 0 and M; defines as below:
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n

M; = Cy;d, Z a;j||x1; — x|
=1
n

+ CZL'JZ Z aij”xzj

j=1

| (13)

+ CZiWZ a”||5] )
j=1

n
+Bds ) ayllxay =l
j=1
+ pi
where M; > 0 and p; > 0. It is shown that this protocol
can guarantee consensus of states, as well as formation
control of the group and well path tracking with bounded
error,

Theorem: Consider the dynamical model expressed in
(9) together with the assumptions 1-4. Using of the
distributed control protocol (12), all the errors defined in
(10) converge to zero.

Proof: Regardless of disturbances, the equivalent
control u;.,, which makes the sliding variable of the i,
agent to converge the sliding surface S; = 0, is proposed
as

Ujeq

- WD 6, 3" aytazy -

Z} 1al]

Gy ay(fls) — FG)

+ Gy Z a; (J(f Cxsp))xa;
j=1 (14)
— J(f (x31))%x41)

+ Z:;l a;j <% (](f(x3j))) Xaj
d

T (](f(x3i)))x4i)

+ Zj=1aij (](f(x3j))u].)}

Now, by taking disturbances into account, the control
input u; must be designed in such a way that guarantees
the convergence of S; to the S; = 0 surface.

U = Ujeq + Ujsw (15)
where u;,, is switching term of the sliding mode control
of the i, agent. The candidate ofLyapunov function is
V =Y, V; where V; is chosen as

1
= ESL-T S; (16)
Time derivative of this function is
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V; = SIS,

n
= {Cuz, 1aij(x2j — X3;)
}:

n
+ Cliz ,_ a;j(dy; —dyq;)

FCup ay(fCa) ~ Flaa)

n
+ Cy; z ._Iaij(dzj —dy;)

n
+ Cziz, a;j(V; = V)

j=t

n
s
j=

_1aij(](f(x3j))x4j (17)

—](f(xsi))xzxii)
+ ;Fl a;j (a (](f(xsj))) X4j
~ U )
+ Zn a;; (J(f (esp))wy — J(f (xa))u;)

1!1.:1
+Zj=1aij(](f(x3j))d3j
—](f(x3i))d3i)}

By substituting (15) into (17), time derivative of the
Lyapunov function obtained as follows.

n

AN NEN {Cu’ Z a;j(dyj — dy;)
=1
n

+ Cy; Z a;j(dzj — dai)
j=1
+Ci ) ay( =T
n T (18)
— Z ayi (J (f (x30)))ttisw

Jj=1

+ Z ai;(J(f (x3)))ds;
=

_](f(xsi))dm')}
U;js 1S Chosen such as bellow.
isw = M{Ml’sign(&) +v;Si} (19)
j=1%j

Now, time derivative of the Lyapunov function
candidate is

65

Vi
n
= {Cliz. a;j(dy; — dyy)
j=1
n
+ Gy Z '_1aij(d2j —dy)

+ Cy; ijlaij(vj -

D7 ay((F(sp)dsy — I Ces0)dsr)
j=1

— M;sign(s;) — VL‘Si}

= —v|IS;1I?

n

+57 {Cu' Z a;j(dy; —dy;)
. =1

+ CZL'Z. a;j(dz; — dy)
11:1

+ Gy Zj_laij(vj -

+ Z; ai; (J (£ (x57)) ds

_](f(xsi))dSi) - MiSign(Si)}
< —vIS;II?
+ 87 {—Misign(Sl-)

n
+ Cu'z, 1aij||d1j —dy|

n
+ G Z _ ijllde; = i
n
0, el =
Jj=1
n
+ Zj=1aij||/(f(x3;))d3,-

—/(f(xgi))dyll}

< =v|IS;II? .
+ {_Ml + Clidl Z ) 1aij||x1j - xli”
j=
_ n
+ Cy;d; Z ajjllxa; — x|
j=1
n
g5 — &
j=1
n

+ Bd; Z 1aij||x4j - x4i||} I1S; 111
j=

(20)

+ Cy,V

By substituting (13) into the last part of (20), inequality
for the time derivative of V; changes to

V; < —vilISill? — pillSill, < 0 21)

Therefore, the sliding variable (11) of the under-
actuated i, agent (9) by using distributed control
protocol (12) converges to sliding surface S; = 0 in finite
time and will remain on it. On the sliding surface S; = 0,
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it can be shown that with a correct choice of Cp;(p =
1,2,3), all errors (10) are bounded. On the sliding surface
S; = 0, the general system of the i, agent is reduced to

o 0 1 0 qrewu
énl:[ o o0 1 ] ey
€3 —C; =Gy —Cy
n
a;:(dy; — dy;
z]’:l L}( 1j 11) (22)

