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Many researchers have tried to solve the formation control
problem in a variety of methods. For formation control
problem, Franchi et al. presented a decentralized system for a
groups of UAVs that only relies on relative bearing
measurements [5]. Saska developed a navigation and
stabilization scheme for 3D heterogeneous formation control
[6]. Some other works in formation control implement
non-linear model predictive control [7], neural network [8],
and high order sliding modes [9].

Abstract— This paper presents a formation control
framework based on an integrated position sensor system,
including two cameras and several inertial sensors, for
Unmanned Aerial Vehicles (UAVs) to fly outdoors. A sliding
mode controller provides the desired orientation for the UAV to
track a desired trajectory. The flight control system takes into
account the estimated attitude and position to guide the follower
vehicle along trajectories that maintain adequate formation
stability. The cameras are employed to detect the relative
positions by extracting feature points from specific markers on
the UAV. The features are processed to estimate the attitude and
position of the follower vehicle. A real-time guidance algorithm
is also proposed to merge image measurements with Inertial
Measurement Unit (IMU) data for state estimation. The system
has been successfully tested in flight experiments, which verify
the effectiveness and applicability of the proposed control
framework and visual measurement algorithms.

Recently, studies on onboard vision sensor systems for
UAVs have become a challenging interdisciplinary research
topic. Such passive and non-cooperative sensors will be very
useful wherever Global Positioning System (GPS) is not
available due to obstruction or jamming. These characteristics
are suitable for three-dimensional guidance in complex and
unstructured outdoor environments and also improve the
UAV’s autonomy and intelligence [10]. In order to complete
the formation task, the sensor system is required to provide
precise and instant position estimation. There are several
approaches to solve this measure problem by using a vision
sensor. The early approaches focus on feature extraction and
target identification [11]. In addition, several studies utilized a
specific visual measurement technique related to geometric
and 3D properties of the features, such as feature matching
and active contour [12]. Some adaptive observers are
proposed to guarantee the stability of the vision sensor and the
convergence of the estimators [13]. There is also a
comprehensive study on real-time vision-based measurement
with an Inertial Measurement Unit (IMU) [14] during
aggressive maneuver.

I. INTRODUCTION
Over the last years, Unmanned Aerial Vehicles (UAVs)
and in particular multi-rotor craft is becoming an integral part
of future civilian platforms and will be used for complex tasks
including surveillance, reconnaissance, precision detection
and other cooperative missions [1]. In relation to cooperative
missions, more attention is now paid to various control
problems associated with multi-UAV moving in formation
[2]. Most of the recent works on formation flight has used
leader-follower approach, since it is easy to implement. In this
structure, one of the UAVs in the formation is designated as
the leader, with the rest of the UAVs treated as followers. The
basic idea of leader-follower formation control is that the
followers receive the entire position and orientation
information of the leader, which is related to the certain
mission requirements. The common weaknesses as reported in
[3]–[4] are that the rear UAV usually exhibits a poorer
response than its reference due to the estimation error of
relation position. The formation control task is different from
pre-defined tracking problem because the follower has to react
to the motions of the leader. Therefore, UAVs in formation
should have an onboard sensor system to detect relative
positions and states.

In this work, we describe a formation control framework
based on an integrated sensor system, which is employed to
sense the relative position and orientation between two UAVs.
Since a monocular-vision sensor cannot provide the range
information, the binocular stereo vision inspection technique
is adopted in our project. The binocular vision sensor measure
the relative position by extracting feature points of a specific
maker on the UAV. A sliding mode controller provides the
desired orientation for the UAV to track a desired trajectory.
The proposed framework also exploits the availability of an
onboard IMU, for a general position estimator, and for the
recovery of the formation trajectory while using visual
measurement. The novelty of the approach is that it is able to
adapt continuously to complex environmental changes. Being
cheap and flexible, multi-rotor helicopter platforms can be
developed for many different applications. An octorotor and a
quadrotor are intended to serve as platforms for flight
experiments and to stuff sensors and other equipment.
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The rest of this paper is organized as follows. Section II
introduces the UAV model and the design of trajectory
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tracking and formation control laws. Section III gives a
description of the visual measurement technique for
multi-UAV position estimation and the entire formation
control framework. The proposed framework is implemented
on an octorotor and a quadrotor equipped with the sensor
module. Outdoor flight test results are shown and discussed in
Section IV, followed by concluding remarks in Section V.

