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Abstract

The rising number of robot manipulators required to execute a job has necessitated the
development of complex control algorithms. However, because the efficiency and stability of these
schemes are the primary concerns, as a result, the focus has shifted away from developing accurate
and precise kinematics and dynamics models. Such Models are the foundation of every control
method since they give fundamental information. About the system's characteristics the youBot
mobile manipulator from KUKA is a manipulator installed on a transportable platform designed
for educational and research applications Because of its kinematics, the five (low)-DOF
manipulator is an intriguing case study and in fact it’s difficult. Furthermore, the omnidirectional
platform on which the manipulator is placed is an intriguing instance itself. The purpose of this
thesis is to create a kinematic model for the KUKA youBot in two parts: a separated system
(mobile platform model and a manipulator model) and combined system, then controlling the
obtained models using MATLAB.

Key words: Kuka YouBot - The Omnidirectional Platform - Manipulator- SDOF Manipulator -

Mobile robot - Kinematics and Dynamics Models.
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Résumé

Le nombre croissant de robots manipulateurs nécessaires a l'exécution d'un travail a
nécessité le développement d'algorithmes de contréle complexes. Cependant, comme l'efficacité
et la stabilité de ces schémas sont les principales préoccupations, l'accent s'est détourné du
développement de modeles cinématiques et dynamiques précis. Ces modéles sont a la base de toute
méthode de contrdle car ils fournissent des informations fondamentales. A propos des
caracteéristiques du systeme, le manipulateur mobile youBot de KUKA est un manipulateur installé
sur une plate-forme transportable concue pour les applications éducatives et de recherche En raison
de sa cinématique, le manipulateur a cinq (faibles) DDL est une étude de cas intrigante et en fait
difficile. De plus, la plate-forme omnidirectionnelle sur laquelle le manipulateur est placé est un
exemple intrigant en soi. Le but de cette thése est de créer un modéle cinématique pour le KUKA
youBot en deux parties : un systéme séparé (modéle de plate-forme mobile et modéle de
manipulateur) et un systeme combiné, puis de controler les modeles obtenus a I'aide de MATLAB.

Mots clés : Kuka YouBot - La plateforme omnidirectionnelle — Manipulateur - 5-DDL

Manipulateur - Robot mobile - Modeéles cinematiques et dynamiques.
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General Introduction

Several years ago, there were many inventions and developments in the field of technology.
All these developments are manufactured things that are of great benefit to mankind. Among them
are the developments that have caused controversy and a boom in the world in the technological
field is robots. According to the known information about them, they are programmed machines
to do the planned work, but in order to understand and deepen the way in which they work, we
studied one of these robots from designing mathematical equations that represent them to

simulating them by using a robot simulation program.

The first chapter touches an introduction that will help us to take an image about the
development of industry robots. It covers also the chosen Kuka youBot robot components,
characteristics and uses. Moreover, we studied the modeling of Kuka youBot in two main parts.
In the first part our Kuka youBot robot modeling was done in two sections: the first step was the
mobile platform modeling and the second step was the manipulator modeling. In the platform
modeling section, a general definition and some characteristics was given before starting
developing the kinematic model step by step. Also, in the manipulator modeling section, we start
by developing the kinematics down to giving the dynamic modeling laws. In the second part, by
assuming that the arm (manipulator) is mounted on the platform, the kinematic model (forward

and differential kinematics) for our Kuka youbot robot was developed and studied in detail.

In the Second chapter, the control part was done using MATLAB software, definition of
trajectory technic was given, down to the simulation section that was done in two parts: controlling
the separated system then controlling the combined system in order to check the correctness of the
models in each of them. In the other hand, the manipulator control in the separated system was

done using three controllers to choose the best one.

At the end of these chapters, a general conclusion was given as well as future work.
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Chapter 1 Modeling of Kuka youBot

1.1 Introduction

With the development of technology and human needs from every aspect, the increase in
factories has become great to provide what the individual needs in his daily life, and thus the
demand for labor increases with the diversity of the risks of these factories, so the idea of inventing
robots is to perform human tasks and reduce the workforce to avoid risks. For several decades,
robots have been used in industry, mostly of the manipulator type, they are used to perform
repetitive tasks in the production cycle. Another famous type is the Self-guided vehicles (also
called mobile robots) are used in the manufacturing industry. However, research in the field of
robotics is still very active and a very large and it is directed towards the development of new
applications for robotics. The question is, how these robots are designed and simulated (using the
mathematical modeling) before they are built?

There are a lot of industry robot types we have chosen the Kuka youBot mobile manipulator
to study it and take as example. In this chapter, we will talk about the components, characteristics
and uses of our Kuka youBot robot, along with the mathematical modeling.

1.2 Kuka youBot

The Kuka youbot is a mobile manipulator designed primarily for educational and scientific
purposes. Many laboratories and institutes throughout the world that specialize on the development
and testing of new robotic technology are gradually adopting it as a standard platform. Such a
system allows users to access and experiment with fundamental robot functions at a reasonable

cost. A brief description of the mobile manipulator Let us begin by looking at the Kuka youbot: !

« An omnidirectional mobile platform that consists of the robot chassis, four mecanum
wheels, motors, power and an onboard PC board. Users have two options: This board can run

applications or being controlled remotely from a computer. F
« A robotic arm with five degrees of freedom (DOF) and a two-finger gripper. !

A robotic platform like this has a lot of application potential. However, its architecture
limits its capabilities. A manipulator that has fewer than six degrees of freedom (DOF) is incapable

of positioning, and efficiently positioning an object for specialized industrial applications however,
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such as A low-DOF manipulator may be sufficient for welding, painting, and loading/unloading.

Theoretically. What is a low-DOF manipulator's advantage over a high-DOF manipulator? ©*!

The advantage of low-DOF robots over 6-DOF or redundant robots is that they have a

simpler mechanical structure (i.e., less moving parts). motors and linkages), a more straightforward

controller, increased rigidity, and a reduced cost as a result, the exponential growth in utilization

is completely deserved.!

1.2.1 Kuka youBot characteristics

The Kuka youBot showing in Figure 1.1 has the following characteristics [I:

>

YV V. V V V

Omnidirectional mobile platform.

Arm, 5-DOF manipulator: It is considered one of the main fixed components in any robot.
Two-finger gripper: also, the main components fixed.

Real-time Ether CAT communication.

Open interfaces.

freely programmable.

Figure 1.1: Kuka YouBot

Note: more characteristics and details of the Kuka youBot can be found in Appendix (2).
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1.2.2 Kuka youbot utilities
We have many utilities of the Kuka youbot we mention I:

» Education.
» Basic research.
» Application development to use it in factories.

And the big model of Kuka youBot is used in different industry fields.

research

MM
Application
development
for cognitive
manufacturing

Figure 1.2: Kuka youbot utilities (4]
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1.3 Modeling

Modeling can help us better visualize the plan of our system and allow us to develop more
rapidly by helping us build the right thing ©!. In this chapter we will study the kinematic and
dynamic modeling for our Kuka youbot robot in an independently form (modeling the mobile
platform then modeling the manipulator), and in a combined form (assuming arm mounted on the

platform).

1.3.1 Mobile Platform kinematics

1.3.1.1 Definition of a mobile robot

A mobile robot is a mechanical, electronic and computing system that physically acts with
its environment to achieve an assigned purpose. The machine is versatile and adaptable to varying
operating conditions. It has perception, decision and action functions. In this way, the robot should
be able to perform various tasks, in several ways, and perform its task properly, even if it

encounters unexpected new situations. [

At present, the most sophisticated mobile robots are mainly focused on applications in

variable or uncertain environments, often with obstacles, requiring adaptation to the task. [°!

