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Abstract

In this thesis, our primary objective
was to design the trajectory for an au-
tonomous pallet loading truck and subse-
quently develop its control system.

The first part of the thesis focuses on an-
alyzing the problem of autonomous pallet
picking. Next, we delve into the properties
of clothoid curves as potential trajectories
for the pallet truck. These curves are
thoroughly explored in terms of their suit-
ability for out task of autonomous pallet
picking.

In the second part of the thesis, we
introduce the Pure Pursuit Controller
(PPC), a method used to guide the truck
along the planned trajectory. The PPC’s
sufficient usability is demonstrated in the
simulation through several scenarios, each
with different properties and challenges.

All the work was carried out with the
real-world application in mind, ensuring
that the transition from simulation to ac-
tual implementation will be as easy as
possible.
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autonomous pallet picking, Pure Pursuit
Controller, ROS2
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Abstrakt

V této praci bylo nasim hlavnim cilem
navrhnout trajektorii pro autonomni pale-
tovy vozik a nasledné vyvinout jeho fidici
systém.

Prvni ¢ast prace je zaméfena na ana-
lyzu problému autonomniho nakladani pa-
let. Déle se zabyvame vlastnostmi clothoid
jako potencialnich trajektorii pro pale-
tovy vozik. Tyto kfivky jsou dikladné
prozkoumaéany z hlediska jejich vhodnosti
pro tlohu autonomniho vychystavani pa-
let.

Ve druhé céasti prace predstavujeme
Pure Pursuit Controller (PPC), metodu
pouzivanou k vedeni voziku po planované
trajektorii. Dostate¢nd pouzitelnost PPC
je demonstrovana v simulaci prostfednic-
tvim nékolika scénari, z nichz kazdy ma
jiné vlastnosti a problémy.

Veskera prace byla provadéna s ohledem
na realné pouziti, coz zajistuje, ze prechod
od simulace ke skutecné realizaci bude co
nejjednodussi.

Kli¢ova slova: Clothoid, Visual
servoing, autonomni nabirani palet, Pure
Pursuit Controller, ROS2

P¥eklad nazvu: Rizeni paletového
voziku do cilové polohy
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Chapter 1

Introduction

This bachelor’s thesis is part of a larger project aimed at developing a system
for automatic pallet detection and subsequent automatic pallet loading and
unloading. The system will be used in conjunction with a construction robot
from KM Robotics [21] to enhance automation and reduce the need for human
labor.

The Idea is that the human operator will take the pallet truck close to
the pallets loaded with bricks. The pallet truck, equipped with sensors, will
detect individual pallets and allow the operator to select a pallet through a
graphical user interface (GUI). The pallet truck will then autonomously load
the selected pallet, which the operator will transport to the vicinity of the
construction robot.

The construction robot needs the pallet with bricks to be placed in exact
position for him to be able to pick individual bricks with which he is building
the wall. The Pallet truck and construction robot will communicate with
each other and the robot will tell the pallet truck where to place the pallet
with the bricks.

These tasks involve similar processes. During the loading phase, the sensors
on the pallet truck will estimate the pallet’s position. In the unloading phase,
the position will be provided by the construction robot. The dynamics of the
pallet truck will vary when carrying a loaded pallet.

In this thesis we are going to focus on the trajectory planning and control
of the pallet truck. Visual systems and the processing of image and depth
data is another major topic that Richard Randak addresses in his bachelor’s
thesis [20].






Chapter 2

State of the art

B 21 Tracking of the trajectory

There are several ways ho to follow planned trajectory or so called path track-
ing controllers. There are several categories of the path tracking controllers

[22].
B Geometry based tracking controllers

First category is geometry-based controllers. In the first category the belong
Pure Pursuit [24], [22] and Stanley controller. Those are quite simple but
perform well in lower speeds which is our case.

B MmpPC

Model predictive control (MPC) utilizes an explicit model of the system to
estimate future states over a defined time horizon. At each sampling interval,
the controller aims to find an optimized control sequence based on these
predictions. Only the first control action from this sequence is implemented,
and the process repeats at regular intervals. This methodology is detailed in
[22], [13], and [I5], which additionally discusses constraints related to vehicle
dynamic balance—an important consideration for pallet trucks transporting
heavy loads such as bricks.
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Figure 2.2: Planned trajectory proposed by [10]. Trajectory consists of several
segments and each segment is either straight line, arc or clothoid.

B 2.1.1 Other related works

The similar problem of path tracking with the forklift is discussed at [23].
Other work [I5] implements the MPC approach for the path tracking and
ads constraints for the vehicles dynamics balance. The work [10] outlines a
closed-loop hybrid controller, integrating kinematic and dynamic elements,
designed for precise path following with industrial forklifts carrying heavy
loads at high speeds. It prioritizes factors like vehicle stability, safety, wheel

slippage.



2.2. Visual servoing

B 2.2 Vvisual servoing

The principle of visual servoing involves utilizing visual feedback from a
camera system to control the motion of a robot or a mechanical system. The
basic idea is to adjust the system’s movements based on visual information
obtained from the visual sensors.

