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Abstract

This work investigates the formation control applied on real mobile robots.
Therefore, a literature research regarding the formation controller for mobile
robots is conducted. Several formation controllers are investigated concerning
the ability of implementing them on the real robots. In order to perform
these simulations, a dynamic model of the robot is considered. To obtain
the parameter of the dynamic model, a model identification is accomplished.
Furthermore, several extensions to this model are added, in order to achieve
a more realistic model of the robot and the whole system. Once a suitable
formation controller is chosen, the implementation on the real robots is carried
out. The results of this implementation are highlighted and some practical
aspects are discussed. In addition to that, an obstacle avoidance controller is
proposed. In order to verify this controller, simulations are performed and to
be able to validate the collision avoidance controller, further experiments are
carried out.
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Chapter 1

Introduction

There are many advantages of controlling multiple mobile robots. For achiev-
ing a task, which might require one sophisticated and expensive robot, a group
of simple robots can be sufficient [SB00]. It can also contribute to the robust-
ness and the efficiency of the system [YZ05], [SHP04]. The applications are
widespread and range from automated highway systems [RI96], [Ben91] over
underwater vehicles [HF10] to achieving formations with satellites [Ser03].

This thesis considers the implementation of formation controllers on given
mobile robots. Therefore, the literature is studied in order to obtain different
formation controllers. To be able to gain an insight of these formation con-
trollers, several simulations are carried out. Thereby a continuous improve-
ment of the model is performed. One improvement concerns a parametric
dynamic model, whereby a model identification takes place in order to iden-
tify the parameter. The results of these simulations are reconsidered during
the implementation on the real robots. Several experiments are carried out to
verify the simulations and the ability of implementing the formation controller
on the robots. Furthermore, an obstacle controller is proposed, based on a
formation controller. In order to verify this controller, several simulations are
carried out. The validation ensues via experiments on the real robots.

There are several control tasks to achieve with mobile robots. The most
basic task could be considered as following a given trajectory [dLOS98], known
as trajectory tracking. Another motion task is to achieve a group formation.
The goal of this method is to change the position of each robot in order to
generate a group formation [YB96]. This formation control could be considered
an extension to the trajectory tracking problem where robots follow a given
trajectory while performing a formation.

The trajectory tracking problem was solved in [SA91] by using a time-
varying control law as a feedback. Another way to solve this problem is through
the use of dynamic feedback linearization [dNCB95], [De 93] and [OdLV02].
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CHAPTER 1. INTRODUCTION

In [ZN99] and [TKCC01] the technique of backstepping is used for trajectory
tracking of nonholonomic systems. The approach in [PLNS98] takes advantage
of the cascade structure of the robot model.

The group formation control is considered as a control law which controls
the mobile robots in a certain formation, e.g. a triangular. In [YB98] the
authors proposed an approach to achieve this goal by a time-varying feedback
control. Whilst [ZFM05] gives necessary and sufficient graphical conditions for
the formation stabilization to a point and to more general geometric pattern.

There are various approaches to formation tracking, like the behavior-based
method [BA98], the virtual structure strategy [LT97] and the leader-follower
approach [DOK98], [TNO04] and [CSVS03]. The behavior-based approach
defines a desired behavior for each robot. In order to derive the control, the
relative importance of each behavior is weighted [LBY03]. This approach is
used, for example, to apply the social characteristics of insects and animals to
multirobot systems [AAC09]. The virtual structure method treats the entire
formation as a single entity. To derive the control for each robot, the motion
of the virtual structure is considered and transformed into the motion of the
robot [GSM08] and [LJ12].

In this thesis the focus is on the leader-follower approach. To accom-
plish the leader-follower strategy there are several approaches. The method
taken [LA06] made use of the cascade approach as in [PLNS98] to achieve
a consensus-based controller. In [DOK98], feedback linearization was used to
exponentially stabilize the distance and the orientation between the leader and
the follower. In addition to these approaches, model predictive control (MPC)
has become an accepted method in solving the formation control problem. In
[HYC+08] a nonlinear MPC is applied. Since the computational effort is higher
than applying a linear MPC, [KY15] uses a linear MPC in combination with
an input-output feedback linearization to achieve a leader-follower formation
control.

Related works, where an implementation of a formation controller takes
place are [FDKO01], [TO03], [CY04] and [CC12]. These papers also perform
simulations of the formation controller. However, non of them considers either
a dynamic model or uncertainties of the robot. Therefore, this work takes
an extended model of the robot into account and performs further simula-
tions. The outcome of these investigations shows the ability of implementing
a formation controller on the given robots.
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Chapter 2

Robot Identification

In this section an investigation of the given robot takes place regarding its sen-
sors, actuators, computational power and communication ability. The results
of these investigations are required for the subsequent sections. The possibil-
ity of implementing a formation controller depends highly on the ability of the
robot. The appearance of the mobile robot can be seen in Figure 2.1.

Figure 2.1: Appearance of the mobile robot.
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CHAPTER 2. ROBOT IDENTIFICATION

2.1 Hardware

The hardware in the sense of the computational ability is divided into two
parts. On the one hand there is the high level which is basically a Raspberry
Pi board. On the other hand the sensors and actuators are operated by the
low level.

2.1.1 High Level

As mentioned above, the high level is made up of a Raspberry Pi. This board
uses a Linux kernel-based operation system with a 700 MHz single core proces-
sor and a 256 MB memory. For implementing functions on the high level, the
programming language C++ is used. There are already some existing func-
tions for exchanging data with the low level e.g. for setting the speed of the
motors in the low level or for requesting the position. Since the high level is
operated by an operating system, a constant sample time cannot be guaran-
teed. Considering the computational power and the given interface with the
low level, the high level is made for executing the formation controller.

2.1.2 Low Level

The low level is designed to request and process the data of the sensors and to
drive the actuators. Therefore, a processor with 16 MHz and 8 MB memory is
used. The board also contains the required hardware driver for the actuators.
Since the low level has less computational power compared to the high level, it
is necessary to keep the software simpler. Nevertheless the low level supports
interrupts, which can be used for achieving a constant sample time.

2.2 Sensors

A crucial part of the formation controller is either to know the global posi-
tion q(t) = [x(t), y(t), φ(t)]T or to determine the position between two robots.
These requirements depend on the specific formation controller. The robots
have basically two different types of sensors with which to obtain either the
global position or the relative position between two robots. In the following
sections the sensors are discussed in detail.

2.2.1 Position Sensitive Device

Each robot is equipped with three Position Sensitive Devices (PSD). They are
mounted on the head of the robot, where one points into the head direction
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CHAPTER 2. ROBOT IDENTIFICATION

and the two others to the left and to the right respectively. A PSD senses the
distance to another object. However the output is a nonlinear function. This
disadvantage can be solved via an inverse function, implemented in software.
This linearization has to be done before the data are used. A further drawback
is the mounted position of the PSDs in combination with the spot-like mea-
surement of the distance. Thus, exists a dead space between each PSD where
a robot cannot be detected. This could be avoided by adding more PSD to
the robot. Since the robot should not be manipulated, another method to get
the position is considered.

2.2.2 Position Calculation

The robots have a motor on each wheel with an attached encoder. This encoder
detects the displacement of the wheel in each sample time of the low level. With
this information a calculation of the increment position based on geometric
relations can be done:

∆posL =
eL − eold,L
TPML

∆posR =
eR − eold,R
TPMR

∆pos =
∆posR + ∆posL

2

∆angle =
∆posR −∆posL

d

(2.1)

with the current and previous encoder value eL, eold,L of the left and eR, eold,R
the right encoder respectively. The constants TPML and TPMR define the
ticks per meter of the left and the right encoder. The parameter d is the dis-
tance between both wheels. The first two equations in (2.1) calculate the in-
crement position of each wheel compared to the last sample. ∆pos and ∆angle
are the increment position and the increment angle of the robot. Considering
these pre-calculations, the global position for time k + 1 can be calculated as:

x(k + 1) = x(k) + ∆pos(k) · cos(φ(k))

y(k + 1) = y(k) + ∆pos(k) · sin(φ(k))

φ(k + 1) = φ(k) + ∆angle(k)

x(0) = x0, y(0) = y0, φ(0) = φ0

(2.2)

For these calculations a few crucial things have to be considered. One
consideration is of the parameters in (2.1). For practical purpose it is necessary
to distinguish between the ticks per meter (TPM) of the left and the right
wheel, since it is not guaranteed that both wheels have the same perimeter.
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CHAPTER 2. ROBOT IDENTIFICATION

These parameters have to be determined for each robot separately. The other
parameter is d. Since the wheels of the given robot are relatively wide, it is
crucial to determine this distance for each robot.