1.3.1.2 Omnidirectional mobile robots modeling

A kinematic model of a mobile robot governs how wheel speeds map to robot velocities,
while a dynamic model governs how wheel torques map to robot accelerations. In this section, we
ignore the dynamics and focus on the kinematics. We also assume that the robots roll on hard, flat,
horizontal ground without skidding (i.e., tanks and skid-steered vehicles are excluded). The mobile
robot is assumed to have a single rigid-body chassis (not articulated like a tractor-trailer) with a
configuration T, € SE(2) representing a chassis-fixed frame {b} relative to a fixed space frame
{s} in the horizontal plane. We represent Ty, by the three coordinates g = (¢,x,y). We also
usually represent the velocity of the chassis as the time derivative of the coordinates, ¢ = (¢, X, y).
[11 Qccasionally it will be convenient to refer to the chassis’ planar twist V), =

(Wpz) Vi, Viy Jexpressed in {b}, where: I
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Wpz 1 0 0 ¢
vy = va] = [0 cos¢  sin ¢] X (2.1)
[ Uby 0 —sing cosol|y
é#l 11 O 0 1[ws]
g=|x|= [0 cos¢ —sin ¢] Vpx (2.2)
Y] 0 sing cos 1|Vpy|

Figure 2.1: A mecanum wheel.

Our omnidirectional mobile robot has four mecanum wheels. That is what makes him
achieve an arbitrary three-dimensional chassis velocity ¢ = (¢, %,y), since each wheel has
only one motor (controlling its forward—backward velocity). Figure 2.2 shows the wheel motions
obtained by driving the wheel motors as well as the free sliding motions allowed by the rollers.

Two important questions in kinematic modeling are the following. ™
(a) Given a desired chassis velocity ¢, at what speeds must the wheels be driven? [l

(b) Given limits on the individual wheel driving speeds, what are the limits on the chassis

velocity g2

To answer these questions, we need to understand the wheel kinematics illustrated in Figure
2.3.Inaframe X,, — V., at the center of the wheel, the linear velocity of the center of the wheel is

written v = (v, vy,), Which satisfies ™!

v 1 —siny
[U;C/] = Vdrive [0] + Viide [ cosy (23)
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free
“sliding”

driving
—_— e

Figure 2.2: the Kuka youBot mobile manipulator system, which uses four mecanum wheels for

its mobile base. [

Where y denotes the angle at which free “sliding” occurs (allowed by the passive rollers
on the circumference of the wheel), v, IS the driving speed, and vg;4. is the sliding speed. for

a mecanum wheel, typically y = £45". Solving Equation (2.3), we get %]

Virive = VUx T Uy tany
v
- Y
Uside = oy

Letting r be the radius of the wheel and u be the driving angular speed of the wheel, ™

u

= Zdrive — %(vx + v, tany) (2.4)

r

driven component =
vy + vy tan vy

free “sliding” direction
free

component =
vy cosy
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Figure 2.3: Mecanum Wheel Characteristics. 1!

Looking to Figure 2.3 where: (Left) The driving direction and the direction in which the
rollers allow the wheel to slide freely. A mecanum wheel, typically have y = £45°, and (Right)
The driven and free sliding speeds for the wheel velocity v = (v,, v, ) expressed in the wheel

frame %,,- ¥, Where the &,,-axis is aligned with the forward driving direction. ™

To derive the full transformation from the chassis velocity ¢ = (¢, %, ). to the driving
angular speed u; for wheel i, we will refer to the notation illustrated in Figure 2.4. The chassis
frame {b} isat g = (¢, x, y). in the fixed space frame {s}. The center of the wheel and its driving
direction are given by (3;, x;, y;) expressed in {b}, the wheel’s radius is 1;, and the wheel’s sliding

direction is given by y;. Then u; is related to ¢ by ™

ui=hi(¢)q=[§i%][w.sﬁi Sinﬁl e ][ cos¢ sigq) (2.5)

ri 1|l=sinp; COSﬁz Xi —sin¢g cos ¢

Reading from right to left: the first transformation expresses ¢ as V,; the second
transformation produces the linear velocity at the wheel in {b}; the third transformation expresses
this linear velocity in the wheel frame x,,- y,,; and the final transformation calculates the driving

angular velocity using Equation (2.4). [

Evaluating Equation (2.5) for h;(¢), we get [

xisin(B; + v;) — yicos(B; +v)|"
cos(Bi +vi + &) (2.6)
sin(B; +v; + @)

1
riCosYyi

hi(p) =
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driving direction

wheel 7

free “sliding” ~vi|
direction

._"_:3

X

(s}

Figure 2.4: The fixed space frame {s}, a chassis frame {b} at (¢, x, ¥) in {s}, and wheel i at
(x;, y;) with driving direction S;, both expressed in {b}. The sliding direction of wheel i is
defined by y;. ™

For an omnidirectional robot with m > 3 wheels, in our case m = 4, The matrix H(¢) €
R™*3 mapping a desired chassis velocity ¢ € R3 to the vector of wheel driving speeds u € R™
is constructed by stacking the four rows h;(¢): ™
. _ [P
=H = 2.7
u=H($)q ha () i (2.7)
ha ()

We can also express the relationship between u and the body twist v,. This mapping does

not depend on the chassis orientation ¢: 1]

O] o
u=HO)V, = hz 0) [Xbx (2.8)
R ()]

The wheel positions and headings (f;,x;, y;) in {b}, and their free sliding directions y;,

must be chosen so that H(0) is rank 3. For example, if we constructed a mobile robot of

e
9
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omniwheels whose driving directions and sliding directions were all aligned, the rank of H(0)
would be 2, and there would be no way to controllably generate translational motion in the sliding
direction. ™

wheel 4 wheel 1
Y4 = ;.._/”,"1 v = ‘-‘-",“.l

Y3 = /4 Y2 = /4

wheel 3 wheel 2

Figure 2.5: Kinematic model for the four mecanum wheels mobile robot. The radius of all
wheels is r and the driving direction for each of the mecanum wheels is 5; = 0. [

Using the notation in Figure 2.5, the kinematic model of the mobile robot with four mecanum

wheels is 1]
Uy —t-w 1 —1] 4,
_ || _ _alerw 11 ||y
u=|=HOV =1, 7" T sz] (2.9)
Us —f-w 1 1 Y

For the mecanum robot, to move in the direction+%,,, all wheels drive forward at the same
speed; to move in the direction+¥,, wheels 1 and 3 drive backward and wheels 2 and 4 drive
forward at the same speed; and to rotate in the counterclockwise direction, wheels 1 and 4 drive
backward and wheels 2 and 3 drive forward at the same speed. Note that the robot chassis is capable

of the same speeds in the forward and sideways directions. [

10
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1.3.2 Arm Modeling

1.3.2.1 Definition of a manipulator robot

Manipulator robot is an electronically controlled mechanism, consisting of multiple
segments, that performs tasks by interacting with its environment.l’! They are also commonly
referred to as robotic arms. Manipulator robots are extensively used in the industrial manufacturing

sector and also have many other specialized applications. ]

Figure 2.6: manipulator robot

1.3.2.2 Forward Kinematics

Forward kinematics is the use of a robot's kinematic equations to calculate the location of
the end-effector given from provided joint parameter values. As a result, finding the map that
transfers the joint angles to the end-effector location in Cartesian space, for an open chain, revolute
joint (5R) arm in our example, is primarily a "difficult" geometric issue and secondly an algebraic

challenge. B

There are, however, methodical methods to this issue. The Denavit-Hartenberg (D-H)
convention is one of the most used procedures in the field of robotics. In general, an open chain
manipulator is made up of n + 1 links linked by n joints. The 0" connection is normally linked

to the ground or, in our case, the manipulator base. A homogeneous transformation might represent

e
11




Chapter 1 Modeling of Kuka youBot

the location and orientation of a coordinate frame on a link in relation to the previous/next one
since a joint joins two successive links. B The D-H convention was created to make it easier to
derive these homogeneous transformations and iteratively obtain the forward kinematics map by
matrix multiplication of these transformations. The D-H convention, in particular, uses four

parameters to fully specify the position of frame i in relation to frame i — 1: !

e a;, the distance between the origins of the two coordinate frames 0;, 0;,.

e d;, the coordinate of 0; along z;_;.

e q;, the angle between axes z;_; and z; about axis x; to be taken positive when
rotation is made counter-clockwise.

e 0;, the angle between axes x;_; and x; about axis z;_, to be taken positive when
rotation is made counter-clockwise.