Visual servoing typically operates within a feedback loop, where the visual
sensor continuously captures images of the environment, and these images
are processed to extract relevant features or information. This information is
then used to compute the desired motion commands for the robot or system
in real-time.

There are two main approaches to visual servoing. One of them beeing
Image-based visual servoing (IBVS) and the other Position-based visual
servoing (PBVS). The IBVS usually computes control signals based directly
on the visual features obtained by the visual sensors. On the other hand
in the PBVS approach the control signals are computed based on the 3D
features of the scene derived from the visual sensors. Both of these approaches
for path following are discussed in [[4], [3].






Chapter 3

Technical equipment

B 3.1 Pallet truck

B 3.1.1 Dimensions

1536,00
1150,00
1337,00/1268 zdvizeno
1189,00/1120 zdvizeno
238,00 951,00/882 zdvizeno

160,00

65,00 127,00 [ﬁ
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685,00

3

Figure 3.1: Dimensions of the pallet truck.

We are working with the pallet truck NOBLELIFT PTE20N. It’s dimensions
can be seen in figure [3.1



3. Technical equipment

(b) : Pallet truck NOBLELIFT PTE20N
(a) : Pallet truck taken from the official mounted with RGBD camera, notebook
site [18]. and battery.

Figure 3.2: Our pallet truck.

Important parameter is the wheelbase distance l,,;, = 1189 mm between
axis of the front wheels and the rear wheel. Width of the pallet truck is
wy = 685 mm. Firstly we need to define important coordinate frames. Frame
F is connected to intersection of the axis of the vehicle and the axis passing
through front wheels in the fork of the pallet truck. Frame denoted as W
is connected to the single motorized wheel at the rear of the pallet jack
and the frame C is connected do the RGBD camera. The coordinate frames
conncected to the pallet truck can be seen in figure |3.3

The Ty transformation between frames C and F is a constant one. Trans-
formation Tyyc depends on the steering angle v of the rear wheel:

cosy —sinvy
siny cosvy |’

where R(7y) denotes rotation matrix (

8



3.1. Pallet truck

Figure 3.3: Pallet truck’s frames. F is based in the intersection of the axis of
the vehicle and the axis passing through front wheels in the fork. C Represents
the pose of the RGBD camera and W is based in the center of the rear motorized
wheel. Constants [, and .., represent the wheel-base distance and the distance
between F and C respectively.

B 3.1.2 Kinematics

Diagram of our vehicle is shown in figure [3.4. There are two velocities we
should consider. Velocity vy of the frame F and velocity v, of the frame W
are:

VW = TaWd (3.3)
UF = Uy - COS 7Y, (3.4)

where 74 is the radius of the back motorized wheel and wy is it’s angular
velocity.

Then we can derive the motion equations with respect to reference frame

O:

& =uvr-cosb, (3.5)
Yy =vr-sinb, (3.6)
L L
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Yo

it
@) To

Figure 3.4: Kinematics of the pallet truck. The bicycle model is used for the
derivation of the kinematics.

B 3.1.3 Motion of the pallet truck

When the steering wheel is turned at the steering angle v the whole vehicle
follows a circular path around a point called instantaneous center of rotation
(ICR). This point is at the intersection of the front and rear wheel axes. We
can calculate the radii (ryy and rz) of the circles with the center in the ICR
passing through the frames W and F origins. The steering angle defines radii
and also the curvatures (k) and rr) around ICR as follows:

Lwb
= 3.8
w tan v ) ( )
l
=_wb (3.9)
sin ~y
1
Ry = —, (3.10)
w
1
RF = —. (3.11)
TF

This means that in the situation when the steering angle v approaches zero
radii approach infinity and the curvatures approach zeros.

10



3.1. Pallet truck

Figure 3.5: Given a steering angle 7 the pallet truck rotates around ICR. Origins
of frames O and O,y follow circular paths around ICR with radii r 7 and ryy.

B 3.1.4 Motorization

On the original unmodified pallet truck, only the travel on the rear wheel is
motorized. The speed is controlled by the slider on the handle. The motor
that turns the rear wheel is a 48V BLDC motor controlled by the Curtis
1226BL Motor controller. The communication between the drawbar and the
Curtis motor controller is via CAN bus and the message with requested speed
is send regularly approximately each 50 ms.

For the autonomous driving of the pallet truck, we also need to control
the rotation of the rear wheel in other words the steering angle . For this
purpose, a new motor and a new controller need to be integrated into the
pallet truck. The motor is DMKE DB86-48 with the 1:140 gearbox, controlled
by the ODrive S1 controller.

11



3. Technical equipment

(a) : ODrive sl take from [19]. (b) : DMKE motor with gearbox.

B 32 Prallet

B 3.2.1 Dimensions

We need to establish frames connected to the pallet, which we want to load.
The coordinate frame P is located at the center of the pallet. It’s dimensions
are pallet width w, = 1000 mm and pallet length [, = 1200 mm.

| 1200 mm |

1000 mm

(a) : Pallet loaded with bricks. (b) : Dimensions of the pallet.

