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Abstract—This paper presents a strategy for cooperative load
transportation using multiple quadrotors. This is useful when
the maximum thrust of single quadrotor is not enough for load
transportation or when more redundancy is required for safety.
A Modified Leader-Follower (MLF) structure is considered
for formation control of multiple quadrotors. The model of
quadrotors are assumed as double integral. The LQR consensus
algorithm is applied for quadrotors guidance, which was
presented before for mobile robots with double integral models
in 2 dimensions. In this work, the effect of common suspended
load from a group of quadrotors is investigated. Moreover, the
ability of the LQR consensus algorithm is surveyed when one of
the connections between the load and a quadrotor is cut. Finally
a simulation example is presented to confirm the effectiveness
of this method for cooperative load transformation.
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I. INTRODUCTION

Over the past few years a considerable amount of attention
has been focused on swarm systems [1]. Examples of swarm
systems can be found in nature; bee colonies, fish schools,
bird flocks, herds of sheep and crowds of people [2]. Inspired
by natural swarm systems, humans have designed many engi-
neering ones, such as unmanned areal vehicle (UAV) formation
systems, multi-robot systems, sensor networks, etc [3].

A group of mobile agents is said to (asymptotically) flock,
when all agents attain the same velocity vectors, and further-
more distances among the agents are asymptotically stabilized
to constant values [4].

In 1977, Sholomitsky, Prilutsky and Rodin conceptually
studied a proposed multiple spacecraft interferometer for in-
frared synthetic aperture imaging [5]. The most well-known
model for flocking is the Boids algorithm developed by Craig
Reynolds in 1987 that led to creation first computer animations
of flocks of birds [6]. Reynolds introduced three heuristic
rules, which are termed as flocking rules of Reynolds. Here,
are the three flocking rules of Reynolds:

1) Flock Centering: Attempt to stay close to nearby flock-
mates;

2) Collision Avoidance: Avoid collisions with nearby
flockmates;

3) Velocity Matching: Attempt to match velocity with n-
earby flockmates [6].

These rules are also known as cohesion, separation, and
alignment rules in the literature [7]. In the distributed Boids al-
gorithm, each agent separates itself from its nearby neighbors,
aligns itself with the average heading of these same neighbors,
and lastly, steers toward the average position of the nearby
neighbors for cohesion [8].
Lawton in [9] studied the formation flying control (FFC)
literature up to 2000 and defined three architectures [5].
This three architectures are: leader-follower, virtual leader and
behavior-based control.

In the leader-follower structure, a formation flight mission
trajectory is loaded in the one agent, which is designated as
a leader, and the followers track their leader. This structure
is simple and widely implemented in multi-UAVs formation
[10], [11]. The virtual leader structure consists of replacing
a formation leader, in the leader-follower structure, by a
virtual one. All the UAVs in the formation receive the mission
trajectory [9]. This trajectory is the virtual leader itself. One of
the main drawbacks of this structure is that the possibility of
collision between UAVs increases, since there is no feedback
to the formation. Moreover, the predefined trajectory of the
mission decreases the autonomy of the formation [10]. In
the behavior-based control, each UAV follows some rules to
achieve the formation. In fact, this structure is inspired from
the collective motion of animals. Among the first technical
works on this structure, we found the distributed behavioral
model by Reynolds [6].

Scharf in [12] and [5] studied the FFC and examine
Lawton’s architectures in more detail and added two new
architectures. This architectures was multi-input multi-output
(MIMO) and cyclic architectures. In the MIMO architecture,
formation controllers are designed using a dynamic model of
the entire formation. That is, the formation is treated as a
multiple-input, multiple-output plant.

Similar to leader follower, a formation controller in the
cyclic architecture is formed by connecting individual space-
craft controllers. However, cyclic differs from leader follower
in that the controller connections are not hierarchical [5].

One of the most important application of formation control
in robotics research is grasping, manipulation and load trans-



portation which require robots to interact and effect change
in their environment. With recent advancements in relevant
technologies and UAVs, the problem of autonomous grasping,
manipulation, and load transportation is advancing to the aerial
domain [13].