Axe (i-1) Axe (i)
Corps (i-1)

Corps (i)

Figure 2.7: The classic Denavit-Hartenberg convention, frames and parameters.

The frames for the KUKA youBot are provided here, following the D-H regulations for

frame attachment. 3

12
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XE— 'y
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X4, X5 Za —
E] 12
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% ]22 ? -
|
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Figure 2.8: Frame attachment on the KUKA youBot.

The D-H parameters' values are listed in the table below: &I

l aj—q a;—q dl qi
1 0 0 Lo )
2 a n 0 n
2 2+5
L 0 0 qs
i
4 L 0 P
5 0 b 0 qs
2
E 0 0 L, 0

Table 2.1: DH parameters

13
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Where ' a ' is the distance between the arm's two vertical z-axes. [*!

The homogeneous transformation from frame i to frame i — 1, according to the modified
D-H convention, is: &I

cq; —5q; 0 aj-q
i1 = [99i€%i-1 €qQiC®i—1 TS —d;sa;_q (2.10)
SqiSqi—1  CqiSAi—q  CAjq dica;_q
0 0 0 1
The end effector-to-base transformation for the KUKA youBot 5 D.O.F manipulator is: !
OTE = 0T1 1T2 2T3 3T4 4-T5 5TE (211)

It's worth noting that the last homogeneous transformation is essentially a translation at this
point. In addition, the frame attachments were tweaked to make it easier to alter the generated
equations in the latter stages of the study. &I

We get the following frame-to-frame homogeneous transformations after substituting the
parameters from the table: &I

Cl _Sl 0 0
op _|s1 ¢ 0 0
T=lo o 1 l (212)
0 0 0 1
-Ss, —¢c; 0 a
1~ _| O 0 -1 0
TZ_ CZ _SZ 0 0 (2l13)
0 0 0 1
C3 _S3 0 ll
2T, =[S3 ¢ 0 O 2.14
Ts 0 0 1 0 (2.14)
0 0 0 1
_54 _C4 0 l2
3 — C4 _54 0 0 215
Ts 0 0 1 0 (2.15)
0 0 0 1
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Cs —Ss5 0 0
0 0 -1 0
AT, = 2.1
5 St Cs 0 0 ( 6)
0 0 0 1
1 0 0 O
01 0 O
5 =
Ty 00 1 I (2.17)
0 0 0 1
The end-effector-to-base transition, is: [*!
—C1C234C5 T S1S5  €1C234S5 + €581  —C1S234 ci(a—1s, — l,873 — l35234)
o — | 7S51€234C5 — C1S5  S1€234S5 — C1C5  —S515234 si(a — 13s; — 1,523 — 135534)
Ty (2.18)
—5234Cs $234S5 C234 lo+ licy + 1003 + 13C534
0 0 0 1

A few last thoughts about kinematics. Some methods can assess the correctness of the
forward kinematics map, at least in part. For starters, because the homogeneous transformation’s
orientation portion, i.e., the top left 3 x 3 block matrix, is an orthogonal matrix, the squared sum
of its lines and columns must equal +1. This feature is comparable to having a +1 determinant.
In terms of the length’s component, we may replace the joint variables with values that reflect a
known position for the end-effector (e.g., home position, full stretch, etc.) and check if the map

holds up. For our transition, both prerequisites are satisfied. [*!

1.3.2.3 Dynamic model — Arm

We have calculated our dynamic model using MATLAB and we have written the full

results in the appendix due to the big size of it.

Let the Euler-Lagrange equation: (4
4oL _ oL _ o, (2.19)
And 1]

L=T-U (2.20)
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Where: [11]
T : Kinetic energy of the system.
U : Potential energy of the system.

q; - —™ generalized system coordinate.

T; . Generalized force applied to the 1st element.

And the equation that describes the dynamics of a manipulator robot: (1

M(@)q+C(q,q)q+G(q) =1

Where: [11]

- M(q): is the inertia matrix.

- C(q,q): is the Coriolis forces matrix.

- G(q): is the gravitational forces vector.

If we put (M

Coa,4) = C(4,9)q = M@ +53-[4"M(q)d]

We will get 14

[C11 Ciz Ci3
[Co1 Cp Cas
C(q. 51) = |C31 C3; Cs3
[C41 Caz Cy3
Cs1 Csz Csz
And if we put M
_ 0uU(Q)
Gl ==~

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)
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We will have [

[G11]
[G21 |
G(q) =|G3| (2.26)
G41

lG., ]

Note: The elements of the matrixes M(q), C(q, q) and G(q) can be found in appendix (1).
1.3.3 Combined System Kinematics

The kinematic and dynamic models for the manipulator and the mobile platform were
developed and studied independently in the previous chapter. In this chapter, the arm is assumed

to be installed on the platform, and the kinematic model (forward and differential kinematics) is

generated. [

1.3.3.1 Kinematics Forward

To begin, the following relationship describes the homogeneous transition from the end-

effector to the global inertial frame: &1

IT. = 'R, °Rg r+ 'Ry °rg
e
0 0 O 1
(2.27)
Where:
The vector °r is the first three elements of the fourth column of (2.18) To be precise: !

C234€5€08(qy — Op) — S55in(qy — Op) —C234€05(q1 — Op)ss — cssin(q, — 0p)  cos(qy — Op)Saaa
'R = leRE = [cos(qy — Op)Ss + €234C55In(qy — 0p) —Cp345in(qy — Op)Ss + c5c08(qy — Op)  S2345in(q1 — 6p) (2-28)
—5234C5 523455 C234

And Bl

Xp + Pxo —cos(q; — 0p)(a — l;5, — 15553 — 135534)
r+ IRO OFE =|yp+ PYo —sin(q, — 0p)(a — 135, — 15823 — 135234) (2.29)

1.3.3.2 Differential Kinematics

Now we must compute the composite Jacobian J*. However, the geometric technique used

in the previous chapter for the manipulator is no longer valid Thus, the time differentiation method,

e
17
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I.e., differentiating the relationship (2.27) w.r.t. time in order to derive relationships between end-

effector and joint velocities/control variables, will be implemented in this case. [*!

The Jacobian contains two portions, one for the end-linear effector's speeds and the other
for its rotational velocities, as is customary. We'll start with the linear section, J;. When the first
three components in the fourth column of (2.27) are differentiated (in terms of time), we get: &l

L+ 1Rrg) = L AR oy 1p Hre) (2.30)

For the first term we have: ¥

ar _ d .
dz =t Txo ye+ Pyo'zlt =1k v O (2.31)

In the second term, the time derivative of a rotation matrix appears. As we know, for any
rotation matrix R, its time derivative is R = (w)*R where (w)* is the skew symmetric matrix
operator, as defined in Chapter 4, applied on the angular velocity of the rotating body. In our

specific case wp = [0 0 6,]7. Hence: P!

a( ko)’ ~ [—sin6p cosBp O
d—tOrE = (wp)x IRO OTE = Hp —CO0S HP Sin HP 0 rE (232)
0 0 0
Lastly, for the third term we have:
0
'Ry 4(*5) = 'R 97rs Jam _ 'Rq OJGm,LQm (2.33)

dt 0 9q,, ot

Where: °Jg,, . is the part of the manipulator geometric Jacobian that corresponds to the

linear velocities, i.e., the first three rows. Having said the above, (2.30) becomes: [

—sinfp cosfp O
—cosfp sinfp O
0 0 0

0

+ IRO 0 ]Gm,Lqm (2-34)

d . .
= (r+ "Ry °rg) = [%pyp0]" + 0,

Where: [

. _Sln Hp COoS HP 0 Sln(ql ep)(a - l1$2 - l2$23 - 135234)
Op |—cosBp sinfp Of ’rg = —cos(q, + 0p)(a — 15y — 1,853 — 135534) | Op (2.35)
0 0 0 0