Figure 3.7: Pallet description.

When we want to pick the pallet, our goal is to navigate the pallet truck
to the desired pose connected to the frame D which is located in front of the
pallet as displayed in figure [3.8

The transformation Tpp:

12



3.2. Pallet

(3%
Tpp = 0 (3.12)

is constant so when we get the position of the pallet, we can easily calculate
the desired pose for our pallet truck.

Figure 3.8: Desired pose in front of the pallet. In the case where the pallet truck
is in the desired pose, the origins of the coordinate frames Oz and Op, along
with their orientations, merge together.

13
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Chapter 4

Problem analysis

. 4.1 Localization

First and important step the localization of the pallet. This task is difficult
and is being handled by Richard Randék in his bachelor’s thesis [20]. As
an output of our vehicle’s vision system we should get a relative estimated
position of the pallet center to the C. The estimates are getting better as
we get closer to the pallet. At greater distances, there are going to be more
significant errors in the pallet pose estimation. This situation is shown at the
figure Actual pose of the pallet at the camera frame C is defined by the
distance of the pallet center from the camera l¢, the azimuth angle § and it’s
orientation ¢. Estimated position might differ, represented by the estimated
distance [/, estimated azimuth angle ¢’ and estimated orientation ¢'.

Experiments with the vision system, conducted by Richard Randak and
discussed in [20], have shown that the error of the estimated pose of the
pallet are relatively small regarding the estimated distance l¢ and estimated
azimuth §. Errors in the estimated orientation ¢’ of the pallet are much more
significant.

Due to the inaccurate and unreliable pallet pose estimates at larger dis-
tances, we cannot plan the path to the pallet in advance and follow it, as we
would likely end up in the wrong location. Precision in the pallet loading
is crucial. This leads us to the technique of visual servoing. It’s principle
involves continuously processing visual data and continuously updating the
pallet pose estimate. The premise is that as the distance decreases, the pallet
pose estimates get better and better and we can plan the trajectory precisely.

15



4. Problem analysis

Figure 4.1: Errors in the pallet pose estimation. Actual pose of the pallet at
the camera frame C is defined by the distance of the pallet center from the
camera l¢, the azimuth angle § and it’s orientation ¢. Estimated position might
differ, represented by the estimated distance I estimated azimuth angle ¢’ and
estimated orientation ¢’. The most significant error occurs in estimated pallet
orientation ¢’. The reasons are discussed in Randak’s bachelor’s thesis [20].

B a2 Trajectory planning

Once we have the estimated pose of the pallet that we want to load, we
can plan the trajectory along which the pallet truck should move. We are
using clothoids. The main property of clothoid is that it’s rate of change
in curvature with respect to arc length is constant. This means that the
curvature increases or decreases steadily as you move along the curve. How
to calculate such curves is covered at the articles [5] and [6]. For calculations
we are using the pyclothoid library [§].

Curvature k and tangent angle 7 at given arc-length of the clothoid can be
calculated as follows:

k(s) = ks + Ko, (4.1)
7(s) = 532 + koS + 70 (4.2)

16



4.2. Trajectory planning

Each clothoid with starting positions (zg, yo) initial tangent angle 7y and
initial curvature kg can be parameterized by it’s arc-length. s in a following
form:

x(s) = zo +/ cos <gs2 + Kos + 7’0> ds, (4.3)
0

y(s) = xo + / sin (;82 + Kos + 7’0) ds. (4.4)
0

Figure 4.2: Planned trajectory to desired pose in front of the pallet. Ox is at
coordinates (xo, yo) and its orientation is 79. Op is at coordinates (zf, y¢) and
its orientation is 7¢. At any arc-length s a tangent angle 7 can be calculated.

B 421 (! fitting with clothoids

Given a starting pose (zo,¥0,70) and an ending pose (xf,yf,7f), We can
calculate a clothoid curve connecting these two poses. One disadvantage of
these curves is that we can control only the tangent angles 7 at the starting
and ending points, but not the curvature values. This limitation means we
cannot account for the current orientation of the steering wheel. Furthermore,
the curvature of a G! clothoid at the end is not zero. As a result, while we
would reach our desired pose D, the steering angle v also would not be zero.
Consequently, before the final movement of the pallet truck underneath the
pallet, we would need to adjust the steering angle once again.

17



4. Problem analysis

G1 clothoid 06 Curvature of G1 clothoid
T o start pose —— Curvature
- end pose —
**1 —— g1 clothoid 1S
25 = 02y
()
E é 0.0
>\1.5 g
104 8 —-0.24
0.5 _0.44
0.04
0 1 2 3 a 5 0 1 2 3 4 s 6
X [m] s ml
(a) : G' trajectory. (b) : G* curvature.

Figure 4.3: G' clothoid with starting pose (0, 0, 0°) and ending pose (5, 4, 10°)
with constant rate of change of curvature.