In this paper, a novel method in quadrotor control is pro-
posed. The first step is implementing a stability augmentation
system (SAS) to stabilize the quadrotor. Then designing a
controller for quadrotor guidance is necessary. This controller
is based on consensus algorithm. The next step is modeling
a suspended load from multiple quadrotors and investigating
the effect of this load on system. Last step is investigating the
effect of losing one of the connections between modeled load
and quadrotors.

This paper is structured as follows; Section 2 describes
preliminaries introduce the essential concepts for multi agent
systems. Section 3 focuses on Derived mathematical model
for quadrotors. Section 4 introduce a consensus algorithm for
flocking of multi agents with MLF structure. Section 5 focuses
on derives mathematical model for load transportation with 4
quadrotors. In section 6 a simulation example that verifying
the results are presented. Finally in section 7 a conclusion
introduced.

II. PRELIMINARIES
A. Mathematical Models

There are many mathematical models that can explain
behavior of agents in multi-agent systems. Single integrator
model is one of this mathematical models that is used in
literature. This is the simplest model for multi agent systems
and is used when model of the agent is not the main concern
for the work [14]. In this model dynamics of each agent is in
the following form:

q̇i = ui, i = 1, · · · , N (1)

where N is the set of all agents in the group, ui is the control
input vector of agent i, and qi is the position of agent i. Double
integrator model is used commonly for modeling of individual
agents in multi-agent system for control and co-ordination. It
is also called as Point Mass model. Single Integrator model
is a special case of double integrator model. Dynamics of the
model are described by [7]{

q̇i = pi i = 1, · · · , N
ṗi = ui

(2)

where qi is the position, pi is the velocity and ui is the
acceleration input to agent i.

We use double integral model in this work because it is
similar to dynamics of engineering systems [15], [16].

B. Neighbour Sets

In multi-agent systems, it is necessary that agents be aware
from the output of other agents, for this reason, agents must
have communication link for data exchange. The agents that
have communication link with other are neighboring set of
agents, i.e.:

∀i = 1, ..., N, Ni = {j = 1, ..., N |(i, j) ∈ E} (3)

where N is the number of agents and E is the edge set in
underlying graph of the network. Furthermore, agents i and
j are neighbour if there is a communication link between
them. Often this link is an undirected link and in this work
we consider this links as undirected links. The number of
neighbours of agent i is the cardinality of the set Ni and is
equal to |Ni| [17].

C. Modified leader-follower structure

In the standard leader-follower configuration, the leader
communicates with followers that it is in their neighboring
set, but there is no feedback from the followers to the leader.
In Modified leader-follower (MLF) structure the leader control
input can also be affected by the followers through a corrective
feedback from the followers [18].

III. QUADROTOR MODEL

The quadrotor are modeled in this section using Euler-
Lagrange method. Using the Lagrangian and the derived
formula for the equations of motion:

Ixxφ̈ = θ̇ψ̇(Iyy − Izz)
Iyy θ̈ = φ̈ψ̇(Izz − Ixx)

Izzψ̈ = θ̇φ̇(Ixx − Iyy)
mz̈ = (cψcφ)

∑
Ti

mẍ = (sψsφ+ cψsθcφ)
∑
Ti

mÿ = (sψsθcφ− cψsφ)
∑
Ti

(4)

Here c and s stand for cos(.) and sin(.) and φ , θ, ψ are roll,
pitch and yaw respectively. Ixx, Iyy , Izz are body moment of
inertia around the X-axis , Y-axis and Z-axis respectively. T
is torque of motors. X, Y, Z are shown in figure 1.
Now for control of quadrotor consider the state

X = [φ φ̇ θ θ̇ ψ ψ̇ z ż x ẋ y ẏ]T (5)

and control input

U = [U1 U2 U3 U4]T (6)

where 
U1 = b(Ω2

1 + Ω2
2 + Ω2

3 + Ω2
4)