€3i
n n
Z, a;j(dzj = dai) + z a;;(V; = 1)
j=1 j=1

+

0
= AiEi + Di
where E; =[e1i €z €3], Z?zlaij”dlj —dy| <
dqllesill + dl“Z?:l a;;A;j|| and Xi=1 a;j||dz; — dai| +

2i=1 a;;(V; = V;) < d,llexll + V”Z?:l a;;(6; — 6)||-

(22) is a perturbed system with both of vanishing
perturbation section and no vanishing perturbation
section. It can be proved that, the origin is global
exponentially stable for the wvanishing perturbation
section and is stable with bounded error for the no
vanishing perturbation section if A; is Hurwitz and
max (d;, dy) < Apmin(—4;), Where A, (—A4,) is the real
part of the minimum left eigenvalues of —A; [18].
Therefore, e,; and e,; are bounded in a small interval and
e3; converges to zero for any initial condition, if C;(p =
1,2,3) are chosen such that A; be Hurwitz and
max (dy,d;) < Ayin(—4;). Finally, due to the fact that
Si = Clieli + Czl'ezl' + C3l‘e3l‘ + €4 = 0, €4 is also
bounded.

|

Now it's time to use this presented sliding mode
control for n quadrotors. Since the design of the
controllers for the fully-actuated subsystem is
independent of the controller design for the under-
actuated subsystem of the quadrotor, a sliding mode
controller can be designed for i; which aims to achieve
fast convergence of y; to its desired value. Therefore, by
this design, it may be said that after a finite time, v;
reaches its desired value, and since then it is almost
constant. In addition, by using the controller (5), after a
finite time, u,;’s converge to their stable state values,

g/ (cos ¢; cos 8,).

—— | <
Y (cos ¢; cos Bi)| =i
<M
|cos ¢; cos 6;|
where n; > 0 is a small constant. Therefore, the low
boundary of wu,; is determined by
g—n
(cos ¢, cos 6;) (25)
The below coordinate transformation matrix is
required for developing controllers of the fully-actuated
subsystem of the quadrotors.

(23)

lugi| =

66

=g o | = P 26)

Since 1; is approximately invariant over time, T (1;)
can be assumed constant and represented by T.
Determinant of the matrix T; is —uy;%2 < 0 if uy; # 0.
Therefore, since in the general conditions u,; is the
power of the four motors of the i,, quadrotor in the
direction z of the body coordinates and to overcome to
the force of gravity of the earth, the matrix T; is always
nonsingular. the following conversions are considered.

Xy =T, [;j

[
Xi ] E:Pl] [}’i] 7)
-}

By deriving from the new states of the i;;, quadrotor,
we have

¢ d /1 X;
Y —1 xl — (=71 t
=T [}"i] T <u1i) T [}’i]
Y. . — ._ —_— _1
=1 [+ g (@) [ |

_ [sin @; cosO; ]

sin 6; (28)

1 [Kii/my T7116,
_ -1 (B i

7‘1 [ 0 KZL/mL] TxZL Uq; [63/1]

Uy 20
X3i = Xai
o Y], [FliKai/ 1 0 ]
X4i - u3i] + [ 0 _liKSi/IZi x4i
Given

sin @; cos 6;

fosd =T oe |

_ uzi]
W= U3z

Uy
di:= ——Ly
1i ulixll
dy; (29)
uli - Kll/ml ]"
=—Yx,-T Ty
u1i l / [ 0 0 Kyi/m; Yai

_ [liKai/ i ]

da; = [ 0 —liKs; /1 Xai

V= 71 [5,”-]
L Uqg 63’!’

the under-actuated subsystem of the i,;, quadrotor (4)
can be transformed into (9). Given the relations (7) and
(24), the following bounded functions are obtained.
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Uy Uq;
I — duil| = —u—ij,xif +u—il_x1i
j i
- (cos ¢; cos 0,)k; ‘
- g- "
(cos ¢; cos Hj)k]-
g-n; Y
(30)
n
> aylldyy - d
j=1

n
<K a;j||x
_ E ill%1)
lg —nl&

- x1i||

This is obtained with the condition that all k; and all

n; (i = 1,2, ...,n) are respectively k and 7.

n

> ayllday — il

j=1
(cos ¢; cos 0,)k;