Consider the position vectors   [ x y z]T

and the

position error      d , the trajectory tracking equation can
be written as:
(3)
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Defining the switch function:

II. DYNAMIC MODELING AND CONTROL STRATEGY

 1  k1   k 2   dt  

A. Quadrotor Model
This section describes dynamic model of the follower
quadrotor. A quadrotor simply consists of two pairs of rotors,
and the motion of the quadrotor can be achieved by
controlling the speed of the rotors. The quadrotor position and
attitude motion can be described by following 6-DOF
equations:

where k1, k2 are constant control parameters. On the control
surface settled by  1  0 , the error dynamics is:

By choosing suitable values of parameters k1 and k2, an
asymptotic convergence of   0 can be guaranteed.
Despite uncertainties and perturbations, a discontinuity can be
added to attract the system dynamics to the surface  1  0
and keep it there. Giving the equivalent control as:

I zzz  M z

Consider the Lyapunov’s candidate function by making
the assignment:

(1)

where T presents the total thrust generated from four motors.
The roll, pitch and yaw angles (φ, θ, ψ) are mainly produced
by the rotors differential thrust. Mx,y,z are moments about
corresponding axis calculated by the attitude angles. Ixx,yy,zz
are inertia moments and wx,y,z are rotational velocities. Assume
that the attitude stabilization is taken care of by the autopilot,
the equations can be simplified as:
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means the sliding mode control law solves the trajectory
tracking problem, and the desired attitude angles  d ,  d can
be written as:
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B. Trajectory Tracking Control
The trajectory tracking control strategy, as shown in the
block diagram of Fig. 1, is based on the translational dynamics
control and provides an acceptable tracking performance to
move UAVs to the desired position. A sliding mode controller
is adopted in the position control loop.
TL
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Therefore, V takes the form

where u1 is the linear acceleration applied to the quadrotor in
the z-direction. We use a PID control for attitude stabilization,
which can be achieved by using an on-board inertial
measurement unit (IMU). The simplified model is valid for
small rates of yaw and assume that position of three axes can
be controlled independently.
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where R is the rotational matrix from the body frame to the
inertial one.

Figure 1. Trajectory tracking control strategy block diagram.
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C. Formation Control
In order to maintain the follower quadrotor to a desired
relative position from the leader, a formation controller based
on sliding mode control is presented. Considering the
translational dynamics of the leader-follower formation:
xi  v ix cos( i )  v iy sin( i )

(13)
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Figure 2. Formation dynamics in the X-Y plane.

The formation errors ex, ey, eψ can be expressed as:
e x   ( Pyd  e y ) L  v Fx cos( e )  v Fy sin( e )  v Lx (20)
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A sliding mode control law is designed based on the
formation dynamics, which makes the errors stay close to zero.
Considering the dynamics of the formation error:
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The objective of vision-based localization algorithm is to
provide the full 6-DOF transformation information between
the leader-UAV and the follower one. The image processing
algorithm is divided into two parts: marker detection and pose
estimation. The relative coordinates is generated by a marker
detection procedure, and the relative position and angle is
calculated by using a pose estimation algorithm. Our outdoor
experimental setup consists of two multi-rotor craft, which are
converted to autonomous UAVs by adding a suit of sensors
including GPS, an inertial measurement unit and a binocular
vision system. Fig. 3 shows the hardware architecture and the
integrated formation control system.
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III. IMAGE PROCESSING ALGORITHM AND HARDWARE
ARCHITECTURE
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where L is a constant, positive control parameter. Then, the
discontinuous control V is obtained.
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where kf is a variable matrix to be decided. Differentiating (27)
with respect to time and on the surface  2  0 , the equivalent
control can be presented as:
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Given the condition that the matrix G (  ) is full rank, the
switching function can be written as:

where xi, vix, viy are position and velocity components of the
leader (i=L) and the follower (i=F). wi are angular velocities
for the yaw angle. The relative distance and angle is presented
by P and φ (see Fig. 2).
Y
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A. Marker Detection and Pose Estimation
The marker detection process is implemented when the
markers can be seen clearly in the field of view, which means
the follower-UAV is close enough to the leader-UAV. Then, a
color image retrieval algorithm based on the main object
region of the maker is employed. Image frames captured from
the binocular camera system are mapped from the RGB space
to the HSV space. It has been tested that color features
detection in HSV space have enough accuracy and can be used
in different backgrounds, especially in the presence of strong
interfering targets. The hue and saturation channels are
selected for the threshold segmentation to achieve binary
images. The undesired noise in binary images can be excluded
with morphology methods such as the erosion and dilation
operators. After the morphological operators, the quantity of
connected regions is counted as the number of feature points.
The centroid of each connected region is also calculated as the
image coordinate of each feature point.

In order to estimate the relative position and angle of
between the leader-UAV and the follower-UAV, extracted
feature points are matched to actual markers to obtain the
index number of each feature point. The Munkres algorithm
[15] is employed to calculate the Euclidean distance matrix
between two image coordinates. After indexing these feature
points, binocular pose estimation algorithm based on the LHM
algorithm [16] is adopted to obtain the relative position and
angle. The binocular LHM algorithm extends the original one
by minimize the object-space collinearity errors of two
cameras. The solution can be obtained by the use of the same
iteration method as what is implemented in the original LHM
algorithm. In general, the binocular LHM algorithm can
converge within a small iteration beginning with any range of
initial conditions.

two same color video cameras. Our selection is the Mercury
camera from Daheng IMAVISION, which has a compact size
equipped with Mini USB 2.0 interface and has a gross weight
around 100g using a 12mm lens. It can provide a resolution of
up to 1292×964 pixels and 40deg field of view. The frame rate
is 30 Hz, which is generally higher than that of vision
algorithms (around 10 Hz).