And: B

18
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IR 0 _
RO ]m,L -
sin(qy — 0p)(a— 1;S; — 1S3 — I3534)  €08(qy — 8p)(L1¢; + LyCo3 + [3C34) €05(qy — 0p) (1Co5 + l5Co34)  3C234c08(q — 6p) O
_COS(‘h - gp)(a —11S; = 15823 — 135734) Sin(‘h - gp)(llcz + Lco3 + 136234) Sin(‘h - Hp)(lzcm + 13¢234) l3C234Sin(‘h - gp) 0
0 —lis; = 13853 — 135234 —13S23 — I35534 —l3S234 0

(2.36)

The angular part J, is a bit more difficult to calculate. For this particular purpose we employ
a specific representation of the angular velocities of the end-effector. To be precise, we cannot
construct this part of the Jacobian geometrically and the use of a representation other than the
vector [w, w, w,]will enable us to obtain this part by differentiation w.r.t. time. As a first
approach we use the Roll-Pitch-Yaw (RPY) Euler angles. If we begin from the complete rotation

matrix 'Rg and its elements r;; we have: &

ag = Atan 2(r34,711) = fo(q) (2.37)
B = Atan 2 (=31, i + 15 ) = f5(a) (2.38)
Ye = Atan 2(r3,,133) = f,(q) (2.39)

Note that the above solution for S is in the range (—g;g) and all solutions degenerate

when cos Bg= 0. Then, only the sum or difference of aj; yz can be calculated. Regardless, we
assume for the time being that this is not the case and Bg # 90°. The angular part of the Jacobian

is extracted then by the below relationships: !

. fy . _ Ofy . 0fa
ap=2F q:a_qlql_|_..._|_aqn (2.40)
. ofg . _9fp . fp .
fp = aqﬁq:a_c:ql-l_""l_ﬁq" (2.41)
. ofy . ofy . ofy .
YE :—a;q:a—q};ql_l_..._l_ﬁqn (242)

Where the partial derivatives constitute the elements of J;. That said, we have: !

. . 523455C5 . 523455C5 . 523455C5 . C234 . :
Qg = q; + 2 242 7 243 T 7 244 T+ >— (s — Op (2.43)
1-5334C5 1-5534C5 1-5534C5 1-5234C5
5 C234Cs . C234Cs . €234Cs . 523455 .
Be = — qz — q3 — qs + ds (2.44)

2
f 2 2 2 2
1-5534C5 \/1‘5234C5
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. s .
YE = ° 742 +

= 2 2
1-5534C5 1-5534Cs

Sg . S5

q3 + > CI4 + O-SCSSin[Z(QZ+Q3+Q4)] q5 (245)

2 2 2
1-5234C5 1-5534C5

When replace the DOFs of the platform with the control variables u,, o, the parts of the

Jacobian become: ]

IRO O]Gm,L'

|[ ow1 K1 K2 K Kz ]l
* 1
JLo = | Ro OJGm,L|rOW2 Ty Kz Kg kg (2.46)
1 0
|'Ro Jemel ., O 0 0 0
Where: Bl
_ 1T r(a—l15;—13523—135234) _. _
K= i) sin(q, — 6,) (2.47)
_r r(a—l153—13523—135234) _. _
Kp =+ 4ty 51n(q1 Hp) (2.48)
Ko = r + r(a—11S;—13S23—135234) COS( +0 ) (2 49)
37, 4(1y+1y) 41T % '
_r__ r(a—11S;—13S23—135234)
e =7 4(l+1y) cos(gs + HP) (2:50)
523455Cs 523455Cs 523455Cs €234 T
=== +— K —K K —K
|[1 1-s2,,¢2 1-s25,¢2 1-52;,c2 1-s334¢% 0 o ‘
lo — —Cess €234 __ Ca34 523455 0 0 0 0
* —
Jao = i 1-s2;c2 Jl—s§34c§ \/1—52234052 1/1—5534%
NS NS S5 0.5cssin[2(q +q,+q )]
0 — z_3 4 0 0 0 0
|— 1-5334€3 1-533,c2 1-5534c2 1-s334c% .
(2.51)
Where: Bl
r
o = 4Ly +ly) (2.52)
x ]z,nh
Jan = |- (2.53)
]A,nh

1.4 Conclusion

At the end of this chapter, we can now say that we have some knowledge about Kuka

youbot (components, characteristics and uses). Moreover, The Kuka youbot robot models were

e
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developed in an independently and combined forms in this chapter, by studying the mobile
platform kinematic model. In addition, the manipulator modeling starting by the forward
kinematics then the dynamics were also discussed. Then, the kinematic model (forward and
differential kinematics) for our Kuka youbot robot was developed and studied for the combined
system kinematic (assuming that the arm is mounted on the platform). While the next chapter will
deal with control, for us it’s the important part because it will verify the correctness of the studied

models.

21
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2.1 Introduction

For a robot arm mounted on a movable base, movable manipulation describes the
coordination of movement of the base and joints of the robot to achieve the desired motion at the
end-effector. Usually, the arm's motion can be controlled more precisely than the base's motion,
so the most common types of mobile manipulation involve driving the base, stopping it, and then
letting the arm perform the task with precise motion. This chapter also covers a trajectory definition
and a simulation part using MATLAB software to study and control our Kuka youbot by using the
obtained models from the previous chapters in order to see results and compare them.

2.2 Trajectory

Trajectory planning is the generation of reference inputs to the motion control system.
Goal is to move the manipulator from initial pose to final desired pose. The transition is
characterized by motion laws requiring the actuators to apply joint forces that do not violate the
saturation limits. It is necessary to develop planning algorithms that generate suitable smooth

trajectories. [
2.2.1 Path and Trajectory

The minimum requirement for the manipulator is the ability to move from the initial
position to the specified final position. In order to avoid confusion between terms that are often
used as synonyms, the difference between path and path must be explained. The path indicates the
position of points in the common space, or in the run space, that the processor must follow in the

execution of the assigned motion; It is the path in which the law of timing is determined. 2
2.2.2 Joint Space Trajectories

Joint space trajectory algorithms should have the following features: [

- The trajectories should not be computationally expensive.
- The joint positions and velocities should be continuous functions of time.

- The trajectories should be as smooth as possible.

We have in this study two part of trajectory: [
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2.2.2.1 Point-to-Point Motion

Third-order polynomials can be used where the position, velocity, and accelerations are
constructed as: 2!

qt) = ast® + ayt? + a;t + aq (3.1)
q(t) = 3ast? + 2a,t + a4 (3.2)
G(t) = 6ast + 2a, (3.3

These equations have four unknowns. Therefore, the following should be specified: initial
and final positions; initial and final velocities: (%

ao = q; (3.4)
a = q; (3.5)
a3t]§ + azt]? +a ity +ay = qr (3.6)
3a3t]§ + Zaztf + a, = CIf (37)
Pos Vel Acc
3 3 : : T f f
4 ' N
52 w N °
g ® y 3 0 —
=1 22 / A\ E
/ 10
0 0 —
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Time (seconds) Time (seconds) Time (seconds)

Figure 3.1: Time history of position, velocity and acceleration with a cubic polynomial

timing law
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Figure 3.2: Characterization of a timing law with trapezoidal velocity profile in terms of

position, velocity and acceleration

, Pos Vel Acc
4 10
E2 T m;
g B2 5 0
1 = L
0 0 -10
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Time (seconds) Time (seconds) Time (seconds)

Figure 3.3: Time history of position, velocity and acceleration with a trapezoidal velocity profile

timing law
2.2.3 Operational Space Trajectories

A joint space trajectory planning algorithm generates a time sequence of values for the joint

variables g(t) so that the manipulator is taken from the initial to the final configuration. 2!