<
g—n

+ max(Ky;/m;, KZi/mi)> X
( (cos ¢j cos Hj)kj
g —1nj

+ max(Ky;/m;, sz/mj)> X2j

(€2))

k
< (Ig 0l + max(Ky; /m; IKZi/mi))

n

Z aij|xz; — x|

Jbln the other hand,

I (f (x3))dsj — J(f (3|
<[l (rGan)l s
- |](f(x3i))|d3i
=1 (rGs), Nl
— da|
< Bllds; — dai]

(32)

in addition

n

> ayllds; - du

=
< max(—l;Ky;i /11, —liKs; /1) (33)

n

> ayllwsy = x|

j=1

67

n

D agll(F ) ds; = I F O da
j=1

< Bd; Z agjlloa; — xai|

Jj=1
Since ||'f'_1|| < 2 and by using the relation (25), one

can write
T=118,1 T7116,;
oo |
I =7 ‘ ugj 18yl uyy 18y
-1
= u, l|6; — &
(34)
<——||8; -6
——llg; -l
n n
2
Z%‘”Vj -Vl < HZ ai;[|8; — 4|
j=1 j=1

Consequently, constants in assumption 4 are defined
as

B k

Ignﬂ
<|g — + max (Ku'/mi:Kzi/mi))
3 = mgx (—UiKyi/ i, —LiKsi /11)

IR

1

2

(35)

<N

lg —nl

All these constants are positive. Therefore, the
assumption 4 is satisfied. From (29) we can find that
f(0) =0, hence, assumption 1 is also satisfied. The
Jacobin matrix f(xs;) is defined as

J) =—
_ [cos@;cosB; —sing;sin Hi]
- 0 cos 6;

It should be noted that if (¢;,60;) € (—m/2,7m/2) X
(—m/2,m/2), then cos¢;cos@; >0, as well as the
determinant of J(f) is cos ¢, cos?8; > 0. Therefore,
J(f) is positive and invertible. In addition, the maximal
sum of the absolute value of the matrix rows of J(f) is
finite.

WAl <2 (37

Therefore, the assumptions 2 and 3 are also satisfied.

In short, the presented distributed sliding mode
controller (16) with PID controllers (5) with a bounded
rate (6) for quadrotors height as well as sliding mode
control for yaw angles (8), gives the group ability to make
a desired formation with a small amount of error while
obtaining and tracking a desirable path from the virtual
leader. When e,; is bounded to a small interval, the group
formation is obtained by 4;;, and the desired path is
tracked by the group with a small error. When e,; is
bounded, the speed of the quadrotors reaches a consensus
with a small error. Furthermore, when e;; and e,;
converge to a small interval, the quadrotors attitude,
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in the presence of internal perturbation and external disturbance

reach a consensus.

IV.SIMULATION RESULTS

The main parameters, as well as the initial conditions
of the quadrotors, as well as the control parameters, are
simulated based on Table 1.

The desired values, as well as the desired path of the
virtual leader, as well as external disturbances entered to
the quadrotors, used in the simulated example, are in the
form

{xr, ¥r, 2y, lpr}T = {sin(t), cos(t),¢, l}T
{axlr 6x2' 5}(3' 6x4} =W
x {sin(0.1t), cos(0.2t), 0.5 sin(t), 0.7 cos(t)}
{53/1' 8y2,8y3, 53/4} =w
% {0.5,0.8,sin(0.5t), 0.1 cos(t)}
(38)

where @ is a repeating square wave that starts at time ¢t =
0, with a width of 1 and also a height of 1. Disturbances
are presented in Figure 2. Figure 3 shows the paths that
the quadrotors are tracked. It is obvious that the presented
control protocol makes the quadrotors to track their own
desired paths and makes the group to keep its desired
formation during the mission after about four seconds.
Figures 4 and 5 show acceptable performance of the
presented protocol to solve the consensus problem in the
velocity and attitudes of the quadrotors, respectively. By
using this presented protocol, robustness against the
disturbances is achieved as show in figures 3-5. Figure 6
shows obviously, performance of the designed protocol
in formation control problem.

Remark 1.tanh(.) is a continuous approximation of the
sign function which is used instead of that to avoid of
chattering in simulations.