Another part to consider is that of the encoder values. It is necessary that
each encoder tick is registered. In the given configuration of the low level it
could occur that ticks are missing. This is because of the reading of the encoder
values which had been done via an interrupt. This interrupt service routine
was called when the encoder had passed one tick. If there is a higher prior
interrupt service routine in the execution while the encoder does more than
one tick, there will be only one registered. In order to avoid this, the encoder
values are counted via a hardware counter. With this change the accuracy of
the position calculation could be improved especially at higher speed.

2.3 Actuators

In order to be able to drive the robot, two Direct Current (DC) motors are
used. The output of the processor used for this purpose is the Pulse Width
Modulation (PWM) output. Since the processor is not capable to drive the
motor directly, a hardware driver is needed. This hardware driver supplies the
needed electrical power. By varying the duty cycle of the PWM signal, the
speed of the motor can be varied.

2.4 Communication

Besides the need of knowing the position of the robot to control the formation,
it is also necessary for some formation controlling approaches to interact be-
tween the robots. The details regarding the required information are shown in
Section 4. Since the robots did not have a working communication, this must
be created.

For this approach, communication is considered between two robots and
can be scaled afterwards. For the purpose of information exchange a wireless
communication via WiFi is chosen, whereby the robots have to connect to a
common router. The UPD-protocol is used as a communication protocol. This
is an unconnected communication where packet loss can occur. This must be
investigated, to ascertain if the occurrence of a packet loss can be tolerated by
the specific formation controller. In order to choose a communication partner,
unique identification numbers (ID) are given to each robot. Therefore, the
last byte of the IP-address of the robot is mapped to the ID. To be able to
communicate with another robot, only the ID of it has to be known. On the
other hand if a message is received, the IP-address and hence the ID of the
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CHAPTER 2. ROBOT IDENTIFICATION

sending robot can be determined. Therefore, functions in the high level for
sending and receiving messages are provided.
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Chapter 3

Model Setup

3.1 Kinematic Model

In this work, differentially driven wheeled mobile robots are considered. Each
robot has two wheels and each wheel can be actuated independently. The
description of a robot in a two dimensional space can be done by the current
position (x, y) and the orientation angle φ. Hence the state vector results to
q(t) = [x(t), y(t), φ(t)]T . The kinematic equations of the robot are represented
in (3.1):

ẋ = v cos(φ)

ẏ = v sin(φ)

φ̇ = ω,

x(0) = x0, y(0) = y0, φ(0) = φ0

(3.1)

with the velocity v and the angular velocity ω as an input u = [v, ω]T . The
connectedness of the velocity and angular velocity of the robot to the angular
velocity of both wheels (ωW,R, ωW,L) is given by (3.2) with the radius r of a
wheel.

v = r
ωW,R + ωW,L

2

ω = r
ωW,R − ωW,L

d

(3.2)
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CHAPTER 3. MODEL SETUP

3.2 Dynamic Model

3.2.1 Unreduced Model

In this section the dynamics of a mobile robot are considered. Figure 3.1 shows
the parameter of a robot, where B is the wheel baseline center, G is the center
of gravity, C is the position of the castor, L is the position of the left wheel
and R is the position of the right wheel. The geometric distances are expressed
by b, c and d.

d

b

c

B

G

C

φ

L

R

x

y

Figure 3.1: Parameter of the mobile robot.

The dynamic model of a robot was derived in [YDCV98]. The full dynamic
equations of [YDCV98] are given in (3.3), where m is the mass of the robot.

The uncertainty vector δ =
[
δx, δy, 0, δv, δω

]T
includes the slip speed of the

wheels, the viscous friction forces and the resistance force of the castor. The
input of the model is given by τv and τω.

ẋ
ẏ

φ̇
v̇
ω̇

 =


v cos(φ)
v sin(φ)

ω
mbr2

θv
ω2

−2mbr2

θω
vω

+


0 0
0 0
0 0
2r
θv

0

0 2rd
θω


[
τv
τω

]
+


δx
δy
0
δv
δω


x(0) = x0, y(0) = y0, φ(0) = φ0, v(0) = v0, ω(0) = ω0

(3.3)
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CHAPTER 3. MODEL SETUP

with

θv = mRt + 2Ie, θω = Ied
2 + 2R2

t (Iz +mb2)

τv =
1

2
(ktiL + ktiR), τω =

1

2
(ktiL − ktiR)

(3.4)

(3.3) and (3.4) according to [YDCV98], where Rt is the nominal radius of the
tire, Ie is the moment of inertia of the combined motor rotor and wheel, Iz
is the moment of inertia of the robot about the vertical axis, kt is the motor
torque constant and iL and iR are the motor currents of the left and the right
motors.

3.2.2 Reduced Model

The input signal of the motor is the duty cycle of the PWM signal, as men-
tioned in Section 2.3. Since the model in (3.3) is using the current as an input,
it has to be changed. For simplicity the voltage of the motor is chosen as an
input. The relation between the voltage and the current of a DC motor can
be described as:

u = Rai+ Lai̇+ kvω (3.5)

where Ra is armature resistance, La is the armature inductance, kv is the
motor velocity constant and u and i are the armature voltage and the armature
current respectively. Since (3.5) is a differential equation, it would add two
further states to the dynamic model. This can be avoided if the dynamics of
the current in (3.5) are significantly faster than the fastest dynamic in (3.3).
This assumption is satisfied and the dynamics of the current can be neglected.
This yields to the following equation.

u = Rai+ kvω (3.6)

For further simplification the uncertainty vector δ in (3.3) will be neglected.
This can be done by the assumption of no slipping wheels, no external distur-
bance and by neglecting the friction of the castor. These simplifications in
addition with (3.6) yield the reduced dynamic model of the robot.

ẋ
ẏ

φ̇
v̇
ω̇

 =


v cos(φ)
v sin(φ)

ω
mbr2

θv
ω2 − 2ktkv

θvRa
v

−2mbr2

θω
vω − d2ktkv

θωRa
ω

+


0 0
0 0
0 0
rkt
θvRa

rkt
θvRa

− rdkt
θωRa

rdkt
θωRa


[
uL
uR

]

x(0) = x0, y(0) = y0, φ(0) = φ0, v(0) = v0, ω(0) = ω0

(3.7)
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CHAPTER 3. MODEL SETUP

3.2.3 Model Identification

The goal of the model identification is to determine the unknown parameter
in (3.7). Since in (3.7) parameters only occur on the right hand side of [v̇, ω̇]T

and these equations do not depend on [x, y, ω]T , the dynamic model for the
identification can be reduced to the states [v, ω]T . Furthermore, the parameters
in (3.7) are combined to one parameter vector. This yields to the following
model description for the identification:[

v̇
ω̇

]
=

[
p1ω

2 + p2v
p4vω + p5ω

]
+

[
p3 p3
−p6 p6

] [
uL
uR

]
v(0) = v0, ω(0) = ω0

(3.8)

with the parameter vector p = [p1, p2, p3, p4, p5, p6]
T . In order to identify the

model, the velocity and the angular velocity need to be measured. For this
purpose the encoder values of each wheel are stored in the low level of the
robot. These encoder values are used offline to calculate the velocity and
the angular velocity of the robot. Therefore, the calculation for the position
in Section 2.2.2 is used again. By dividing the ∆pos and ∆angle by the
sample time of the low level, the velocity and angular velocity results. If the
outcomes of 2.2.2 are taken into account, the calculation of the velocity and
angular velocity can be assumed as accurate enough. For the identification
there are three experiments considered. The input signal is chosen as a step
function, whereby each experiment has different final values. These are chosen
as typical trajectories of a robot. The first experiment is a straight drive, in
the second experiment the robot does a turn and in the last experiment the
robot drives a curve. In order to obtain the parameters, the model (3.8) is
simulated with a parameter vector p0. The velocity and the angular velocity
from the measurements are calculated in parallel. The output of the model
ysim = [vsim, ωsim]T and the output of the measurements ymeas = [vmeas, ωmeas]

T

are considered in a cost function which is given in (3.9). TherebyN is the
quantity of measured points.

J(p) =
1

2

N∑
i=1

((vmeas(ti)− vsim(ti,p))2 + (ωmeas(ti)− ωsim(ti,p))2) (3.9)

To minimize this cost function, a nonlinear optimizer is used. The mea-
surement and the simulation with the identified parameters can be seen in
Figure 3.2.
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CHAPTER 3. MODEL SETUP

Figure 3.2: Simulation of the model with the identified parameters and the
visualization of the measurement.