In figure 4.3/ a simple G clothoid connecting starting pose (0, 0, 0°) and
ending pose (5, 4, 10°) can be seen. Thanks to equation 4.2 we can calculate
tangent angle to any point at planned trajectory and therefore we can calculate
the position of the rear motorized wheel Oy = (x4, yw) at any s.

x(s) — Lyp - cos(t(s)) (4.5)
() = Ly - sin(t(s))

Ty (8)

Yu(S)

G1 clothoid
*1 e start pose
end pose
34 —— 91 clothoid
— W trajectory
— start pose of W
é 27 end pose of W
>
1-
0-
-1 0 1 2 3 4 5
X [m]

Figure 4.4: G* clothoid trajectories for O and Oyy.

Trajectory for the rear wheel alongside the clothoid trajectory is shown in
figure [4.41

18



4.2. Trajectory planning

As I have already mentioned before, G' clothoids do not allow us to plan
trajectory with the starting curvature kg which is unequivocally determined
by the current steering angle + of our vehicle. This is demonstrated in figure
4.5 This figure shows the steering angle parameterized by the arc-length s
along the planned trajectory. To follow this path, we would need to turn the
rear wheel to a certain angle before starting the motion. Then, we would
proceed along the trajectory, and at the end, adjust the steering angle to zero
again to make pallet loading possible.

Steering angle

—— steering angle

steering angle [deg]
o

3 4 5 6
Cu?\}arpu]res

—— curvature of the steering wheel trajectory
—— curvature of the clothoid

0.2

curvature [1/m]
o
o

Figure 4.5: G' clothoid steering angles and curvatures.

This approach is also unsuitable for visual servoing, where we try to
estimate the pallet’s position approximately three times per second, re-plan
the trajectory accordingly, and drive along it until we receive another pallet
pose estimation. To follow newly planned G clothoid the pallet truck would
have to adjust the steering angle accordingly and then proceed with the
following. There is better alternative and it is called G? clothoid.

B 4.2.2 (2 fitting with clothoids

Inconveniences of G clothoids can be solved by using G? Hermite Interpo-
lation [6]. Using three clothoids connected to one trajectory we can satisfy
the additional requirements for the starting and ending curvatures. Input for
the G? Interpolation are six same parameters as in G' clothoid interpolation
(z0,%0,t0) and an ending pose (xf,yy,tf) but we also add the requirements

19



4. Problem analysis

for the curvature at the start xg and curvature at the end x;. The kg is
determined by the current steering angle v and sy will be in our case equal
to zero so ideally there is no need for steering adjustments after reaching the
desired pose in front of the pallet.

G2 clothoid Curvatures
4.0
e start pose /‘ 06
3.5 end pose
30l — 1th g1 segment g 0.4
2th g1 segment =
3
— 257 —— 3th g1 segment — 02
€20 <
— S oo -
> 151 g \
T -0.24
1.0 =] —— rear wheel curvature
o
—— curvature 1
0.4
051 curvature 2
0.04 —— —064 curvature 3
0 1 2 3 4 5 o 1 2 3 4 5 6 71
x ml s ml
(a) : G? clothoid. (b) : G? curvatures.
G2 clothoid Steering angle
47 e startpose / 30/ — steering angle
end pose
3 —— back wheel trajectory > 204
—— 1th g1 segment g
2th g1 segment — 10
- —— 3th gl segment %),
€ 2 c 0
— ©
> 2 -10{
14 f
& —201
=
(%]
N - -30-
-40
-1 0 1 2 3 4 5 0 1 2 3 4 5 6 7
x m1 s [m]
(c) : G? rear wheel trajectory. (d) : Steering angles along trajectory.

Figure 4.6: G? clothoid.

In figure 4.6/ a G? clothoid trajectory with zero starting curvature r is
shown. Figure |4.7 shows a G? clothoid trajectory with a non-zero starting
curvature kg, taking into account the current steering angle v of the pallet
truck.
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4.2. Trajectory planning

G2 clothoid Curvatures
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(c) : G* rear wheel trajectory. (d) : Steering angles along trajectory.

Figure 4.7: G? clothoid with a non zero starting curvature x4 defined by the
current steering angle v of the pallet truck.
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4. Problem analysis

B 4.2.3 Visual servoing restrictions

A visual servoing approach requires that the pallet remains visible to the
visual systems at all times during the ride. This means the pallet must stay
within the field of view (FOV) of our RGBD camera. The camera’s FOV is

69°. The graphs are generated for a FOV of 62° to account for a margin of
€rTor.

FOV restrictions FOV restrictions

— pallet — pallet
—— front wheel trajectory —— front wheel trajectory
3 —— rear wheel trajectory 39 —— rear wheel trajectory
—— camera trajectory —— camera trajectory
2 2 @® valid point
@ invalid point
€ 14 £ 14
- >
°] D % D
~14 1
—24 2
-7 6 -5 -4 -3 —2 -1 0 1 2 -7 6 -5 -4 -3 —2 -1 0 1 2
x[m] x [m]

(a) : Frame’s trajectories. (b) : FOVs alongside trajectory.