On the other hand, the end-effector motion follows a geometrically specified path in the
operational space. Then, the corresponding sequence of values for the joint variables is computed

using inverse kinematics algorithm. [?

2.2.3.1 Path Primitives

Let p be a (3 x 1) vector, then we can define a continuous vector function f(s).then,p =

f(s) Where s is the arc length. This equation defines the parametric representation of a path G. 12!
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/

pe
Figure 3.4 Path Primitives
We have two types of paths in operational trajectory: (2!
a) Rectilinear Path

We have @

p(s) = pi + —— (pr — py)

lpe—pill
dp _ 1
as = Tprprt Pt PO
d’p _
ds?

b) Circular Path

p(s) =c+Rp'(s)

|' .
|
=R cos(2)
L o
I[_ cos(%)_
% = R| sinp%)
| o
Where: 2
pcos(s/p)
p'(s) = |psin(s/p)
0

25
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p=lp; —cl (3.15)
. * i
/B¥ 5w
P >
0

Figure 3.5: Circular Path

2.2.3.2 Position

Let x, be the vector of operational space variables expression the pose of the manipulator’s
end effector. Generating a trajectory in the operational space means to determine a function x, (t)

taking the end-effector frame from the initial to the final pose in time tf: [?

P.=po+ 2, m(m —Pj_1) (3.16)
Pe = X iipj_ifj_lii (pj —pj-1) = o1 85t (3.17)
Pe = Xt iipj_.;j_lii (pj —pj-1) = 21 5t (3.18)
2.2.3.3 Orientation [
b = b+ 55 (B — 1) (3.19)
o = m(¢f —¢1) (3.20)
be =15 (B = 1) (3.20)
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2.3 Simulation

In this section, we have used MATLAB software for our simulation. In addition, our work
here is devised into two main parts, the first part is a separated system that control the robot
platform first then after it reaches the desired position, at that time the control of the manipulator

will start. Moreover, the second part is the control of the combined system.

2.3.1 Separated system

As we mention before in the separated system section, we will control the robot platform
first then after it reaches the desired position, at that time an error condition block will check if the
platform mobile is in the right location by verifying the position error (err < 107%), if it is true,

it will give the start signal to the manipulator control. The figure below shows the diagram block

of this control process:

Input Qutput

qd ) error u q

Controller > Inverse Kinematics Robot platform
q
error Conditio

Input Output

ad . error T q

Controller Robot Arm
q

Figure 3.6: Diagram block of the separated system control process.
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2.3.1.1 Mobile platform

The control process:

We will use the feedback control by Given a desired trajectory q,(t), we can adopt the

feedforward plus PI feedback controller to track the trajectory: !

q(6) = qa () + Kp(qa(t) — q(©)) + Kif , (qa(t) — q(©)dt

(3.22)

Where K,, = k,I € R®*3 and K; = k;I € R®*® M have positive values along the diagonal

and q(t) is an estimate of the actual configuration derived from sensors (pose). Then ¢(t) can be

converted to the commanded wheel driving velocities u(t) using Equation (2.7). After that, the

final obtained wheels speeds u = [u; u, uz u,]” will command and drive the mobile platform to

the desired waypoints. The structure of this control process is showed in the figure below:

Input

qd

+ error q
20 Controller Inverse Kinematics

Robot

QOutput
q

Figure 3.7: Diagram block of Feedback control of the mobile platform (Simulink).

We gave our platform robot the following desired waypoints:

- Point1:[p, =0;p, =0.5; 6 =0].
- Point2: [p, =1;p, =0.5; 6 =0].
- Point3:[p,=1;p,=1; 0 =0.5].

Where:
P, is the position along the axe x.
P, is the position along the axe .

0: is the rotation angle along the axe z.
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a. Trajectory tracking

Trajectory Tracking
T Robot Direction T/
| O  Robot
0.8 Path
0.8 | [] Trajectory peints
0.7 r
E 06}
w
% 051 [
G (_
> 04t
031
0.2r
0.1
D 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
X-axis (m)

Figure 3.8: Trajectory tracking by the robot platform mobile.

From the figure, we can clearly see that our robot platform is following the trajectory (path)
perfectly after passing through the first point then the second one ending at the final point with the
exact given coordination and exact rotation angle, which means that our controller and our

platform model are correct and reliable.
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b. Position tracking response:

Postion along x axis
| | |

1 ﬁ
B /‘f Output x position
~ / . .
-§ 0.5 / Desired x position
a /
o
& /
0 T T T T T T T T T T
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (seconds)
Postion along y axis
| | | | | | | 1 |
1 -
0.8
E
< 0.6 1 Output y position
2 Desired y position
‘% 0.4
o
o
0.2
0 | T T T T I I T T T
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (seconds)
Rotation angle 0 around z axis
| | | | | | | | |
0.5
0.4
=)
203+ Output 8 angle
Q@ Desired 6 angle
0.2
<
0.1 -
0 T T T T T T T T T B
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Figure 3.9: the desired and output position and orientation results by the robot platform mobile.

Time (seconds)
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%1073 Posmlon errorI along X axis

Position (m)

T T T T T T T T T
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (seconds)

Position error along y axis
|

| | | | | | | |
0.4+ -
E
c
3]
= 0.2 -
n
]
o
0 -
T T T T T T T T T
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (seconds)
3 Rotation Angle error around z axis
x10 ! ! ! ! ! 1 L L L
6 ] -
~ 47 B
©
o
~ 2 — -
2
2 -
< 0
-2 - L
T T T T T T T T T
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time (seconds)

Figure 3.10: Trajectory tracking error.

From these figures, we can see that the response to the desired given waypoints and given
rotation angles by the robot platform is very smooth, reasonable and accurate, that is what makes

our PI controller reliable.
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c. Wheels speeds Commands:

@ 0+
e
o
~ _5_ _
2
G wheel 1 Speed
© -10
2
-15 - L
T T T T T T T
0 0.5 1 1.5 2 25 3 3.5 4
Time (seconds)
| 1 | | 1 | |
154 -
@
e}
S 10+ -
Z S
3 5 wheel 2 Speed
o
2
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T T T T T T T
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Figure 3.11: The Giving Wheels speeds Commands to the mobile platform.
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2.3.1.2 Manipulator

In this section, we will see the simulation results of the manipulator part in three different
cases, the first one is by using a PD controller, the second one is by using a gravity compensation
controller, the last one is by using a computed torques controller. While the simulation, we will
notice that our manipulator starts moving after 6.2 seconds that is because it was waiting for the
robot platform to reach the desired position and then he starts moving.

We gave our manipulator joints the following desired angles:
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A. PD controller results
The control process:

The control process is going to be in the joint space. We will use the derivative proportional
PD controller by using the feedback of both actual joints’ angles (actual trajectory) q(t) and the

actual joints speeds ¢(t). The control law is given as follows: 1]
T=Kye + Kqé (3.23)

€=dqa—¢q
With K, € R> | K; € R5*5 are defined positive matrices M, g, is the trajectory
reference (desired). After that, the final obtained joints torque T = [t T, 73 T4 75]7 Will command

and drive the manipulator joints to the desired trajectory. The structure of this control process is

showed in the figure below: [

Yy———= ROBOT | L 4
N 1
K, R
| I
. + /=
q., —{ 1}
s

q.

Figure 3.12: Diagram block of the derivative proportional PD controller of the manipulator.
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a. Angles tracking
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Figure 3.13: the desired and output joints angles result by the manipulator (PD controller case).

From this figure, we can notice that the response to the desired given joints angles by the
manipulator is very bad and not accurate, that is what makes the PD controller not reliable when

using small K,, gains.
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b. Torques Commands
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Figure 3.14: The Giving Torques Commands from the PD controller.
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B. gravity compensation controller results
The control process:

This time we will use the PD controller with gravity compensation, also by using the
feedback of both actual joints’ angles (actual trajectory) g(t) and the actual joints speeds q(t).