3.2.4 Speed Controller

The formation controller, which is considered in this work, uses the kinematic
model in (3.1) to obtain the control law for each robot. Since the input of our
robot is the duty cycle of the PWM signal of each wheel, it is not guaranteed
that the current speed of each wheel reaches the desired speed. Therefore, it
is necessary to implement a speed controller for each wheel. For this purpose
a simple PID controller is considered. The input of the controller is the error
between the desired speed and the current speed of each wheel. In order to
obtain the desired speed from the velocity and angular velocity of the robot,
(3.2) can be rearranged. The transfer function of the continuous-time PID
controller is:

GC(s) = KP +KI
1

s
+KD

Ns

s+N
(3.10)

14



CHAPTER 3. MODEL SETUP

with the control parameter KP, KI and KD and the filter coefficient N . In order
to obtain the parameters for the PID controller, a nonlinear optimization is
used. The goal of this optimization is to minimize the integrated squared error
e between the desired speed and the current speed. Therefore, the reduced
dynamic model (3.7) with the identified parameter is used. Since the input
u of the motor is constrained, this constraint has to be considered in the
optimization, so a nonlinear constrained optimization algorithm is used. In
order to avoid slipping wheels, the acceleration of the robot is constrained as
well as the angular acceleration. The optimization problem with the considered
constraints is:

min
KP,KI,KD

∫ T

0

e2dt

subject to |u| − umax ≤ 0

|v̇| − amax ≤ 0

|ω̇| − αmax ≤ 0

(3.11)

with the maximum voltage of the motor umax, the maximum acceleration amax,
the maximum angular acceleration αmax and the upper bound T of the integral.
This bound should be chosen large enough until the error becomes zero.

For the implementation of the PID controller, the continuous-time con-
troller has to be transformed into a discrete controller. This is done with the
discretization method zero-order hold.

Another characteristic of the given system has to be considered here. This
concerns the discrete encoder values. As mentioned in Section 3.2.3, ∆pos
and ∆angle from (2.1) are divided by the sample time to achieve the current
speed of each wheel (3.2). Since (2.1) uses the encoder values, the difference
of the speed from one sample to the next sample could be relatively large,
depending on the encoder values. Since the input of the controller is the error
e between the desired speed and the current speed, the signal course of the
current speed needs to be smooth. In order to reduce the noise of the current
speed, a discrete filter is implemented. With this filter a better performance
of the PID controller can be achieved.
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Chapter 4

Review of Different Formation
Controllers

In this section different controllers for achieving a formation are investigated,
for the purpose of possible implementation on the given robots. Specifically,
several simulations of each formation controller are carried out with different
models of the robot. These models are changed in an appropriated manner to
achieve a more detailed model of the real robots. According to the results of
these simulations, a conclusion is given regarding the possibility of implement-
ing a formation controller on the robots.

4.1 Basic Formation Tracking Controller

The basic formation tracking controller is proposed in [LA06], which is an
extension of the tracking controller for one robot in [PLNS98]. This controller
takes advantage of the cascade structure. The goal of which is to decompose
the tracking control problem into two sub-problems which are simpler and
’independent’. One resulting controller concerns the position and the other
the orientation.

4.1.1 Setup

The controller does not use the original coordinates of the robot. Instead it
uses so called error coordinates:xeye

φe

 =

 cos(φ) sin(φ) 0
− sin(φ) cos(φ) 0

0 0 1

xr − xyr − y
φr − φ

 (4.1)
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which are proposed in [KKMN90], whereby the subscript r indicates the ref-
erence and the coordinates without a subscript refer to the current position of
the robot. Figure 4.1 illustrates the error coordinates. These error coordinates
yield to the error dynamics:

ye

xe

y'
x'

y

x

Figure 4.1: Illustration of the error coordinates according to [PLNS98].

ẋe = ωye − v + vr cos(φe)

ẏe = −ωxe + vr sin(φe)

φ̇e = ωr − ω
xe(0) = xe0, ye(0) = ye0, φe(0) = φe0

(4.2)

according to [KKMN90].

Theorem 1 ([PLNS98]) Consider the system (4.2) in closed-loop with the
controller

v = vr + c2xe

ω = ωr + c1φe

(4.3)

where c1 > 0, c2 > 0. If ωr(t), ω̇r(t), and vr(t) are bounded and there exist δ
and k such that ∫ t+δ

t

ωr(τ)2dτ ≥ k, ∀t ≥ t0 (4.4)

then the closed-loop system (4.2),(4.3) is globally K-exponentially stable.
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In order to extend these results to a formation tracking controller, a for-

mation specification vector dri =
[
dxri , dyri

]T
is added to the error coordinates

[LA06]. This vector describes the distance between the reference trajectory
and the follower i in the global coordinate system. The extended error coor-
dinates are given by:xeiyei

φei

 =

 cos(φi) sin(φi) 0
− sin(φi) cos(φi) 0

0 0 1

xr − xi − dxriyr − yi − dyri
φr − φi

 (4.5)

according to [LA06].

4.1.2 Simulation in Matlab/Simulink

In order to investigate the basic formation tracking controller regarding the
ability of the robot, a first simulation with the kinematic model (3.1) is per-
formed. A simple constellation with three robots is considered. The reference
trajectory is created by a ’virtual robot’ with the inputs vr = 0.1 and ωr = 0.05
and the initial pose qr,0 = [0,−2, 0]T . The formation vector for each vehicle is:

dr1 =

[
0
0

]
dr2 =

[
0.5
0.5

]
dr3 =

[
0.5
−0.5

]
(4.6)

and the initial pose of each robot is chosen as:

q1(0) =

0
0
0

 q2(0) =

−0.5
−0.5

0

 q3(0) =

−1
−1
0

 (4.7)

which is a triangle formation. Considering the controller in (4.3), the informa-
tion needed for each robot are the error coordinates in (4.5) and the reference
inputs vr and ωr. In order to calculate the error coordinates, the reference pose
is required. This information is necessary for a potential implementation of
the basic formation tracking controller on the robots.

A visualization of the results of the simulation can be seen in Figure 4.2.
It can be observed that each robot performs the required formation after they
converge to the given trajectory. This implies that the error coordinates (4.5)
converge to zero.

4.1.3 Applicability

For this controller a simulation with more detailed models of the robot are
skipped due to two main reasons. On the one hand the theorem 1 has a
condition for the reference angular velocity ωr as (4.4) suggested. This implies
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Figure 4.2: Visualization of the basic formation tracking controller. The Robot
1 is denoted as +, Robot 2 as o and Robot 3 is denoted as ∗.

e.g. that a reference trajectory as a straight line with ωr = 0 is not covered
by the theorem. In order to be able to perform as many general trajectories
as possible, this controller is not suitable. On the other hand the formation
specification vector dri is defined, as mentioned above, in global coordinates.
This can be seen in Figure 4.2 where the desired triangular formation does not
change in regards to the global view. For this work a formation needs to be
achieved which can be expressed in the coordinates of each robot.

4.2 l − ψ Controller

The l−ψ is proposed in [DOK98]. This controller uses the leader-follower ap-
proach, whereby the relative distance and the orientation between the leader
and the follower are controlled. This approach uses the techniques of in-
put/output linearization to achieve the formation controller.

4.2.1 Setup

Figure 4.3 illustrates the leader and the follower robot with the controlled
values l12 and ψ12. The aim of the l − ψ controller is to maintain the desired
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length ld12 and the desired relative angle ψd
12 while the leader is following a

given trajectory. Thereby, the state of the follower are given as: [l12, ψ12, φ2]
T .

B

C

x

y

l12

B

C
ψ

φ
2

φ
1

12

Robot 1

Robot 2

Figure 4.3: Illustration of the leader follower constellation of the l−ψ controller
according to [DOK98].

The kinematic equations of Robot 1 shown in Figure 4.3 is given in (3.1).
The kinematic equations of Robot 2 are given by:

l̇12 = v2 cos(γ1)− v1 cos(ψ12) + cω2 sin(γ1)

ψ̇12 =
1

l12
(v1 sin(ψ12)− v2 sin(γ1) + cω2 cos(γ1)− l12ω1)

φ̇2 = ω2

(4.8)

according to [DOK98], with γ1 = φ1 + ψ12 − φ2. It is required that l12 > c in
order to avoid a collision.