Figure 4.8: FOV restrictions. Each frame on the vehicle F,C and W follows
slightly different trajectory. FOVs alongside trajectory are depicted via a green
V-shaped boundaries. If the pallet is not on the FOV of the vehicle, the V-shape
becomes red.

FOV restrictions FOV restrictions

— pallet

—— front wheel trajectory
—— rear wheel trajectory
—— camera trajectory 34
@ valid point
@ invalid point

— pallet

—— front wheel trajectory
—— rear wheel trajectory
—— camera trajectory

@ valid point

@ invalid point

y [m]
y [m]

-7 -6 -5 -4 -3 -2 -1 0 1 2 -6 -5 -4 -3 -2 -1 0 1
x [m] x [m]

(a) : Invalid trajectory. (b) : Comparison of valid/invalid trajectory.

Figure 4.9: Invalid trajectories.

We need to determine which poses in front of the pallet satisfy the condition
that a trajectory can be planned from them such that the camera sees the

palette all the time. For the simplicity we assume that the curvature at the
start is zero.

In figure 4.10| the blue crosses represent a position from which a valid
clothoid, meeting the requirements for visual servoing, can be planned. Fol-
lowing figure 4.11shows 3D graphs of the same situation only in first quadrant
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4.2. Trajectory planning

FOV restrictions FOV restrictions

— pallet

%x — pallet
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(a) : Requirement to see the whole pallet (b) : Requirement to see the front side of
during the ride. the pallet during the ride.

Figure 4.10: Permissible starting positions in front of the pallet where the
desired pose Op is based at (0, 0) with orientation 0°.

(due to the symmetry) and on thy y-axis are the permissible heading angles
of the vehicle.

FOV restrictions FOV restrictions

- permissible starting pose

- permissible starting pose
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Figure 4.11: Permissible starting poses in front of the pallet, while the starting

curvature g is zero and the desired pose Op is based at (0, 0) with orientation
0°.
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Chapter 5

Control

B 5.1 Different sampling speeds of the control loops

The faster inner loop highlighted in figure in blue works at sampling
period Ty = 32 ms (in the simulation). The outer loop highlighted in yellow
works at much lower speed with sampling period Ts ~ 300 ms.
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5. Control

RGBD

camera | reep

Time stamp

To angular
velocity converter encoder

Visual () Controller Driving
Part motor
Detection Result
Yolo... Path planner Path follower . |
Kinematics
._Wcuﬂ_.wm.w E (real world)
Steering
odometry + O Controller E
time stamp
\ encoder

slow loop

Pose estimator

Figure 5.1: Control Scheme.
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5.2. Dealing with the delay

B 52 Dealing with the delay

A significant problem is that we will receive an estimated position of the pallet
(detection result) with a non-negligible delay. We expect that processing
the data will take about 700 ms (composition of the delay can be seen in
figure ) This means that when we get the pallet pose estimate, it is
already outdated by 700 ms, and we must account for this delay. This issue
is discussed in [12].

A ~700 ms
~300 ms

exposure
image capture
pallet pose estimation

0 t

Figure 5.2: The delay between capturing an image and obtaining the pallet
pose estimate is composed of several stages. During exposure, image capture,
and stereo + YOLO processing (more details in [20]), the camera is occupied
and cannot take another picture. Therefore, we aim to obtain new pallet pose
estimates with a sampling period of approximately 300 ms. The entire process,
from taking the picture to producing the pose estimate, is expected to take about
700 ms

If we do not take the delay into account, several problems arise as shown
in figure The cameras capture a picture of the scene, which then needs
to be processed and transferred to the PC where the pallet pose estimation
is performed. This process is illustrated in figure [5.2l During this image
processing, the pallet truck continues to move (C + C’, F — F'), rendering
the relative estimated pallet pose to the vehicle no longer valid.

If we plan the clothoid path based on the outdated estimated pallet pose,
we will not reach the desired pallet position D but D’. The solution is to
integrate the motor speeds to get an estimate of the current pose of the
vehicle once the old data arrives. After we receive the detection result from
the vision system we have old pose of the pallet truck (pose when the image
from which the pallet pose estimate is calculated was taken), the estimated
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5. Control

pallet pose relative to the old pose of pallet truck and the current pose of
the pallet truck. With these three information we can calculate an adjusted
pallet pose estimation that is relative to the truck’s current pose and plan a
valid clothoid path accordingly.

Figure 5.3: Delayed pallet pose estimate. The pallet pose estimate (I¢, ,9)
is computed based on the image captured at the time when the pallet truck
positions is at (C, F) Desired pose in front of the estimated pallet pose is D.
During the computation of the estimation (depicted in figure the vehicle
moves to a new pose (C’; F') and the relative estimated position of the pallet to
the vehicle and the desired pose D’ are no longer valid. Without the correction
we would follow an incorrectly planned path.