The control law is given as follows: 1]
T=Kye+ K€+ 9g(q) (3.24)

With K, € R> | K, € R>*5 are defined positive matrices !, g4 is the trajectory
reference (desired). After that, the final obtained joints torque T = [t T, 73 T4 75]7 Will command
and drive the manipulator joints to the desired trajectory. The structure of this control process is

showed in the figure below: [

I | [ K, ]
. 2 =—
. i(—"‘j—:

Figure 3.15: Diagram block of the PD controller with gravity compensation of the manipulator.

37



Chapter 2 Control of Kuka youBot

a. angles tracking
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Figure 3.16: the desired and output joints angles result by the manipulator (gravity

compensation controller case).
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From this figure, we can conclude that the response to the desired given joints angles by
the manipulator is very acceptable and accurate, which means that the gravity compensation
controller is reliable, because it takes into account the gravity.

b. Torques Commands
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Figure 3.17: The Giving Torques Commands from the gravity compensation controller.
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C. Computed-Torques controller results

The control process:

The lust controller will be the Computed-Torques controller, also by using the feedback of
both actual joints’ angles (actual trajectory) q(t) and the actual joints speeds g (t). The control law

is given as follows: [
v =M(@)(Ga + Kpe + Kaé) + C(q,9) + G(q) (3.25)

With K, € R> | K, € R>*5 are defined positive matrices !, g4 is the trajectory

reference (desired). After that, the final obtained joints torque t = [t T, 73 T4 75]7 Will command
and drive the manipulator joints to the desired trajectory. The structure of this control process is

showed in the figure below: [

U R
_ - -
i (5= M(q)—=(&)—={RoBOT| __{ =4
/A ; %
|II'I:..|' % Cleg.q)
I | |
f]' i_'ll -
'{.li.l' i '.': -_-

Figure 3.18: Diagram block of the Computed-Torques controller of the manipulator.
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a. Angles tracking
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Figure 3.19: the desired and output joints angles result by the manipulator (Computed-Torques

controller case).
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After looking to this figure, we can clearly see that the response to the desired given joints

angles by the manipulator is very smooth, acceptable and accurate, which means also that the

Computed-Torques controller is effective.

b. Torques Commands
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Figure 3.20: The Giving Torques Commands from the Computed-Torques controller.
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2.3.2 Combined System

In this section, we will see the simulation results of controlling the combined system
(assuming arm mounted on the platform) by a Fuzzy logic-PID controller to take advantage of its
proprieties (non-linear systems controller and adaptative to perturbations). This time, we will give
a desired trajectory that contains sequence of three positions and three orientations to our model

and see how it will response to it.

2.3.2.1 The control process

In this time the control process is going to be in the operational space. To ensure the
stability and accuracy of the whole control system, we have designed a fuzzy-PID controller for
our robot. Figure (3.21) shows the block diagram of the overall system. We will use the Fuzzy
logic-PID controller by using the feedback of both actual end-effector position and orientation.
The input of fuzzy-PID controller is the error (e) and change in error (ec) €. The control law is

given as follows: ™

q(8) = qa(t) + Kp(qa(®) — q(8)) + Kif , (qa(t) — q(©))dt (3.26)
And
u=J"1q (3.27)

Where: /=1 is the pseudo inverse of the Jacobian of the combined system given in equation
(2.53).

The gains K,, and K; have positive values and they are calculated continuously throughout
the duration of the control, which makes it have the property of adapting to the perturbations. q(t)
is an estimate of the actual end-effector position and orientation derived from sensors. Then ¢ (t)
can be converted to the commanded wheel driving velocities and manipulator’ joints velocities
u(t) using Equation (3.27). After that, the final obtained wheels speeds and joints velocities u(t)
will command and drive the end-effector to the desired waypoint. The structure of this control

process is showed in the figure below:
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Input QOutput

qd . error q u q
£ Fuzzy-PID Inverse Kinematics Robot

B IE‘ Controller
[t ]

Dt
change in error

Figure 3.21: Diagram block of Fuzzy logic-PID controller and the combined system” kinematics
(Simulink).

2.3.2.2 Design of controller with an explanation of the work steps

The figure (3.22) shows the components of the fuzzy logic controller which are:
Fuzzification, Rule base (The inference engine) and Defuzzification. We are going to explain them
step by step: !

( jFuzzzr* Fuzzifi- Defuzzi- |! F'uzf&;r p
. T rocess -
Set- cation fication

Decision ]
Making

Process Qutput and Status

Figure 3.22: the components of the fuzzy logic controller.
a) Fuzzification:

The purpose of the fuzzification step is to transform a numerical data into a linguistic
variable. For this, we must create membership functions. A membership function is a function
which makes it possible to define the degree of membership of a numerical data item to a linguistic
variable ['%. We have chosen two inputs (error and change in error) and three outputs (gains:
K,, K;, K;) Membership functions: (€]
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Figure 3.23: Membership functions of input and output. (a) ‘e’, (b) ‘ec’,
(©) 'Ky', (d) °Ky’, () ‘Ka'.
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For choosing the variables of error (e) and change in error (ec), we set five fuzzy input
values: negative big (NB), negative small (NS), zero (Z), positive small (PS), positive big (PB).
Four output values are chosen: very big (VB), big (B), medium (M), small (S) (Table 3.1). The
fuzzy-PID controller includes two inputs (e(t), ec(t)) and three outputs (K, K;, K4). It is applied
to determine a parameter of PID controller with the membership function of a triangle form. The
ranges of these membership function are determined by experience. The membership function of
all output and input are described by Figure (3.23). [€

b) Rule base (The inference engine):

Now that we have linguistic variables, we will be able to pass them into the inference
engine. Here, each rule of the inference engine is written by the designer of the fuzzy system
according to the knowledge he possesses 9, the used rule base showing in table (3.1) was taken
from this paper [

e/ce NB NS / PS PB
NB VB/S/S | VB/M/S | S/M/VB | S/M/B | M/S/S
NS VB/B/S | B/B/S | S/B/B | S/B/B | B/B/S
/ B/B/S | M/B/M | S/VB/B | S/VB/M | VB/VB/S
PS M/B/M | S/B/B | S/B/B | M/B/S | VB/B/S
PB S/S/M | S/S/VB | S/M/VB | B/M/S | VB/S/S

Table 3.1: Fuzzy rule table for K,,/K; /K.
c) Defuzzification:

The last step to have an operational fuzzy system is called defuzzification. During the
second step, we generated a bunch of commands in the form of linguistic variables (one command
per rule). The purpose of defuzzification is to merge these commands and transform the resulting
parameters into numerical data, for this we have used the method of the center of gravity. It consists

in taking the abscissa corresponding to the center of gravity of the membership function. 1%
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Where:
b .
€6 == (3.27)

2.3.2.3 Simulation
The given desired positions and orientations to the end-effector are:

- position along the axe x: [p,(1) = 0;p,(2) = 0.6; p,(3) = 1].

- position along the axe y:[p, (1) = 0;p,(2) = 1; p,(3) = 1.2].

- position along the axe z: [p,(1) = 0;p,(2) = 0.5; p,(3) = 0.6].

e rotation angle around the axe z (Yaw): [a; = 0;a, = 0.0.4; a3 = 0.12].
e rotation angle around the axe y (Pitch): [; = 0; 8, = 0.02;5; = 0.13].
e rotation angle around the axe x (Roll): [y; =0;y, = 0; y; = 0.14].
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a. Position and Orientation of the end effector
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Figure 3.24: the desired and output Position of the end effector results.

48



Chapter 2 Control of Kuka youBot

0.1 o
-‘S Desired Roll
Q Output Roll
o 0.05
C
<
O - -
T T T T T T
0 1 2 3 4 5 6 7
Time (seconds)
| | | | | |
0.1 -
©
g Desired Pitch
2 Output Pitch
S .05 - P
<
0 - -
T T T T T T
0 1 2 3 4 5 6 7
Time (seconds)
| | | | | 1
< 0.1+ -
m .
= Desired Yaw
% Output Yaw
c 0.05
<
0 - -
T T T T T T
0 1 2 3 4 5 6 7

Time (seconds)

Figure 3.25: the desired and output Orientation of the end effector results.