The use of input-output linearization yields the following control law for
the follower:

ω2 =
cos(γ1)

c
{(α2l12

(
ψd
12 − ψ12

)
− v1 sin(ψ12)+

l12ω1 + ρ12 sin(γ1))}
v2 = ρ12 − cω2tan(γ1)

(4.9)

where

ρ12 =
α1(l

d
12 − l12) + v1 cos(ψ12)

cos(γ1)
(4.10)
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With these inputs the l − ψ variables become:

l̇12 = α1(l
d
12 − l12)

ψ̇12 = α2(ψ
d
12 − ψ12)

(4.11)

whereby (4.9), (4.10) and (4.11) are according to [DOK98]. In order to cal-
culate the control law in (4.9) the length l12 and the angle ψ12 are required.
These can be calculated as follows:

Il12 = Ip1 −
(
Ip2 + IRV2 ·

[
c
0

])
l12 = ||Il12||

ψ12 = arccos

((
IRV1e

)T · (−Il12)
||IRV1e|| · ||Il12||

) (4.12)

with

IRVi =

[
cos(φi) − sin(φi)
sin(φi) cos(φi)

]
, i = 1, 2

e =

[
1
0

] (4.13)

where IRVi is a transformation matrix which transforms a vector from the co-
ordinate system Vi into the inertial coordinate system I and Ipi is the position
vector of the robot i referred to the inertial coordinate system. This vector
contains not the full state of the robot i but only the position (xi, yi).

To be able to calculate the control law in the follower robot, the whole
state of the leader q1, the whole state of the follower q2 and the input signals
of the leader (v1, ω1) are needed as well as the angular velocity of the follower
ω2. From this the communication between the leader and the follower can
be determined. The information needed to transmit from the follower to the
leader are the whole state of the leader and the input signals of the leader.

Theorem 2 ([DOK98]) Assume the system of two mobile robots shown in
Figure 4.3 and the associated control law in (4.9). For the motion of the lead
robot following a circular path, v1 = K1, ω1 = K2, φ2 is locally asymptotically
convergent to φ1(t) + ψd

12 − β2 − arccos(K2/β1)
where
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β1 =

√(
K2l12 +K1 sin(ψd

12)

c

)2

+

(
K1 cos(ψd

12)

c

)2

β2 = arctan

(
K1 cos(ψd

12)

K2l12 +K1 sin(ψd
12)

)
.

(4.14)

Theorem 3 ([DOK98]) For the case that the leader robot follows a straight
line (ω1 = K2 = 0), φ2 converges exponentially to φ10.

4.2.2 Simulation in Matlab/Simulink

The first simulation of the l−ψ controller in order to investigate the behavior
is done with the kinematic model (3.1). Therefore, a constellation with one
leader and two followers is considered. The leader drives a curve with the
input values vr = 0.1 and ωr = 0.1. The formation specification for the first
follower is defined as follows: ld12 = 0.3, ψd

12 = 210◦ and for the second follower
the desired control values are: ld13 = 0.3, ψd

13 = 150◦. The initial pose for each
robot is:

q1(0) =

0
0
0

 q2(0) =

−0.5
−0.6

0

 q3(0) =

−0.5
−0.3

0

 . (4.15)

The control parameters are chosen as α1 = 0.5 and α2 = 0.5.
The results of the simulation with the kinematic model can be seen in

Figure 4.4. After an initial convergence of the two followers it can be observed
that the desired length and the desired angle are maintained. The follower
robot follows the leader with the specified parameters. In comparison with
the basic formation controller (4.1) the control values of the l − ψ controller
are expressed in the local coordinate system of the leader. This fact can be
observed in Figure 4.4 where the formation rotates with the leader. This
corresponds to the desired behavior of the controller demanded in this work.

Since this controller fulfills all the requirements regarding a kinematic
model of the robot, further investigations are carried out. The first further
simulation concerns the model of the robot. Instead of using the kinematic
model of the robot on which the control design is based, a dynamical model
is used. Therefore, the model (3.7) of Section 3.2.2 is used to simulate the
behavior of the robot. In order to apply it to the given robots, the identified
parameters of Section 3.2.3 are used. Since the velocity v and the angular
velocity ω are not controlled in (3.7), the speed controller of Section 3.2.4 is
used. Therefore, not merely the identified control parameter for the PID con-
troller are used, but rather other parameters are considered. The expectations

22



CHAPTER 4. REVIEW OF DIFFERENT FORMATION CONTROLLERS

-1.5 -1 -0.5 0 0.5 1 1.5
-1

-0.5

0

0.5

1

1.5

2

2.5

Figure 4.4: Visualization of the l − ψ controller with a kinematic model. The
Robot 1 is denoted as +, Robot 2 as o and Robot 3 is denoted as ∗.

regarding these changes concern a formulation of requirements on the speed
controller. With these predefinitions a more realistic model of the robot is
considered.

There are two crucial outcomes of these simulations. On the one hand the
speed controller takes an important part in the whole system. If the velocity v
and the angular velocity ω of each robot do not converge to the required value,
the behavior of the dynamic model is different from the kinematic model. In
addition to this the length l1i and the angle ψ1i (where i is the number of
the follower) do converge to the desired values if the leader robot converge to
the kinematic model and the follower do not converge. In order to achieve
this goal the integral part of the PID controller is necessary. Considering the
method of identifying the control parameters it is ensured that the velocity
and the angular velocity converge. On the other hand the shape of the ref-
erence trajectory combined with the parameters of the speed controller have
an influence on the convergence of the formation values, the length l1i and the
angle ψ1i. If the speed controller is faster, the influence on a change in the
reference trajectory regarding the formation values is less than with a slower
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speed controller. Therefore, a fast speed controller is required. This demand
is covered by the method of identifying the control parameters.

In order to improve the dynamic model, a further characteristic of the robot
is included. A crucial aspect from implementing a controller in hardware is the
discretization. Due to the characteristic of a microcontroller it is not possible
to achieve a continuous output signal of the controller. As opposed to this
the control output will be a discrete signal. Hence a few simulations regarding
the discrete sampling of the controller are carried out. To be able to gain an
insight of the l − ψ applied to a given hardware, simulations with different
sampling times are performed. This covers also the characteristic of the high
level, as mentioned in 2.1.1, as the sampling time cannot be guaranteed.

For this purpose a constellation with one leader and one follower is con-
sidered with the desired length ld12 = 0.3m and the desired angle ψd

12 = 210◦.
The results of two simulation can be seen in Figure 4.5. The upper subplot
visualizes the current length and the lower subplot visualizes the current an-
gle, both according to (4.12). In each subplot three simulations are visualized.
The first one uses a continuous l− ψ controller whereas the other simulations
use a discrete controller, one with a sample frequency of 10 Hz and one with a
sample frequency of 0.5 Hz respectively. On the one hand it can be observed,
that the controller with the higher sample frequency is close to the continuous
one. On the other hand a too low sample frequency leads to a non converging
behavior. This characteristic of the discretization has to be considered by the
implementation of the control law on the high level.

Due to the fact that this formation controller needs communication, the
method of communication is investigated. In particular the impact of the
communication is of great interest. For this work two types of error causes are
considered. On the one hand the communication via network leads to delays.
There are many causes for these delays e.g. the limited network transfer rate
or sending packages through several layers. In summary all these delays can
be considered as an additional amount of time in the sampling time. Thereby
the investigation of the discretization has to be repeated with the new sample
time. Nevertheless the result of the previous investigation does not change.

On the other hand, as mentioned in 2.4, the communication protocol UDP
is used for transmitting data. This protocol is unreliable and there is no
guarantee of delivery. Therefore, the model of the system is extended to cover
the occurrence of package loss in the network. The event of a package loss
is assumed to be uniformly distributed and if one package is lost, the whole
calculation of the controller is skipped in this sample.

There are two outcomes of this investigation regarding the package loss. On
the one hand the stability of the l − ψ controller depends on the percentage
of the package loss. If the package loss is very high (in this case beyond 80%),
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Figure 4.5: Visualization of the l − ψ controller with a dynamic model and a
discrete controller.

the stability is not further guaranteed. Nevertheless the system tolerates a
huge amount of package loss, which is a positive result regarding the imple-
mentation. On the other hand the amount of tolerated package loss depends
on the shape of the leader’s trajectory. The more changes occur in this tra-
jectory, the less lost packages can be tolerated in order to achieve an adequate
performance.