V.CONCLUSION

In this paper, a distributed consensus problem along
with path tracking for a group of quadrotors was evaluated
using a directional topology and in the presence of
bounded internal and external disturbances. At first, the
dynamical model of the quadrotors divided into two
subsystems, fully-actuated subsystem and under-actuated
subsystem. Some coupled clauses between the two
subsystems as well as the drag forces entered the
quadrotors introduced as internal disturbances to the
under-actuated subsystem. In addition to internal
disturbances, certain external disturbances also applied to
this system. For the fully-actuated subsystem, two
different controllers, a bounded rate PID controller and a
sliding mode control were used. These controllers were
able to control the fully-actuated subsystem of the
quadrotors. For the under-actuated subsystem of the
quadrotors, a specially distributed control protocol was
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developed and presented based on sliding mode control.
The proposed distributed protocol solved the consensus
problem as well as desired path tracking by the group,
which is obtained by using a virtual leader, with a small
error resulting from external disturbances. The simulations
also showed the effectiveness and efficiency of the
proposed control protocol.

TABLE |
SIMULATION PARAMETERS

Constant Value
Ky = Ky = Ky 0.01
Ky = Ks; = Ky 0.012

L =1y 1.25

I5; 25

{kzlirkzzi'kzm'} {10,5,10}
{heow keaiv ki €3 {3,5,5,0.1}
{cpi My, ki) (1,5 % 2/7,0.1}

{C16,Cp1, Ca4,p1, Vi3 {40,45,6,1,0.1}

%] {2,13
{x1(0), x,(0), x5(0), x,(0)} {2,1,-0.5,0.25}
{1(0),¥,(0),y5(0),y,(0)} {-2,0.5,-0.5,1.25}
{Zl(O):ZZ(O):Z3(0)IZ4(O)} {0,0,0,0}
{mi L g} {2 02 981}

A12’ A13' A24' A34

o 5 (2]
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Figure 2. External disturbances exerted to the quadrotors


http://dx.doi.org/10.52547/jocee.1.1.61
https://jocee.kntu.ac.ir/article-1-46-en.html

[ Downloaded from jocee.kntu.ac.ir on 2026-06-24 ]

[ DOI: 10.52547/jocee.1.1.61 |

Journal of Control (English Edition), VOL. 01, NO. 01, July. 2022

quad1
"\, |= = —quad2 o

. . . . .
0 2 4 6 8 10 12 14 16 v desire |20
Time (s)

Figure 3. Tracked path by the quadrotors

ya

0
é quadrotor1 | |
é = = =quadrotor2
< L Nl N AL Naee- quadrotor3 | _|
.......... quadrotord
!
16 18 20
- 1
= quadrotor1 N
g = = =quadrotor2
S22 i quadrotor3 | |
---------- quadrotor4
. | | | | . . |
0 2 4 6 8 10 12 14 16 18 20
Time (s)
Figure 4. Consensus of the quadrotors velocity
1 . : : T T T T ‘
~ quad1
g = = =quad2
oY e e """ 3]
: qua

0 (rad)

quad1

S I . . | . .
0 2 4 6 8 10 12 14 16 18 20
Time (s)

Figure 5. Euler angles of the quadrotors during the path

4
Y (m) X (m)
Figure 6. Tracked formation of the quadrotors

69

REFERENCES

[1]. Guerrero, J. A. Castillo, P. Salazar, S. Lozano, R.
“Mini Rotorcraft Flight Formation Control Using
Bounded Inputs”, Journal of Intelligent & Robotic
Systems, Vol. 65, No. 4, pp. 175-186, 2012.

[2]. Sharifi, F. Zhang, Y. Gordon, B. W. “Voronoi-
Based Coverage Control for Multi-Quadrotor UAVs”,
Proc. of ASME/IEEE International Conference on
Mechatronic and Embedded Systems and Applications,
pp. 991-996, 2011.

[31. T. Z. Muslimov and R. A. Munasypov,
"Consensus-Based Cooperative Circular Formation
Control Strategy for Multi-UAV System,"” 2019
International  Russian ~ Automation  Conference
(RusAutoCon), 2019, pp. 1-8.

[4]. Wang, Y. Wu, Q. “Distributed cooperative control
for multiple quadrotor systems via dynamic surface
control”, Nonlinear Dynamics, Vol. 75. No. 3, pp. 513-
527, 2014.

[5]. Du, H. Pu, Z. Y1, J. “Integrated cooperative control
scheme for multiple quadrotors based on improved
adaptive disturbance rejection control”, Proc. of IEEE
International Conference on Robotics and Biomimetics
(ROBIO), pp. 1147-1152, 2016.

[6]. Yang, H. Jiang, B. Zhang, K. “Cooperative
Control Reconfiguration in Multiple Quadrotor Systems
with Actuator Faults”, In IFAC-PapersOnLine, Vol. 48,
No. 21, pp. 386-391, 2015.