From these figures, we can conclude that the response to the desired given positions and
angles by the end-effector of the robot is very reasonable, smooth and accurate, which means that
our combined system kinematic model is correct, and also the used Fuzzy logic-PID controller is

effective and reliable.
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b. Velocity commands
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Figure 3.26: The Giving joints’ velocity Commands from the controller.
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Figure 3.27: The Giving Wheels’ velocities Commands from the controller.
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2.4 Conclusion

In this chapter, the analysis of the system response is achieved in the two parts. In the
separated system, we gave a set of desired waypoints to the robot platform first, they were well
tracked by the platform, after that the study of the manipulator was done in three cases using a new
controller every time in order to see which one is the best for our control, starting with the PD
controller that gave us a bad result, in the other hand the manipulator responded very well to the
given desired joints angles in both remain controllers, the gravity compensation controller and the
computed-torques controller. In the combined system, we also gave a desired sequence of positions
and orientations to the robot end-effector, they were perfectly tracked by the end-effector due to
the advantages of the Fuzzy logic-PID controller. In general, the results were acceptable.
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General Conclusion

In this work, an introduction about the development of industry robots, Kuka youBot robot
components, characteristics and uses were discussed. In addition, modeling our Kuka youbot robot
was done in two parts, the first part was a separated system modeling that gave us two models: the
mobile platform kinematic model and the manipulator forward kinematic and dynamic model (we
used the dynamic model in the simulation). Then the second part is the combined system kinematic
model (forward and deferential kinematics), we rather prefer the dynamic model in this case but

unfortunately, it’s not available due to its complexity.

Moving on to the control part, where we have done the simulation in two main parts: the
separated system and the combined system, in order to compare the deference between them. In
the separated system simulation, the mobile platform starts to move to the desired location, after
it parks the manipulator starts moving, which gave us a perfect result. Also, In the combined
system simulation, the robot end-effector responses very well to the given positions and
orientations. In general, we got a well response in both of them, meaning that our models are

correct and our controllers are well tuned.

By going through details in the simulation part, we must mention some notes: we used the
dynamic model for the manipulator because this model takes into account: the inertia, forces and
gravity; Also, because this model gives a satisfactory response, especially when using the gravity

compensation controller and computed-torques controller.

Therefore, future works can use these models to do a specific task using robotic simulation
software like MATLAB and ROS (Robot Operating System).
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Appendix
Appendix (1):
dynamic model results:
- the elements of the matrix M(q):

M;; = 0.00340593 * sin(q2 + q3 + q4) — 0.000041499 * cos(2.0 x q2 + 2.0 * q3
+ 2.0xq4 + 2.0 +xg5) — 0.00733 * cos(2.0 x q2 + 0.30948) — 0.000041
*c0s(2.0xq2 + 2.0xq3 + 2.0xq4 — 2.0*q5) — 0.01418 * cos(2.0 * q2
+ q3) + 0.00696599 * cos(2.0xq2 + 2.0xq3 + q4) — 0.02724
* cos(2.0 x g2) + 0.00008299 * cos(2.0 * g5) — 0.03305 * cos(q2
— 1.5313099) — 0.02083399 * cos(2.0 * q2 + q3 + 0.68828)
+ 0.0330444 * cos(q3 + 0.41206) — 0.007998699 * cos(q3 + q4)
+ 0.007998699 * cos(2.0 * g2 + q3 + q4) — 0.006966599 * cos(q4)
— 0.00809 * cos(2.0 * g2 + 2.0 xg3) — 0.014070499 * cos(q2 + q3
— 1.158727) — 0.00146 * cos(2.0 x g2 + 2.0 xgq3 + 2.0 x g4)
+ 0.07709799

M;, = 0.00008299 * cos(q2 + q3 + g4 + 2.0+ g5) — 0.00008 xcos(q2 + q3 + q4
— 2.0%q5) — 0.00097 * cos(q2 + q3 + q4) + 0.00316767 * cos(q2
+ 0.11886) + 0.00302 * cos(q2 + g3 — 0.6)

M;3; = 0.00008299 * cos(q2 + q3 + q4 + 2.0 *q5) — 0.00008299 * cos(q2 + q3
+ g4 — 2.0+ q5) — 0.00097799 * cos(q2 + q3 + q4) + 0.00302
* cos(q2 + q3 — 0.6008)

M;, = 0.00008299 * cos(q2 + q3 + q4 + 2.0 *q5) — 0.00008299 * cos(q2 + q3
+ g4 — 2.0+ q5) — 0.00097799 * cos(q2 + q3 + q4)

M;s = 0.00689 * cos(q2 + q3 + q4)

M,; = 0.00008299 * cos(q2 + g3 + g4 + 2.0*¢g5) — 0.00008 * cos(q2 + g3 + q4
— 2.0xq5) — 0.00097 * cos(q2 + g3 + q4) + 0.00316767 * cos(q2
+ 0.11886) + 0.00302 * cos(q2 + g3 — 0.6)

M;, = 0.06055 * cos(q3) — 0.01393 * cos(q4) — 0.02646 * sin(q3) — 0.0159 * cos(q3)
* cos(q4) + 0.01599 = sin(g3) * sin(q4) — 0.00033199 * cos(q5)"2
+ 0.1168039899

M3 = 0.0302784 * cos(q3) — 0.01393299 * cos(q4) — 0.01323399 * sin(q3)
— 0.00799877499 * cos(q3) * cos(q4) + 0.00799877499 * sin(q3)
* sin(q4) — 0.00033199 x cos(g5)"2 + 0.042026099
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My, = 0.00799799 * sin(q3) * sin(q4) — 0.00799799 * cos(q3) * cos(q4)
— 0.006966599 * cos(q4) — 0.00033199 * cos(q5)"2 + 0.004928
Mys =0

M3, = 0.0000829999 * cos(q2 + q3 + g4 + 2.0+ q5) — 0.00008299999 * cos(q2
+ g3 + g4 — 2.0+ g5) — 0.000977999 * cos(q2 + g3 + g4) + 0.00302
* cos(q2 + q3 — 0.6008)

M3, = 0.03027840 * cos(q3) — 0.013932999 * cos(q4) — 0.013233999 * sin(q3)
— 0.007998774 * cos(q3) * cos(q4) + 0.007998774 * sin(q3) * sin(q4)
— 0.00033199 * cos(g5)"2 + 0.0420260

M;; = 0.042026189 — 0.000331999 * cos(q5)"*2 — 0.01393335 * cos(q4)

M3, = 0.00492868 — 0.00033199 * cos(g5)"2 — 0.006966675 * cos(q4)

M5 =0

M4, = 0.0000829999999 * cos(q2 + q3 + g4 + 2.0 xg5) — 0.0000829999 * cos(q2
+ g3 + g4 — 2.0 xg5) — 0.00097799 * cos(q2 + q3 + q4)

M4, = 0.0079979999 * sin(q3) * sin(q4) — 0.007997999 * cos(q3) * cos(q4)
— 0.006966599 * cos(q4) — 0.000331999 * cos(q5)"2 + 0.004928

M,3; = 0.00492868 — 0.0003319999 * cos(gq5)"2 — 0.0069666750 * cos(q4)
My, = 0.0049286 — 0.0003319999 * cos(q5)"2

Mus =0

Mz, = 0.00689 * cos(q2 + q3 + q4)

M52 = 0

Ms3 =

M54_ = O

Mg = 0.00689
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- the elements of the matrix C(q, q):