The last improvement of the model for simulating the formation controller
concerns the uncertainties in the sensor values. The sensors for calculating
the pose of the robot are the encoders, as mentioned in Section 2.2. The
critical aspects of the encoders are the discrete values. Considering the position
calculation in Section 2.2.2, there is an update of the global position in each
sample time of the low level. Combining these things, it is not guaranteed if the
robot goes straight, that in each sample time the same amount of encoder ticks
are received. Also the difference in the encoder ticks on the right side could
differ from the difference in the encoder ticks on the left side. As a first step
the difference in the encoder values is considered. Therefore, the simulation
model is extended with a subsystem which models the encoders and another
subsystem for calculating the position. These subsystems are triggered with
the sample time of the low level of the robots. In order to be able to model
the differences of the encoder values in each sample time, a uniformly, zero-
mean distributed random number generator is added. This takes numbers in
a defined range and adds them to the current encoder value.
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The results of a simulation concerning the uncertainties in the encoders
can be seen in Figure 4.6. The setup for this simulation is the same as in
the simulations before, except for the leader’s trajectory. For simplicity a
straight line is considered. It can be observed, that the current length l12
and the current angle ψ12 are tending to the desired values and maintaining
these values with a certain distance. This characteristic of the encoders can
be treated as noise.

Figure 4.6: Visualization of the l − ψ controller with a dynamic model, a
discrete controller and the uncertainties in the encoder values.

As a second step the behavior of the system mentioned in Section 2.2.2 is
discussed. Specifically the impact of the missing encoder values per sample
time are investigated. If there is an encoder tick missing, the calculation of
the global pose is wrong. These have an impact on the formation controller,
since the incorrect pose of the robot is considered when calculating the control
law. To emphasize this, the model was extended to be able to cover these
behaviors. The setup is the same as in the simulation before. In this simulation
the uncertainties of the encoder values are neglected and the focus is on the
missing encoder values. The results of this simulation can be seen in Figure
4.7. This simulation is based on the following assumptions: The occurrence
of a missing encoder value is uniformly distributed with an occurrence rate of
10%, the amount of a missing encoder value is one for the left encoder and
two for the right encoder. These results illustrate explicitly the necessity of
collecting each encoder value. It is basically not possible to achieve a formation
with this setting.
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Figure 4.7: Visualization of the l − ψ controller with a dynamic model, a
discrete controller and missing encoder values.

4.2.3 Simulation in EyeSim

EyeSim is used as a second environment for simulating the formation controller.
This program is a simulation environment for multiple mobile robots which
provides the possibility to simulate different kind of robots [Brä08], [KB04].
One of those robots is similar to the robots this thesis takes as a basis. An
advantage of EyeSim is the application programmer interface (API) which is
the same as the API of the real robot. This means the whole functionality
of the high level is provided in EyeSim. The relevant functionality for this
purpose is limited to manipulating the speed of the robot, the communication
between robots and the retrieving of the sensor data. The use of EyeSim is
a good opportunity to check the control law (4.9) in combination with the
high level functionality. As a further advantage of testing the l − ψ controller
on the EyeSim is the realistic behavior of the PSD sensors. They measure
the distance with respect to the mounting position of the PSD sensors on the
robot. Furthermore, it is possible to build up walls which are recognized by the
PSD sensors. Beyond that the EyeSim simulator detects a collision between
two robots or a robot and a wall [Brä08], [KB04].

Since the controller was tested in Matlab/Simulink, the control algorithm
(4.9) including (4.10),(4.12),(4.13) has to be translated into C++. In order
to guarantee consistency in the control law, the automatic code generation
of Matlab/Simulink is used. This code is implemented in EyeSim with the
functionality of the high level to supply the control law with all the necessary
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data. The generated code is used as a black box to obtain the control values
v and ω.

The results of the simulation show a similar behavior of the l−ψ controller
to that obtained from the Matlab/Simulink simulations. A convergence of the
controlled values l12 and ψ12 to the desired values can be observed.

4.2.4 Applicability

In this section a summary of all the investigated situations concerning the
implementation of the l − ψ controller on the robots is given. The aspects
covered from the results before are the speed controller and the uncertainties
of the encoder values. If the speed controller is implemented as suggested
in Section 3.2.4, the formation can be achieved. Another point mentioned
recurrently is the shape of the reference trajectory. This has to be chosen in
an appropriate manner.

Critical opened points are the time demand on the robot for one execution
of the control algorithm and the package loss in the network. If the suggestions
mentioned in the section before are considered, it is possible to implement the
l − ψ controller on the given robots. These points will be reconsidered in the
section regarding the implementation.

4.3 l − l Controller

The l − l controller is proposed in [DOK98]. This controller also uses the
leader-follower approach with the difference of two leaders and one follower.
The aim of the l − l controller is to control the distance between the follower
and the two leaders.

4.3.1 Setup

Figure 4.8 illustrates the two leaders (Robot 1 and Robot 2) and the follower
(Robot 3). The controlled values are the distances between the leaders and
the follower l13 and l23. The aim of this controller is to maintain the desired
lengths ld13 and ld23 while the leaders perform a given trajectory. Thus, the
state of the follower is given as: [l13, l23, φ3]

T . The requirements for the l − l
controller concern the lengths l13 and l23. It is required that those lengths are
greater than the distance c and the follower must not lie on a line connecting
the two leaders [DOK98].

The kinematic equations for the leader robots shown in Figure 4.8 are given
in (3.1). The kinematic equations of the follower are given by:
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Figure 4.8: Illustration of the leader follower constellation of the l−l controller
according to [DOK98].

l̇13 = v3 cos(γ1)− v1 cos(ψ13) + cω3 sin(γ1)

l̇23 = v3 cos(γ2)− v2 cos(ψ23) + cω3 sin(γ2)

φ̇3 = ω3

(4.16)

according to [DOK98], with γi = φi + ψi3 − φ3, i = 1, 2.
The use of input-output linearization yields the following control law for

the follower:

ω3 =
1

c sin(γ1 − γ2)
{α1(l

d
13 − l13) cos(γ2) + v1 cos(ψ13) cos(γ2)

− α2(l
d
23 − l23) cos(γ1)− v2 cos(ψ23) cos(γ1)}

v3 =
α1(l

d
13 − l13) + v1 cos(ψ13)− cω3 sin(γ1)

cos(γ1)

(4.17)

With these inputs the l − l variables become:

l̇13 = α1(l
d
13 − l13)

l̇23 = α2(l
d
23 − l23)

(4.18)
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whereby (4.17) and (4.18) are according to [DOK98]. The calculation of the
current length ld13 and ld23 follows (4.12).

In order to be able to calculate the control law in the follower robot, the
whole state of the two leaders q1 and q2, the whole state of the follower q3 and
the velocity of the leaders v1 and v2 are required as well as the angular velocity
of the follower ω3. Considering this information, the communication can be
determined. The information needed to communicate from both leaders to the
follower are the whole state of the leaders and the velocity of the leaders.

Theorem 4 ([DOK98]) Assume a system of three mobile robots as in Figure
4.8 and the associated control law given by (4.17). For a straight line parallel
motion of the first two robots (constant velocity v1 = v2 = K, ω1 = ω2 = 0 and
φ10 = φ20 = φ0), φ3 locally converges exponentially to φe3 = φ0 and ψ13(t) =
ψ13(0) and ψ23(t) = ψ23(0).

This theorem only considers a straight line. In comparison with the l − ψ
controller, a circular motion is not considered. This shrinks the variety of
possible trajectories performed by the leaders.

4.3.2 Simulation in Matlab/Simulink

In order to be able to observe the behavior of the l− l controller, a first simu-
lation with a kinematic model is carried out. Therefore, a simple constellation
with two leaders and one follower is considered. Since the Theorem 4 only
covers a straight line, the input values of both leaders are chosen as vi = 0.1
and ωi = 0 (i = 1, 2). The formation specification for the follower is defined
as ld13 = 0.3 and ld23 = 0.4. The initial pose of each robot is:

q1(0) =

0
0
0

 q2(0) =

 0
−0.4

0

 q3(0) =

−0.5
0.3
0

 (4.19)

and the control parameters are chosen as α1 = 1 and α2 = 1.
The visualization of the results of the simulation can be seen in 4.9. After

an initial phase of convergence the formation is maintained with the defined
formation specification. This kind of behavior could not be achieved with
the l − ψ controller, since the l − ψ controller only allows one leader for each
follower. Combining the l−ψ controller and the l−l controller, new formations
are achievable. This is the reason for further investigations of this controller
regarding the implementation on the robots.

The following procedure refers to the investigation of the l − ψ controller
in Section 4.2, since the same considerations take place. The difference is less
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Figure 4.9: Visualization of the l − l controller with a kinematic model. The
Robot 1 is denoted as +, Robot 2 as o and Robot 3 is denoted as ∗.

emphasis on the necessity of improving the model for the simulation. Thus,
only the results of the simulations are considered. In the further simulations the
setup considering the initial pose, the desired values and the leader’s trajectory
will be the same as in the simulation of the kinematic model.