[7]. Iswanto, O. Wahyunggoro, A. Cahyadi, I. “Path
planning of decentralized multi-quadrotor based on
fuzzy-cell decomposition algorithm” Proc. of AIP
Conference, Vol. 1831, No.1, 2017.

[8]. Yingiuwang, Qinghewu, Yaowang, “Distributed
consensus protocols for coordinated control of multiple
quadrotors under a directed topology”, IET Control
Theory & Applications, Vol. 7, No.14, pp. 1780-1792,
2013.

[9]. Dong, X. Zhou, Y. Ren, Z. Zhong, Y. “Time-
Varying Formation Tracking for Second-Order Multi-
Agent Systems Subjected to Switching Topologies with
Application to Quadrotor Formation Flying”, IEEE
Transactions on Industrial Electronics, Vol. 64, No. 6, pp.
5014-5024, 2017.

[10]. Guerrero, Alfredo, J. Castillo, P. Challal, Y.
“Trajectory tracking for a group of mini rotorcraft flying
in formation”, IFAC Proceedings, Vol. 44, No. 1, pp.
6331-6336, 2013.

[11]. Ligian. D, Siyuan. C, Xiuyun. Z, Xiaotong. S,
Ruilong. Z. “Event-triggered-based adaptive dynamic
programming for distributed formation control of multi-
UAV?”, Journal of the Franklin Institute, Vol. 359, No. 8,
pp. 3671-3697, 2022.

[12]. Abbasi, E. Ghayour, M. Danesh, M. “Virtual
Leader-Follower Formation Control of Multi Quadrotors
by using Feedback Linearization Controller”, Proc. of 5th


http://dx.doi.org/10.52547/jocee.1.1.61
https://jocee.kntu.ac.ir/article-1-46-en.html

[ Downloaded from jocee.kntu.ac.ir on 2026-06-24 ]

[ DOI: 10.52547/jocee.1.1.61 |

Mohammad Danesh et al.: Distributed formation tracking control of a multi-

in the presence of internal perturbation and external disturbance

quadrotor system based on sliding mode and a rate bounded PID controller

International Conference on Robotics and Mechatronics
(ICROM), pp. 2572-6889, 2017.

[13]. Y Kuriki, T Namerica WA. “Formation Control
with Collision Avoidance for a Multi-UAV System
Using Decentralized MPC and Consensus-Based
Control”, SICE Journal of Control, Measurement, and
System Integration, Vol. 8, No. 4, pp. 285-294, 2015.

[14]. Gomez, V. Thijssen, S. Symington, A. Hailes, S.
Kappen, H. J. “Real-Time Stochastic Optimal Control
for Multi-Agent Quadrotor Systems”, Proc. of ICAPS'16
Proceedings of the Twenty-Sixth International
Conference on International Conference on Automated
Planning and Scheduling, pp. 468-476, 2016.

[15]. Wengiang. Z, Chaoyang. D, Maopeng. R, Yang.
L, “Fully distributed time-varying formation tracking
control for multiple quadrotor vehicles via finite-time
convergent extended state observer”, Chinese Journal of
Aeronautics, Vol. 33, No. 11, pp. 2907-2920, 2020.

[16]. Z. Miao, Y. -H. Liu, Y. Wang, H. Chen, H. Zhong
and R. Fierro, "Consensus with Persistently Exciting
Couplings and Its Application to Vision-Based
Estimation,” in IEEE Transactions on Cybernetics, vol.
51, no. 5, pp. 2801-2812, May 2021.

[17]. Mohammadi, A. Abbasi, E. Ghayour, M. Danesh,
M. “Formation Control and Path Tracking for a Group of
Quadrotors to Carry Out a Suspended Load”, Journal of
Modares Mechanical Engineering, Vol. 19, No. 4, pp.
887-899, 2019.

[18]. Xu, R. Ozguner, U. “Sliding Mode Control of a
Quadrotor Helicopter”, Proc. of 45th IEEE Conference
on Decision and Control, pp. 4957-4962, 2006.

[19]. S. K. Kalantary, I. lzadi, F. Sheikholeslam,
“Robust Time-Varying Formation Tracking for Linear
Multi Agent System with External Disturbances Using
Linear Matrix Inequalities”, Journal of Control, Vol. 15,
No. 2, 2021.

70


http://dx.doi.org/10.52547/jocee.1.1.61
https://jocee.kntu.ac.ir/article-1-46-en.html
http://www.tcpdf.org