B. Hardware Architecture
We used the open-source arducopter autopilot that can
dramatically reduce design and development time, and this
autopilot also provides us with an existing architecture of a
development toolbox, ground station, communication
protocol, and community support.

The image processing algorithm traditionally runs on a
microprocessors, but due to the high calculation precision and
real-time requirements, we migrated the algorithm to an x86
computer running Linux. A separated on-board mini PC, Intel
NUC, is employed to process the digitalized video signal and
execute the vision algorithms. The core of our on-board PC is
one of the 4th generation Intel Core i5 processors running at
1.3GHz. Equipped with a compact solid state disk, it weights
around 650g. The overall vision measurement system is
integrated in this vision processing computer, including
marker detection, feature extraction, pose estimation and
communicating with the flight controller. The position and
pose data transmission between the leader-UAV and the
follower-UAV is based on a pair of XBee Modules from Digi
International with a UDP protocol.

The octorotor S1000 from DJI technology Inc has been
used as the leader-UAV platform. The octorotor carries a 6
cell 15000 mAh LiPo battery which powers eight brushless
motors, the flight time of this customized UAV is about 15
minutes. Its maximum takeoff weight will be about 11kg by
adding our suit of sensors including GPS, inertial
measurement unit, mini PC, image transmission system, and
the binocular vision system. The follower-UAV is designed
based on the quadrotor X650 pro from XAIRCRAFT
Technology Co., Ltd. Both of the UAV platform can be flown
by a human pilot via an RC transmitter as backup inputs, and
they also receive control signals from on-board computer
simultaneously.

The video captured by the on-board camera is transmitted
and displayed in a ground station using the DJI Lightbridge
2.4G HD digital video downlink. It offers 1080p video data
transmission rate up to 1.7km, while the gross weight of its
on-board system is only 70g. The image transmission system
is connected to the on-board computer by HDMI. The ground
system can be connected to a monitor, or transmit and display
the video in the ground station through a video capture board.
A ground station is used to display the video captured by the
on-board camera system and the position and pose data. It can
provide ground operators with clear visualization during flight
tests, and help operators get the real-time information of the
UAVs

A visual sensor is utilized on board to obtain in-flight
visual information. The binocular camera system consists of
Marker
Detection
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(5Hz)

IMU
(100Hz)

Camera
Flight Controller
Intel NUC
(GPS-IMU Navigation)

APM
(GPS-IMU Navigation)

Video
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Xbee Transmission
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Platform
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Pos/Att(10Hz)
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High-level Planner

Low-level Flight
Control

Ground Station

Figure 3. Hardwar architecture of our UAV platforms.
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IV. EXPERIMENTAL RESULTS
In order to verify that the control framework and the visual
measurement algorithm proposed for leader-follower
formation control, a series of outdoor experiments are
conducted. Using GPS only, we are able to get close enough to
have follower’s markers in the field of vision of leader’s
camera. Then the markers would be identified in the video
sequence by our binocular vision measuring system
automatically. The estimated position and pose data and
stitched image are also transmitted to the ground station for
display. The challenge has been to get the UAV to fly a stable
formation despite winds and noisy measurements from the
sensors.
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By applying the algorithms above, we were able to localize
the follower for this 2 minute time frame for using the in-flight
camera data as shown in Fig. 4. The outdoor experiment
images shown in Fig. 5 are captured by the onboard computer,
and the proposed visual measurement algorithm is applied.
The estimated relative distances are shown in Fig. 6, which
validate the performance of our algorithm with an accuracy
less than 10 cm.

Figure 6. Relative distances between the lead-UAV and the follower-UAV.

As shown in Fig. 6, there is almost no vibration that
disturbs the relative distance by integrating the position data
obtained from the vision system and the IMU. However, fast
maneuvers may cause the feature tracking to fail.
V. CONCLUSION
In this paper, a control framework to solve the
leader-follower UAV formation problem in 3-D space has
been presented. We stressed the need for reliable visual
relative position estimation systems on UAVs to overcome the
boundaries of protected lab environments. The visual
estimation is based on a cooperative target detection
algorithm, and the information fusion is conducted with the
velocity obtained from an onboard IMU. Outdoor flight
experiments are conducted to verify the effectiveness and
applicability of the proposed control framework.
Experimental data indicate that our visual measurement
algorithm could obtain an estimation accuracy of about 5
centimeters. The experiments were also conducted to show
that the proposed control method can successfully solve the
formation control problem. The visual based formation
control scheme presented in this paper is able to, not only
solve the leader-follower formation control problem, but also
solve the distributed control of complex systems, such as
multi-UAV formation reconfiguration, multi-vehicle
coordinate problems.

Figure 4. Outdoor formation control experiment based on visual
measurement and IMU data.

(a)

(b)
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