The first simulation beyond the kinematic model is to simulate the l − l
controller with a dynamic model. The setup considering the speed controller
will be the same as in the investigation of the l − ψ controller. The crucial
outcome of these simulations concerns the speed controller. The requirements
for the speed controller correspond with the demands in the Section 4.2.2. It
must have a converging behavior considering the velocity v and the angular
velocity ω. Since there is no change in the leaders’ reference trajectory, the
demands regarding the transient time are not that strict.

The second further investigation concerns the discrete sampling of the con-
troller. Therefore, simulations with different sample times are performed. In
Figure 4.10 the results of a simulation with a sample frequency of 10 Hz and
1 Hz can be seen. For comparison reasons a simulation with a continuous l− l
controller is also visualized. Considering the higher sampled controller, it can
be observed that the current length is close to the current length of the contin-
uous controller. In fact both are converging to the desired length. As opposed
to this, the l− l controller with a sample frequency of 1 Hz shows an unstable
behavior. Comparing the behavior of a discrete l−ψ controller and a discrete
l − l controller, it can be observed, that the l − l controller tending earlier to

31



CHAPTER 4. REVIEW OF DIFFERENT FORMATION CONTROLLERS

an unstable behavior as the l − ψ controller, when the sampling frequency is
decreased. These properties of the l − l controller needs to be reconsidered in
the implementation of the controller.
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Figure 4.10: Visualization of the l − l controller with a dynamic model and a
discrete controller.

The delay in the network communication is considered as an additional
discrete delay as in Section 4.2.2. Therefore, the next investigation considers
the package loss in the network. Several simulations with different percentage
of package loss are performed. The crucial outcome concerns the tolerated
amount of package loss. The more packages are lost, the longer it takes to
converge to the desired formation. This is valid until a certain amount of
package loss. Beyond this point the l − l controller is unstable.

The last consideration regarding the l − l controller concerns the encoder
values. As mentioned in the Section 4.2.2, the encoder values can differ in
each sample of the low level. The results of this investigation are similar to
those in the investigation of the l−ψ controller. The current length l13 and l23
are tending to the desired values and maintaining these values with a certain
range.

4.3.3 Simulation in EyeSim

As discussed in Section 4.2.3 during the investigation of the l−ψ controller, a
second simulation environment is applied. The l− l controller is treated simi-
larly to the approach with the l−ψ controller. In order to observe the behavior
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of the formation controller in EyeSim, the code generator in Matlab/Simulink
is used. Provided with all the functionality in the high level regarding the
necessary inputs of the control law in (4.17), the simulation in EyeSim can be
started. Analysing the results of these simulations, a converging behavior of
the control values l13 and l23 can be observed.

4.3.4 Applicability

The results discussed above are reconsidered in order to summarize the inves-
tigation of the l − l controller. In comparison with the l − ψ controller, the
demands on the speed controller are less restrictive. However the requirements
on the sample time are higher. Even so this requirement is not a disqualifier,
since the sample frequency is very low when the instabilities occur. Neverthe-
less the execution time of the control algorithm including all other necessary
executions has to be considered during the implementation. Furthermore, the
occurrence of a package loss has to be reconsidered for the implementation.
This is covered with the investigation of the l − ψ controller.

4.4 Collision Avoidance Controller

In this section an extension of the l−ψ controller from Section 4.2 is proposed.
The goal of this extension concerns the collision avoidance based on local
sensors. On the one hand static obstacles should be recognized by the local
PSD sensors. According to this measurement, a defined safety distance to this
static obstacle should be maintained. On the other hand a collision with other
robots in the formation needs to be avoided.

4.4.1 Setup

For the collision avoidance controller a formation with one leader and N fol-
lower is considered. This formation is controlled by a l − ψ controller. In
order to be able to avoid a collision, the desired control values ld1i and ψd

1i

(i = 1, 2, ..., N) are changed in an appropriated manner. This implies that
the desired values are time dependent. Therefore, the following algorithm for
changing the desired values and hence the formation is proposed:

l̇d1i = k1u1

ψ̇d
1i = k2u2

ld1i(0) = ld1i0, ψ
d
1i(0) = ψd

1i0

(4.20)

with
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u1 =



1, if(PSDL < εL and PSDR < εR) or
(PSDF < εF) or (PSDL > εL and
PSDR > εR and PSDF > εF and ld1i < ld1i0)

−1, if(PSDL > εL or PSDR > εR) and
PSDF > εF and ld1i > ld1i0

0, else

u2 =



1, if(PSDL < εL and PSDR > εR) or
(PSDL > εL and PSDR > εR and
ψd
1i < ψd

1i0)
−1, if(PSDL > εL and PSDR < εR) or

(PSDL > εL and PSDR > εR and
ψd
1i > ld1i0)

0, else

(4.21)

where subscript L, R and F refer to the left side, the right side and the front
respectively. The symbol PSD denotes the value of the PSD sensor and ε
specifies the threshold. The definition regarding the values of the PSD sensors
is as follows: The value of the measurement is related to the distance, i.e. if
the value is beyond a threshold, no threat concerning a collision exists.

This algorithm works in the following way: Four different situations are
considered. The fist two situations concern a change in the desired angle ψd

1i.
If the distance to an obstacle on the left is below a threshold, the desired angle
is increased. Where as if the PSDR is below a threshold, ψd

1i is decreased. Both
situations assume that all other distances are beyond the specified threshold.
The third situation occurs if both values of the PSD sensors of the left side
and on the right side are below a threshold and PSDF is beyond a threshold.
If so, the desired length ld1i is increased. The last case concerns the distance to
an obstacle in front of the robot, measured by PSDF. If this value is below
the defined threshold, the desired length is increased. All these cases have one
thing in common. If the hazard from an obstacle is gone, the desired values
ld1i and ψd

1i are forced to reach the initial values ld1i0 and ψd
1i0.

According to (4.21) the initial values ld1i0 and ψd
1i0 are only reached, if the

the current length and the current angle is exactly the same as the initial ones.
For practical purposes a hysteresis is applied to this controller in order to avoid
consistently changing in the desired values.
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4.4.2 Simulation in EyeSim

The simulation in Matlab/Simulink is skipped for the collision avoidance con-
troller for two reasons. On the one hand this controller has the l − ψ con-
troller as a basis and has already investigated with an extended model in
Matlab/Simulink (see Section 4.2.2). On the other hand the collision avoid-
ance controller uses PSD sensors. EyeSim provides a realistic behavior of the
PSD sensors. This also includes the measurement of the distance to another
robot considering the appearance of it. For these reasons only a simulation in
EyeSim is performed.

The first simulation concerns the static obstacle. Therefore, a constellation
with one leader and two followers is considered. The formation specification is
defined as: ld12 = 0.4, ψd

12 = 150◦ for the first follower and ld13 = 0.4, ψd
13 = 210◦

for the second follower. The initial pose is given as:

q1(0) =

0
0
0

 q2(0) =

−0.5
0.4
0

 q3(0) =

−0.5
0
0

 . (4.22)

The simulation setup is chosen as follows: The leader performs a straight
line with two followers. After a defined distance, an obstacle occurs for a
certain length. This obstacle forces the second follower to change the position.
The results of this simulation can be seen in Figure 4.11. It visualizes the
position of each robot to certain time steps. It can be observed, that the
second follower is changing the position in order to maintain a desired minimum
distance to the obstacle. The change appears firstly in the angle until the
distance to the first follower is under a threshold. After that the desired length
is increased. If the formation passed the obstacle, it returns to the initial
formation. This simulation does not show an avoidance of a collision, since
the obstacle is not a potential collision. But it demonstrates the possibility to
maintain a specified distance around each robot based on the PSD sensors.

In Figure 4.12 a screen shot from EyeSim can be seen. It shows the forma-
tion after passing the obstacle. The path visualization shows the trajectory of
each robot and thus the changing of the position of the second follower. This
simulation has a different setup as a basis as the simulations in Figure 4.11
and 4.13.

The corresponding current length l13 and current angle ψ13 of the second
follower are visualized in Figure 4.13. Additional to this, the desired formation
parameters ld13 and ψd

13 are plotted. The situation according to the change in
the desired formation parameters can be observed as described above. Fur-
thermore, a converging of the current length l13 and current angle ψ13 to the
desired ones can be seen.
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Figure 4.11: Visualization of the collision avoidance controller with an obstacle
on the right. The Robot 1 is denoted as +, Robot 2 as o and Robot 3 is denoted
as ∗.

Figure 4.12: Screen shot from EyeSim after simulating the collision avoidance
controller with an obstacle on the right.
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Figure 4.13: Visualization of the formation specification of the collision avoid-
ance controller with an obstacle on the right.