. 5.3 ROS scheme

We are using ROS2 [14] for easy communication between nodes and possible
replacements of individual nodes with a different ones. It is also a technology
which KM robotics [2I] uses. Scheme of our ROS communication can be seen
in figure 5.4

. 5.4 Pure Pursuit Controller

Pure Pursuit is a geometry based controller [22], [I]. It’s parameter is the
look ahead distance [; and it calculates necessary steering angle to reach a
point on the path in the look ahead distance.
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5.4. Pure Pursuit Controller

Pallet truck Msg  topic name msg type
Polygon ]
YOLO L
/oak/nn/detections
‘|‘ Pallet detector & tracker
Compressedimage
RGBcameral———————» QR DET
laakabigatas PalletDetectorRequest
Compressedimage /merged_rgbd
Depth cameraf——»
loak/stereo/image_raw _
/fodom B
Odometry L e icccocococooooooooooooood TR .
Odome : DetectionResult
Motor steer /orig_odometry Odom
: /estimated_pallet_pose Pose
L Motor move

_ Path Planner &
Twist follower

femd_vel

Plans clothoid path
and follows it.

Figure 5.4: ROS communication scheme.

Firstly the look-ahead point (LP) is detected. It lies on the intersection of
the circle with the center at origin of F (Or) with radius lq and the planned
path. To reach this point LP, the steering angle v has to be adjusted so
the frame F would follow circular path that would intersect with this point.
Since the look-ahead point must lie on the circle denoting the circular path of
the F we can calculate needed steering angle to reach this point LP. Angle «
is the angle between the axis of the vehicle and the line connecting F and LP.
The triangle formed by the points ICR, Or and LP is isosceles and therefore
B2 = B3. The relation between §; and «. is:

180° = B1 + B2 + B3 = B1 + (90° — a) + (90° — o) . (5.1)

This means that 81 = 2a. The law of sines tells us following;:

lg TF
= . 5.2
sin ,81 sin ﬂg ( )
After substituting in the values for 51 = 2« and [2 = 90° — a:
la rF
= (5.3)

sin(2a)  sin(90° — a)’
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5. Control

planned path

Figure 5.5: PPC computes needed steering angle + to reach look-ahead point
LP in the [; distance from Of. « is the angle between the axis of the vehicle
and the line connecting O and LP. Knowing the constant [,,;, we can calculate
the desired steering angle v4 as shown in equation

lg _TF
2sin(a) cos(a)  cos(a)’ (54)

the calculated rr = ﬁd(a) corresponds to the desired steering angle v4
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5.4. Pure Pursuit Controller

which can be calculated based on the relation mentioned before

2p - sin(oz)) .

Y4 = arctan (
la

31



32



Chapter 6

Simulation

B 61 Setup

We were using Webots (an open-source mobile robot simulation software [25])
for the simulations. A lot of work regarding setting up the simulation had
been already done by the Miroslav Uller and Japanese students (Ayne Hokari
and Ryohe Tozaki). Thanks to them, the initial setup of the simulation was
already implemented. We can add several pallets and our pallet truck model
to the simulation scene.

Figure 6.1: Simulation scene setup.

Whenever a visual system sends a pallet estimated position, we can visualize
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6. Simulation

planned trajectory to detected pallet. Furthermore we can display several
markers such as estimated pallet pose P target pose D look-ahead point LP

and ICR.

% = e

(a) : Trajectory visualization. (b) : Markers visualization.

Pallet center __

Figure 6.2: Simulation visualization.

At the moment the camera and the depth sensor are mounted on the
simulated pallet truck, and can their data can be published via ROS topics
however the visual part is not fully implemented and integrated in to the
simulation.

Figure 6.3: Simulated camera and depth sensor.

B 6.2 Simulation operation

From the simulator we have an easy access to all important parameters such
as current position of the pallet truck model, its steering angle motor speeds
and their position. We can also access all the information about the pallets
in the scene.

To address the absence of a visual system, we are introducing a "fake
detector node" as depicted in figure This node subscribes to the /odom
and /pallet_pose topics provided by the simulator. It mimics the behavior of
the visual system being developed by Richard Randék.
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6.2. Simulation operation

When the node is not busy processing data from the sensors, it records
the last known odometry. It then simulates the data processing by waiting
for a specified amount of time. After this period, the node publishes a
DetectionResult message, which includes the last recorded odometry and the
relative pallet pose to the odometry.

Msg topic name  msg type

Webots simulator
Pallet truck model
Compressedimage Fake detector node
RGB cameraf——»
/oak/image — .
Mimics the behavoir
Compressedimage )l of visual system
Depth cameraf—————»
/oak/idepth
/pallet_pose
Pallet pose
- Pose
Motor steer Steering angle )
sensor ’ DetectionResult
Odometry /odom /orig_odometry Odom
— simulation Odom /estimated_pallet_pose Pose
heel position|
Motor move
sensor
P
Odometry odom
Odom
Path Planner &
Twist follower
femd_vel Plans clothoid path
and follows it.

Figure 6.4: ROS communication in simulation. The difference from the ROS
Communion scheme in figure [5.4] is that in simulation we are using the fake
detector node instead of the actual node (developed by Richard Randdk in [20])
which takes care of the image processing and detection of the pallet. The Path
planner and follower node is in the environment of the webots [25].