U2 = b(−Ω2
2 + Ω2

4)
U3 = b(Ω2

1 − Ω2
3)

U4 = d(−Ω2
1 + Ω2

2 − Ω2
3 + Ω2

4)

(7)

Ωi is propeller speed of motor i. b and d are thrust and drag
factors. From (4), (5) and (6), we obtain [19]:

Ẋ = f(X,U) (8)



Fig. 1. Quadrotor frames

where

f(X,U) =



φ̇

θ̇ψ̇a1 + θ̇a2Ωr + b1U2

ψ̇

φ̇ψ̇a3 − φ̇a4Ωr + b2U3

θ̇

θ̇ψ̇a5 + b3U4

ż

g − (cφcθ)U1

m
ẋ

UxU1

m
ẏ

UyU1

m



(9)

Here m is quadrotor mass and Ωr is the overall propellers
speed of quadrotor and

Ωr = −Ω1 + Ω2 − Ω3 + Ω4 (10)

Also 

a1 =
(Iyy−Izz)

Ixx

a2 = Jr
Ixx

a3 = (Izz−Ixx)
Iyy

a4 = Jr
Iyy

a5 = (Ixx−Iyy)
Izz

(11)

Jr is rotational moment of inertia, and
b1 = l

Ixx

b2 = l
Iyy

b3 = 1
Izz

(12)

Where l is the distance between the center of the quadrotor
and the center of a propeller. And{

Ux = cφsθcψ + sφsψ
Uy = cφsθsψ − sφcψ (13)

IV. CONSENSUS ALGORITHM

In this section, we first define a cost function that minimizes
the different of velocity of neighbour agents. Then by using
the consensus algorithm proposed in [18] find suitable control
input for control of quadrotors.
we define of cost function for followers as

di =
∫ T

0
{
∑
jεNi

(vi − vj)TQij(vi − vj)
+uliRiu

l
i}dt+ vi(T )TEivi(T ) + FTi vi(T ) +Gi

(14)

and cost function for leader as

dl =
∫ T

0
{(vl − vd)TΓ(vl − vd) +

∑
jεNl

(vl − vj)TQlj
(vl − vj) + ullRlu

l
l}dt+ vl(T )TElvl(T ) + FTl vl(T )

+Gl
(15)

where, Qi , Γ , Ei, and Ri are symmetric and positive-definite
(PD) matrices, v is velocity vector, vd is desired velocity
vector, Fi is a vector having a proper dimension, and Gi
is a scalar. T denotes the time horizon over which the cost
optimization is performed.
Note that with simplification in Ux and Uy we find that this
control inputs are in relation to acceleration, and we can use
double integral model to solve cost function. In [18] a double
integrator system with MLF structure considered and a control
law for double integral model solved and control inputs are :

U∗ig =
∑
jεNi

Fijvj =
∑
jεNi

2(ki)
−1Qijvj , i = 1, 2, ..., N (16)

U∗il = −1

2
(Ri)

−1ki(t)vi, i = 2, 3, ..., N (17)

U∗1l = −1

2
(R1)−1(k1(t)v1 + g1(t)) (18)

Where Fi is a vector with a proper dimension, k and g satisfy

−k̇i = 2|N i|Qij − 1

2
ki(Ri)−1ki, ki(T ) = 2Ei (19)

−k̇1 = 2(|N1|Q1j+Γ)−1

2
k1(R1)−1k1, k1(T ) = 2E1 (20)

ġ1 = 2Γvd(t) +
1

2
k1(R1)−1g1, g1(T ) = F 1 (21)

With the infinite horizon scenario ( T −→ ∞ ), total control
input for followers is

U i∗(vi, vj) = U i∗l (vi) + U i∗g (vj) = Γi(vi − ΣjεNiv
j

|Ni| )
(22)

And for leaders:

U1∗(v1, vj) = Γ1(v1 −
ΣjεN1vj

|N1|
) + β1(v1 − vd) (23)

where
Γi = −2(ki)−1|N i|Qij , i = 1, ..., N (24)

β1 = −2(k1)−1Γ (25)

With use of this input controls, we can design a consensus
algorithm for quadrotors in which uig defines the dependence
of the control input of agent i on its neighbors’ information
explicitly and uil defines the dependence of the control input
of the agent i on its local information [18].