A further simulation considers the collision avoidance with two robots.
Therefore, a formation constellation with one leader and two followers is con-
sidered. In difference to the simulation before, this simulation uses the same
formation parameters for each robot. They are defined as ld1i = 0.5 and
ψd
1i = 180◦ (i = 1, 2) with the initial posture:

q1(0) =

0
0
0

 q2(0) =

−0.5
0
0

 q3(0) =

−0.8
0
0

 . (4.23)

The leader is performing a straight line and the follower robots trying to
follow this line at the same position. Since this is physically not possible,
the collision avoidance controller is taken into account. The results of this
simulation can be seen in Figure 4.14. Once the second follower gets closer to
the first follower, the desired length is increased. This is done in a way, that no
collision occurs. This new formation is maintained while the second follower
has a new desired length.

4.4.3 Applicability

The simulations show the possibility of maintaining a defined distance on each
side of the robot and the ability of avoiding a collision. If the crucial parts
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Figure 4.14: Visualization of the current length and the desired length of the
follower two with the collision avoidance controller.

in Section 4.2 are considered for the l − ψ controller, an implementation with
these specifications is possible.
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Implementation and Results

5.1 Implementation on Real Mobile Robot

In this section the aspects that have to be considered during the implementa-
tion of the formation controller are emphasized. In particular, the open points
from Section 4 are reconsidered. Furthermore, practical points regarding the
operationality are discussed. Following, the implementation of the l − ψ and
the l − l controller are considered. If the results concern a specific controller,
it will be emphasized. Otherwise it is a general result and thus valid for both
formation controllers.

The first step is to implement the control algorithm with the high level
function calls to provide all necessary information for the controller. Therefore,
the intermediate stage with EyeSim is an advantage. Since the API for the
high level function calls is the same and the control algorithm has not to be
changed, the code can be directly implemented on the robots.

Once the control algorithm is implemented, the open points can be recon-
sidered. The first concern is the execution time of the control algorithm. This
will be distinguished between two setups. On the one hand only the execution
time of the control algorithm itself is measured. Since this control algorithm
requires more data from the low level e.g. the position and information from
the leader, the sample time will be greater than the execution time of the con-
trol algorithm. Therefore, the time from one execution of the control algorithm
to the next execution is measured in order to obtain the sample time.

As mentioned in 2.1.1, the high level is operated by an operating system, so
it cannot be guaranteed, that the execution time is the same in each sample.
Therefore, the measured execution time of the control algorithm is averaged.
The results for the l−ψ and the l− l controller can be seen in Table 5.1. Both
sample times are below the time of 100 ms which correspond to the sample
frequency of 10 Hz. A simulation with this sample frequency has been carried
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Table 5.1: Execution Time of Control Algorithm and Sample Time

Execution Time Control Algorithm Sample Time

l − ψ controller 48 µs 48 ms

l − l controller 49 µs 56 ms

out for both formation controllers in Section 4. Thus, the sample frequency
is considered fast enough and the implementation concerning this point is
possible.

The second open point concerns the package loss in the communication net-
work. Several experiments are performed with different amounts of robots in
the network. In this constellation no lost package could be observed. Further-
more, the formation controller is very robust against package loss as discussed
in Section 4.2.2. Thus, the network communication is considered as robust
enough.

Another point that has to be considered is the buffer of the receiver. This
buffer is working in a first-in first-out principle, which leads to a constraint
in the sender-receiver constellation. In order to guarantee that the receiver
processes the currently sent packages from the sender, the sender must not
send the packages faster than the receiver can process it. Therefore, the sender
has to limit the frequency of sending packages to the receiver.

For practical purposes a new specification file is introduced. In this file all
the parameters regarding the formation controller are specified. This includes
the formation parameters of the l−ψ and l− l controller as well as the initial
position. Furthermore, it is specified which role the robot occupies in the
formation, either a leader or a follower. And if it is a follower, it is specified
which formation controller the robot uses. With this definition, only one source
file is needed for the three different formation controllers. Therefore, a change
in each of these parameters is easy to execute.

5.2 Results of the Implementation

In this section the results of the implementation are discussed. This is basi-
cally done for each controller itself. Since the l − ψ controller was the first
implemented controller, these studies are more extended and in some point
more general than the others.
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5.2.1 l − ψ Controller

After a successful implementation of the l−ψ controller in Section 5.1, a first
experiment is performed. In order to gain a first impression of the connected
real system, a simple experiment with one leader and one follower is considered,
whereby the leader performs a straight line. The formation specification is
defined as ld12 = 0.3 and ψd

12 = 180◦ with the initial posture:

q1(0) =

0
0
0

 q2(0) =

−0.45
0
0

 . (5.1)

The results can be seen in Figure 5.1. It can be observed that the current
length is converging to the desired length after a settling time. The fact of an
increasing length at the beginning of the experiment is caused by the static
friction of the robot. Since the leader has a step function in the velocity v, the
robot can overcome the static friction faster. On the other hand the desired
velocity of the follower, resulting from the formation controller, is relatively
low. Thus, it takes longer to overcome the static friction. For the angle ψ12

this behavior cannot be observed, since the initial pose of the leader and the
follower already fulfill the desired angle. Nevertheless it can be seen, that the
desired angle ψd

12 is maintained with a certain range during this experiment.

Figure 5.1: Visualization of the results of the first experiment with the l − ψ
controller.

The second experiment considers one leader and two followers with the
following formation specification: For the first follower the desired length is
ld12 = 0.3 and the desired angle is defined as ψd

12 = 150◦ whereas the formation
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specification for the second follower is chosen as ld13 = 0.3, ψd
13 = 210◦. The

initial pose of each robot is defined as:

q1(0) =

0
0
0

 q2(0) =

−0.45
0.35

0

 q3(0) =

−0.45
0
0

 . (5.2)

The leader performs a given trajectory. This trajectory is defined as a
straight line for one meter with a constant velocity. After the straight line,
the leader performs a circle with a radius of 0.25 m and an angle of 180◦. The
current length l12 and l13 of both follower as well as the current angle ψ12 and
ψ13 are visualized in Figure 5.2. It can be observed, that the current length
and the current angle are converging to the desired ones. At the time t = 2.3
seconds the current length of both follower increases until 2.5 seconds. This is
the point when the leader changes from the straight line to the circle. Thus,
the followers need to converge to the desired length again. The difference in
the current angle is not as significant as the difference in the current length.

Figure 5.2: Visualization of the results of the second experiment with the l−ψ
controller.

Figure 5.3 visualizes the formation of the three robots. For reasons of
clarity and comprehensibility this figure only shows the straight line. The
convergence behavior as described above is clearly visible. Furthermore, the
maintaining of the formation while performing a straight line is recognizable.

42



CHAPTER 5. IMPLEMENTATION AND RESULTS

Figure 5.3: Visualization of the results of the second experiment with the l−ψ
controller.

5.2.2 l − l Controller

Since the experiments with the l − ψ controller are successfully carried out, a
first experiment is performed with the l−l controller. Therefore, a constellation
with two leaders and one follower is considered. As mentioned in Section 4.3,
the Theorem 4 only covers a straight line. Therefore, both leaders perform
a straight line with the input values vi = 0.1 and ωi = 0 (i = 1, 2). The
formation specification for the follower is chosen as ld13 = 0.4 and ld23 = 0.4
with the initial pose of each robot:

q1(0) =

0
0
0

 q2(0) =

 0
0.4
0

 q3(0) =

−0.45
0.15

0

 . (5.3)

The visualization of the results can be seen in Figure 5.4. It can be observed
that the current length l13 and l23 are converging to the desired length ld13 and
ld23 after a settling time. These desired lengths are maintained during the whole
experiment, as required.

In Figure 5.5 a visualization of the formation can be seen. It can be ob-
served, that both leaders perform a straight line while the follower maintains
the desired lengths and thus the formation. The initial convergence to the
specified formation as described above, can be seen as well.
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Figure 5.4: Visualization of the results of the experiments on the real robots
with the l − l controller.
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Figure 5.5: Visualization of the l− l controller on the real robots. The Robot
1 is denoted as +, Robot 2 as o and Robot 3 is denoted as ∗.