The path planner subscribes to the /odom topic and receives the Detection-
Result message. Based on the current position of the pallet truck it adjusts
the relative pallet pose and plans a G? clothoid trajectory. The PPC then
follows the clothoid until the new pallet pose estimate arrives and the process
repeats. The PPC works at the sampling period Ty = 32 ms. In each loop
PPC calculates desired steering angle 74 and because we are using motor
speed control we calculated desired angular velocity:

Wy = ;;f (6.1)

B 6.2.1 Odometry calculation

Odometry is initialized at initial pose, (xg, Yo, o) and current steering angle
~ of the pallet truck model. Each simulation step when the motors move
(steering angle and wheel position changes) The change in wheel position Ae
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6. Simulation

is calculated if there is a previous wheel position. This change is used to
update the pose.

The distance traveled is:

d=Ae-rq. (6.2)

If the steering angle v is very small, indicating straight movement, the pose
updates are:
Az = dcos(¢), (6.3)

Ay = dsin(¢) . (6.4)

For non-zero steering angles, the radius of the path (rz) and the wheel
path radius (ryy) are calculated as:

lwb
= 6.5
rF tan(q/) ’ ( )
lwb
W = () (6.6)
The angle of arc movement A¢ is:
d
Ap=—. (6.7)
™™w
The relative changes in position are:
Az, = rrsin(Ag), (6.8)
Ay, = rr(1 — cos(Ag)) . (6.9)

These changes are rotated to align with the current orientation:
Ax Az,
(5) - (32) -

The orientation is updated as follows:
p=0¢+ Ao. (6.11)
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6.2. Simulation operation

The steering angle is updated with the current steering angle from the
Sensor.

In the simulator, we have access to the actual pose of the pallet truck model.
In figure |6.5, the comparison between the calculated odometry and the actual
odometry from the simulator can be seen. The red arrows represent the
odometry from the simulator, and the green arrows represent the calculated
odometry based on the mounted sensors. In figure [6.5al, the odometries are
offset along the z-axis for better visualization. In figure [6.5b|, a slight error
between them can be seen, as the calculated odometry does not represent the
motion of the pallet truck exactly accurately.

(a) : Odometries (b) : Odometries

Figure 6.5: Rviz comparison of odometries. Red arrows represent pose of the
pallet truck from the simulator and the green arrows represent poses calculated
based on the sensors in the pallet truck. In figure [6.5al the odometries are offset
along the z-axis for better visualization. We can see, that these 2 odometries
slightly differ and they drift a bit from each other over time.
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6. Simulation

. 6.3 Simulation results

B 6.3.1 Simplest case - following single G2 clothoid

Considering the simplest case, when we want to follow pre-planned trajectory
consisting of three clothoids. Trajectory is not updated during the ride and
pallet pose estimate is accurate.

. G2 clothoid Position of pallet truck from simulator
47
e startpose -—- truck's trajectory from simulation
e center of the pallet . . .
31 o desired pose 3 —-- rear wheel trajectory from simulation
—— back wheel trajectory
5] —— 1th g1 segment 51
—_ —— 2th gl segment P
E —— 3th gl segment E ’la"
2 1 < 1 P
> > ‘/ﬁl/’
0 04— ttma g — == =
-1 -1
-1 0 1 2 3 4 5 6 -1 0 1 2 3 4 5 6
x Iml x[m]
(a) : Planed trajectories. (b) : Simulated trajectories.
Figure 6.6: Single G? clothoid.
Steering angle Steering angle
20 20
'6'1 10 s 10
[ ()
i) e
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© ©
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@ ]
@ _20 Q
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-30
=30
0 1 2 3 4 o 1 2 3 4
s [m] s [m]
(a) : Theoretical steering angles. (b) : Steering angles from the simulator.

Figure 6.7: Simplest case steering angles comparison.
It is not realistic to achieve the theoretical steering angles shown in figure

The derivation is not a continuous function, and the steering motor is
controlled by continuous current.
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6.3. Simulation results

B 6.3.2 Planned path updates in low frequency

When we implement the visual servoing approach, the new planned path will

slightly differ from the previously planned path.

y [m]

steering angle [deg]

(a) : Steering angles from the simulation.

20+

Planned paths

truck's trajectory from simulation

0 1 2 3
x [m]

(a) : Planed trajectories.

y [m]

4

3

Position of pallet truck from simulator
;

--- truck's trajectory from simulation
rear wheel trajectory from simulation

4 HE
J.
.
/’/
I/,
e
e mmm—1=T ot
-1 0 1 2 3 4 5
x [m]

(b) : Simulated trajectories.

Figure 6.8: Multiple trajectories.
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(b) : w for the steering wheel.