Fig. 2. Load transportation with 4 quadrotors

V. LOAD TRANSPORTATION MODEL

In this section, adding a point load to our quadrotors
is investigated. In this part a new model is proposed by
adding the effect of load on quadrotors to our system. The
following section is on studying the effect of this load on our
system. Finally effect of losing one of the connections between
modeled load and quadrotors in simulation is studied.

For modeling of suspended load from multiple quadrotors
we assumes that:

1) The cables are massless and do not stretch.
2) The load is a rigid body.
3) The cables are attached at the quadrotors center of mass.
4) Quadrotors are symmetric with respect to the load.
Therefore, the mass of the load equally affects the quadrotors.
5) The load acceleration is equal to the average of quadrotors
acceleration.

Now with these assumptions and considering (5) and
(6), the quadrotor model with suspended load can be modeled
by

Ẋ = f(X,U) (26)

where

f(X,Y ) =



φ̇

θ̇ψ̇a1 + θ̇a2Ωr + b1U2

ψ̇

φ̇ψ̇a3 − φ̇a4Ωr + b2U3

θ̇

θ̇ψ̇a5 + b3U4

ż

g − (cφcθ)U1

m + mlg
nm

ẋ
UxU1

m − mlāx
nm

ẏ
UyU1

m − mlāy
nm



(27)

Here n is the number of quadrotors, āx and āy are average
accelerations of load in x and y direction respectively, and ml

is the load mass (figure 2).

Fig. 3. The ring topology for flocking

Fig. 4. Vx of quadrotors

VI. SIMULATION RESULTS

A. Simulation

In this section we simulate 4 quadrotors with a suspended
load in a ring topology (figure 3), such that quadrotor No 1
is leader and others are followers and ml = 2 kg, m = 0.65
kg. We use consensus algorithm introduced in Section (4) ,
with Ri = I2×2 and

Qij =

(
1 0
0 3

)
with vx = 5 and vy = sin(0.2πt) that are desired
velocities in x and y direction respectively. The initial
position of quadrotors are q1 = (−10 10)T , q2 = (10 10)T ,
q3 = (−10 − 10)T , q4 = (10 − 10)T . Then in t = 60s,
one of the cables is disconnected from system (cable of
quadrotor No 4) and forces resulting from the load, equally
affect remaining quadrotors.

B. Results and discussions

Figures 4 and 5 represent x and y components of velocity
and figure 6 represents the height of quadrotors. The 2D
position of quadrotors is represent in figure 7. Simulation
results show that this consensus algorithm for this system
is acceptable and agents in present of fault can keep their
formation while transporting the load. However when the
fault occurs, the height of faulty quadrotor changed and the
velocities of the team changed temporarily. This example
confirms this control law for system and shows that it is robust
while a load is suspended from quadrotors.



Fig. 5. Vy of quadrotors

Fig. 6. Height of quadrotors

VII. CONCLUSION

In this work, we modeled 4 quadrotors and placed them
in a MLF structure with ring topology. Then we defined
a cost function that minimizes the difference in velocities
of neighbour agents. A consensus algorithm for formation
control, based on optimal control for this MLF structure was
obtained. A modeled load suspended from these quadrotors
through multiple cables. This system is simulated in MAT-
LAB. The results indicate that this control law is suitable for
flocking of quadrotors with suspended load. Then one of the
cables disconnected and agents could keep their formation in
presence of fault. Therefore, the concluded algorithm in 2D
space for mobile robots can be used for quadrotors or other
UAVs in 3D space.

In future works we can use Lagrangian equation for model-
ing suspended load from multiple quadrotors. Another method
for load modeling is Udwadia-Kalaba method [20]. By use of
these two methods, the results will be more reliable. Notice

Fig. 7. 2D position of quadrotors

that these two methods are equivalent, as shown in [21].
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