5.2.3 Collision Avoidance Controller

The setup of the experiments which are performed for the collision avoidance
controller are similar to those in Section 4.4.2. The first experiment considers
a static wall on the right side of the robots. Therefore, a constellation with one
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leader and one follower is considered. The formation specification is defined
as ld12 = 0.3 and ψd

13 = 180◦ with the initial pose:

q1(0) =

0
0
0

 q2(0) =

−0.43
0
0

 . (5.4)

The visualization of the current length and the desired length as well as
the current angle and the desired angle can be seen in Figure 5.6. Typical
for the collision avoidance controller is the change in the desired length and
desired angle. It can be observed, that the current length and the current angle
are close to the desired values with a bit of a time delay. These results are
expected from the simulation with EyeSim in Section 4.4.2. The occurrence
of the static obstacle on the right side can be seen at time t = 0.5 seconds.
At that time a significant change in the desired angle can be observed. The
angle is decreasing until t = 0.7 seconds. Subsequently, the robot overcomes
the obstacle and the desired angle increases until the current angle reaches the
initial angle ψd

120.

Figure 5.6: Visualization of the collision avoidance controller on the real robots
with an obstacle on the right.

In Figure 5.7 a visualization of the formation can be seen. It can be ob-
served, that the follower is changing its position when the obstacles occur.
Thus, a specified minimum distance to the obstacle is maintained. After the
follower passes the obstacle, the desired angle changes back to the initial one.
In Figure 5.8 a photo of the real experiment can be seen. It shows the formation
at a point, where the follower increases the distance to the obstacle.
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Figure 5.7: Visualization of the collision avoidance controller on the real robots
with an obstacle on the right. The Robot 1 is denoted as + and Robot 2 is
denoted as o.

Figure 5.8: Photo of the experiment with the collision avoidance controller
with an obstacle on the right

The second experiment concerns the avoidance of a collision with a robot
in front. This one is similar to the experiment in Section 4.4.2, with one
leader and two followers. These two followers are trying to achieve the same
formation, which is defined as: ld1i = 0.3 and ψd

1i = 180◦ (i = 1, 2) with the
initial pose:
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q1(0) =

0
0
0

 q2(0) =

−0.45
0
0

 q3(0) =

−0.9
0
0

 . (5.5)

The collision avoidance controller considers the distance to another object,
measured by the PSD sensors. For practical purposes another safety feature
is added. If the measured distance is below a critical distance, which is lower
than the thresholds defined in Section 4.4.1, the robot is forced to stop. This
method is necessary at the beginning of the experiment due to the initial
position of the second follower. Therefore, the speed at the beginning is too
high to stop the robot with the collision avoidance controller. The results of
this experiment can be seen in Figure 5.9. Due to the fact of another robot
in front of the follower two, the desired length ld13 is increased. After the
safety distance, which is given by the threshold THF, is maintained, the robot
achives a new desired length. With this desired length, no collision occurs.
The stopping of the robot can be observed at the beginning of the experiment
as a decreasing and increasing of the current length.
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Figure 5.9: Visualization of the current length and the desired length of the
follower two with the collision avoidance controller on the real robots.
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Conclusion

This thesis reviews formation controllers for the practical implementation on
given robots. An existing parametric dynamic model is used as a basic model
for the investigation of different formation controllers. A model identification
is performed to obtain the parameters of the dynamic model. Based on this
model the parameters of the PID controller for the speed of each wheel are de-
termined. The review of the formation controllers show that the l−ψ controller
and the l−l controller are the most suitable approaches for implementing based
on the requirements. Studying the results of the simulations, certain require-
ments concerning the implementation can be imposed. Considering all these
demands the implementation is performed successfully. The results of the ex-
periment show a similar behavior to the simulations and thus validates the
simulations. The successful implementation and experiments show the ability
of applying a formation controller on real robots which was developed for a
kinematic model of a mobile robot. In addition to this, it shows that the given
mobile robots are able to perform a formation with these formation controllers.
Furthermore, an obstacle avoidance controller based on the l− ψ controller is
proposed. Therefore, simulations with two different situations are carried out
and similar experiments are performed. These results show the ability of the
collision avoidance controller in maintaining a safe distance to an obstacle and
avoiding collision.

The simulation models developed in this work can be used for further in-
vestigations of formation controllers for the application on real robots. With
these models it is possible to verify the ability of implementing a formation
controller on real robots. Critical parts of the implementation can be deter-
mined and appropriate improvements can be carried out. A further improve-
ment involves the dynamic model of the mobile robot. This dynamic model
can be extended to consider the friction of the castor. Therefore, a suitable
friction model should be chosen. In addition to that, new formation control
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approaches can be considered, such as a model predictive control approach.
Since this controller requires high computational power, investigations should
occur to assure sufficient amounts of computational power prior usage. The
last improvement includes the collision avoidance controller. The ability of
maintaining a desired distance to a static obstacle laterally can be extended
to avoid obstacles in front of a robot. Therefore, the robots ability to sense
obstacles in front has to be considered.

49



List of Figures

2.1 Appearance of the mobile robot. . . . . . . . . . . . . . . . . . . 5

3.1 Parameter of the mobile robot. . . . . . . . . . . . . . . . . . . 11
3.2 Simulation of the model with the identified parameters and the

visualization of the measurement. . . . . . . . . . . . . . . . . . 14

4.1 Illustration of the error coordinates according to [PLNS98]. . . . 17
4.2 Visualization of the basic formation tracking controller. The

Robot 1 is denoted as +, Robot 2 as o and Robot 3 is denoted
as ∗. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.3 Illustration of the leader follower constellation of the l−ψ con-
troller according to [DOK98]. . . . . . . . . . . . . . . . . . . . 20

4.4 Visualization of the l − ψ controller with a kinematic model.
The Robot 1 is denoted as +, Robot 2 as o and Robot 3 is
denoted as ∗. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.5 Visualization of the l− ψ controller with a dynamic model and
a discrete controller. . . . . . . . . . . . . . . . . . . . . . . . . 25

4.6 Visualization of the l − ψ controller with a dynamic model, a
discrete controller and the uncertainties in the encoder values. . 26

4.7 Visualization of the l − ψ controller with a dynamic model, a
discrete controller and missing encoder values. . . . . . . . . . . 27

4.8 Illustration of the leader follower constellation of the l − l con-
troller according to [DOK98]. . . . . . . . . . . . . . . . . . . . 29

4.9 Visualization of the l− l controller with a kinematic model. The
Robot 1 is denoted as +, Robot 2 as o and Robot 3 is denoted
as ∗. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.10 Visualization of the l − l controller with a dynamic model and
a discrete controller. . . . . . . . . . . . . . . . . . . . . . . . . 32

4.11 Visualization of the collision avoidance controller with an ob-
stacle on the right. The Robot 1 is denoted as +, Robot 2 as o
and Robot 3 is denoted as ∗. . . . . . . . . . . . . . . . . . . . . 36

50



LIST OF FIGURES

4.12 Screen shot from EyeSim after simulating the collision avoidance
controller with an obstacle on the right. . . . . . . . . . . . . . . 36

4.13 Visualization of the formation specification of the collision avoid-
ance controller with an obstacle on the right. . . . . . . . . . . . 37

4.14 Visualization of the current length and the desired length of the
follower two with the collision avoidance controller. . . . . . . . 38

5.1 Visualization of the results of the first experiment with the l−ψ
controller. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.2 Visualization of the results of the second experiment with the
l − ψ controller. . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.3 Visualization of the results of the second experiment with the
l − ψ controller. . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.4 Visualization of the results of the experiments on the real robots
with the l − l controller. . . . . . . . . . . . . . . . . . . . . . . 44

5.5 Visualization of the l − l controller on the real robots. The
Robot 1 is denoted as +, Robot 2 as o and Robot 3 is denoted
as ∗. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.6 Visualization of the collision avoidance controller on the real
robots with an obstacle on the right. . . . . . . . . . . . . . . . 45

5.7 Visualization of the collision avoidance controller on the real
robots with an obstacle on the right. The Robot 1 is denoted
as + and Robot 2 is denoted as o. . . . . . . . . . . . . . . . . . 46

5.8 Photo of the experiment with the collision avoidance controller
with an obstacle on the right . . . . . . . . . . . . . . . . . . . . 46

5.9 Visualization of the current length and the desired length of the
follower two with the collision avoidance controller on the real
robots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

51



List of Tables

5.1 Execution Time of Control Algorithm and Sample Time . . . . 40

52



Bibliography

[AAC09] G. Antonelli, F. Arrichiello, and S. Chiaverini. Experiments of
Formation Control With Multirobot Systems Using the Null-Space-
Based Behavioral Control. Control Systems Technology, IEEE
Transactions on, 17(5):1173–1182, 2009.

[BA98] T. Balch and R. C. Arkin. Behavior-based formation control for
multirobot teams. Robotics and Automation, IEEE Transactions
on, 14(6):926–939, 1998.

[Ben91] J. G. Bender. An overview of systems studies of automated highway
systems. Vehicular Technology, IEEE Transactions on, 40(1):82–
99, 1991.
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