Figure 6.9: Low frequency trajectory updates.
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B 6.3.3 Considering noisy pallet pose estimate

Since the pallet pose estimates will not be accurate we expect the pallets
estimated normal angle to be slightly different each time. We are adding this
error manually in the simulation by adding some noise to the normal angle ¢
of the pallet. The closer we are to the pallet the estimates should get better.
We are modelling the noise as follows:

l
Cbmam(l) = %, (6.13)
d)/ = d) + ¢maw(l> -, (614)

where f is random factor, [ is the distance of the vehicle from the pallet and
®maz(l) is maximal deviation in the ¢ as function of [.

Planned paths Position of pallet truck from simulator
4
== truck's trajectory from simulation --- truck's trajectory from simulation
39 3 ——— rear wheel trajectory from simulation
: , | e
> 14 > 1 ,':,/
g
_-z?
) R S
ol _
1
-1
0 1 2 3 4 5 6 -1 0 1 2 3 4 5 6
x [m] x [m]
(a) : Planed trajectories. (b) : Simulated trajectories.
Figure 6.10: Trajectories with noisy pallet estimates.
Steering Angles
R p— Steering angle s Commanded angular velocity [deg/sec]
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= 207 50 l
[} —_
o @
o 104 2 ] L I
(o)} kel i
5 R | g e e !
o 9] (o)} [ /r [~
é g —25
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L -104
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t[s] t[s]
(a) : Steering angles from the simulation. (b) : w for the steering wheel.

Figure 6.11: Low frequency trajectory updates considering noisy pallet pose
estimates.

40



6.3. Simulation results

B 6.3.4 Planned path updates in high frequency

The updates of the estimated pallet pose should come with higher frequency.
This case is depicted in figures and 6.13]

Planned paths . Position of pallet truck from simulator
T
== truck's trajectory from simulation --- truck's trajectory from simulation
31 3 ——— rear wheel trajectory from simulation
zf z @
g ‘g‘ 1 ’:l’/
> 14 > pg
a"‘”
0 wh=s ————=1727
e T
-1
-1
0 1 2 3 4 5 6 -1 0 1 2 3 4 5 6
x [m] x [m]
(a) : Planed trajectories. (b) : Trajectories from the simulator.

Figure 6.12: High frequency updated trajectories with noisy pallet estimates.
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(a) : Steering angles from the simulation (b) : w for the steering wheel.

Figure 6.13: High frequency trajectory updates considering noisy pallet pose
estimates.

B 6.3.5 Rate of change in angular velocity is too high

The PPC calculates desired steering angle for the vehicle. We are controlling
the steering motor with the velocity control. Therefore we need to get the ws
from the desired steering angle ~4. If the control loop runs at frequency fu
and its period is T we can calculate w, as follows:

Ws = 7 (6.15)
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This results in high peaks in the velocity control for the steering motor

when the new pallet pose estimate arrives.

We can filter the the desired angle ~, calculated by the PPC:

where v is the current steering angle of the pallet truck and k is the filter

Yd fittered =k - va + (1 —k) -,

constant. For this simulations the was set to k = 0, 05.

y [m]

Figure 6.14: High frequency updated trajectories with noisy pallet estimates.
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Figure 6.15: Control inputs with filtered 7.
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Chapter 7

Conclusion

In this bachelor thesis, our objective was to design trajectories for a pallet
truck and develop its control system. We determined that utilizing the
Visual Servoing approach is essential because the estimation of the pallet
position lacks accuracy at higher distances and the accuracy only improves
when the pallet is in closer proximity. We conducted a detailed examination
of the properties of clothoid curves as potential paths for the pallet truck
and concluded that they are suitable for this purpose. Then the Pure
Pursuit Control (PPC) algorithm was implemented for the trajectory tracking.
Through several experiments it has proven it’s capability to accurately track
the trajectory even with frequent re-planning necessitated by the Visual
Servoing approach.

Due to time constraints, we were unable to test our design on a physical
model of the pallet truck. All testing was conducted within a simulation
environment. Despite this limitation, the implementation in the simulation
environment, facilitated by the Robot Operating System (ROS2), ensures that
the transition from simulation to real-world experiments should be seamless.
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Appendix A

Software libraries

8 Numpy
This library is used for mathematical operations and batch operations
on data. We used it in version 1.26.2. More information alongside the
library’s documentation is available at [2]

8 Shapely
This library is used to work with geometric objects. We used it in version
2.0.3. Documentation for this library is available at [9]

® Matplotlib
This library was used to generate all the graphs in this thesis. [7]. We
used the version 3.8.3.

#8 Pyclothoid
This library is used for the clothoid computation [8]. We used version
0.1.4.

B Developed Code
All of the developed code is available on GitHub:

#8 Clothoid graphing code:
https://github.com/Adabas01/clothoids.git|

® Pallet Truck Simulation Code:
https://github.com/mykkro/rovozci-dev.git|
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Appendix B

Used Al and other supportive tools.

® Grammarly [11]
Grammarly was used for some corrections in the text regarding grammar.

® ChatGPT [I6]
ChatGPT was utilized to enhance the visual presentation of graphs and
to refine the wording of certain sentences for improved clarity.

® DeepL [17]
Deepll was employed to translate certain words or phrases from my
native Czech language to English.
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