Ci1 = 0.01418 x dq2 * sin(2.0 x g2 + g3) + 0.00709 * dq3 * sin(2.0 * q2 + q3)
— 0.00696599 * dq2 * sin(2.0 x q2 + 2.0 *q3 + g4) — 0.006965999
*dq3 *sin(2.0xq2 + 2.0+ q3 + g4) — 0.00348299 x dq4 * sin(2.0 x q2
+ 2.0xg3 + g4) + 0.02724 % dq2 * sin(2.0 * q2) — 0.0000829999 * dq5
* sin(2.0 * g5) + 0.016525 * dq2 * sin(q2 — 1.531309) + 0.020833999
*dq2 *sin(2.0* q2 + g3 + 0.68828) + 0.0104169999 * dq3 * sin(2.0
*q2 + g3 + 0.68828) — 0.0165222000000 * dq3 * sin(q3 + 0.41206)
+ 0.00399934 x dq3 * sin(q3 + q4) + 0.0039993499 * dq4 * sin(q3
+ g4) — 0.007998699999 * dq2 * sin(2.0 x q2 + g3 + q4)
— 0.003999349999 * dq3 * sin(2.0 xq2 + q3 + q4) — 0.00399934 * dq4
*sin(2.0* g2 + g3 + q4) + 0.0034832999 * dg4 * sin(q4) + 0.00809
*dq2 *sin(2.0 xq2 + 2.0 * q3) + 0.00809 * dq3 * sin(2.0 x q2 + 2.0
*q3) + 0.0070352499 * dq2 * sin(q2 + q3 — 1.158727)
+ 0.0070352499 * dq3 * sin(q2 + q3 — 1.158727000) + 0.00146 * dq2
*sin(2.0*q2 + 2.0xg3 + 2.0 *q4) + 0.00146 * dg3 * sin(2.0 xq2 + 2.0
*q3 + 2.0*xqg4) + 0.00146 *dq4 *sin(2.0xq2 + 2.0+ q3 + 2.0 * q4)
0.00004100 * dq2 * sin(2.0* g2 + 2.0 xg3 + 2.0 xgq4 — 2.0 *g5)
0.0000414999 * dq2 * sin(2.0 *q2 + 2.0*q3 + 2.0*q4 + 2.0 *g5)
0.00004100000 * dq3 * sin(2.0 * q2 + 2.0*q3 + 2.0 *x g4 — 2.0 xg5)
0.00004149999 * dq3 * sin(2.0 * q2 + 2.0*q3 + 2.0 *x g4 + 2.0 xg5)
0.000041000 * dq4 * sin(2.0*q2 + 2.0*q3 + 2.0* g4 — 2.0 xg5)
0.000041499999 * dq4 * sin(2.0*q2 + 2.0*q3 + 2.0 *x g4 + 2.0 xg5)
— 0.00004100 = dg5 * sin(2.0* g2 + 2.0xq3 + 2.0xq4 — 2.0 xq5)
+ 0.000041499999 * dq5 * sin(2.0 *q2 + 2.0*q3 + 2.0 * g4 + 2.0 x g5)
+ 0.001702965 * dq2 * cos(q2 + q3 + g4) + 0.001702965 * dq3
*cos(q2 + q3 + gq4) + 0.001702965 * dq4 * cos(q2 + g3 + q4)
+ 0.00733 * dq2 * sin(2.0 x q2 + 0.30948)

+ 4+ + + + +
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Ci2 = 0.01418 x dql * sin(2.0 x q2 + q3) — 0.0069659999 * dq1l * sin(2.0 x q2 + 2.0
*q3 + q4) + 0.02724 * dql * sin(2.0 * q2) + 0.016525 * dq1 * sin(q2
— 1.531309999) + 0.020833 * dql * sin(2.0 x g2 + q3 + 0.68828)
— 0.00316767 * dq2 * sin(q2 + 0.11886) — 0.0079986 * dq1 * sin(2.0
*q2 + q3 + q4) + 0.00809 xdql * sin(2.0 * q2 + 2.0 * q3)
+ 0.00703524 * dq1l = sin(q2 + q3 — 1.158727) — 0.00302 * dg2
*sin(q2 + q3 — 0.6) — 0.00151 *x dq3 * sin(q2 + q3 — 0.6) — 0.00151
*dq3 *sin(q2 + g3 — 0.6008) + 0.00146 * dql * sin(2.0 xq2 + 2.0 xq3
+ 2.0 xq4) + 0.0000410 * dql * sin(2.0*q2 + 2.0*xqg3 + 2.0xg4 — 2.0
*g5) + 0.00004149 * dql * sin(2.0xq2 + 2.0+xq3 + 2.0*xqg4 + 2.0
*q5) + 0.00170296 * dql = cos(q2 + q3 + q4) + 0.00097 * dq2
*sin(q2 + q3 + q4) + 0.00097399999 * dq3 * sin(q2 + g3 + q4)
+ 0.000973999 * dq4 * sin(q2 + q3 + q4) — 0.003445 * dq5 * sin(q2
+ g3 + g4) + 0.00733 *dql * sin(2.0 * g2 + 0.30948) + 0.00008 * dq2
*sin(q2 + q3 + g4 — 2.0+ q5) — 0.00008299 * dq2 * sin(q2 + q3
+ g4 + 2.0xqg5) + 0.0000814999 * dq3 * sin(q2 + q3 + g4 — 2.0
*q5) — 0.00008299999 * dq3 * sin(q2 + q3 + q4 + 2.0 xq5)
+ 0.00008149999 * dq4 * sin(q2 + q3 + q4 — 2.0 *q5) — 0.00008299
*dq4 *sin(q2 + q3 + g4 + 2.0xq5) — 0.00008 * dgq5 * sin(q2 + q3
+ g4 — 2.0xq5) — 0.00008299 * dq5 * sin(q2 + g3 + q4 + 2.0 % q5)

Ci3 = 0.00709 * dql * sin(2.0 * q2 + q3) — 0.00696599 * dq1l * sin(2.0 * q2 + 2.0 * q3
+ g4) + 0.01041699 * dql * sin(2.0 x q2 + q3 + 0.68828) — 0.0165222
*dql *sin(q3 + 0.41206) + 0.00399934 * dq1l * sin(q3 + q4)

— 0.00399934 * dq1 * sin(2.0 xq2 + g3 + q4) + 0.00809 * dq1 * sin(2.0
*q2 + 2.0*xg3) + 0.00703524 * dql = sin(q2 + q3 — 1.158727)

— 0.00151 * dq2 * sin(q2 + q3 — 0.6) — 0.00151 = dq2 * sin(q2 + q3

— 0.6008) — 0.00302 * dqg3 * sin(q2 + q3 — 0.6008) + 0.00146 * dq1
*sin(2.0*q2 + 2.0xg3 + 2.0 xq4) + 0.000041 * dq1l * sin(2.0 * q2

+ 2.0%q3 + 2.0%qg4 — 2.0 xg5) + 0.00004149 * dq1l * sin(2.0 x q2

+ 2.0%q3 + 2.0xqg4 + 2.0*g5) + 0.001702965 * dq1l * cos(q2 + q3

+ g4) + 0.0009739999 * dq2 * sin(q2 + g3 + q4) + 0.00097799 * dq3
*sin(q2 + q3 + q4) + 0.00097799 * dq4 * sin(q2 + q3 + q4)

— 0.003445 * dq5 * sin(q2 + g3 + q4) + 0.00008149999 * dq2 * sin(q2
+ g3 + g4 — 2.0 xg5) — 0.000082999999 * dq2 * sin(q2 + q3 + q4

+ 2.0 xg5) + 0.000082999 * dq3 * sin(q2 + q3 + q4 — 2.0 * g5)

— 0.0000829999 * dq3 * sin(q2 + q3 + q4 + 2.0 xq5) + 0.0000829999
*dq4 *sin(q2 + q3 + q4 — 2.0+ q5) — 0.0000829 * dq4 * sin(q2 + q3
+ g4 + 2.0 xg5) — 0.0000829999 * dq5 * sin(q2 + q3 + g4 — 2.0
*g5) — 0.0000829999 * dq5 * sin(q2 + q3 + q4 + 2.0 % g5)
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Ci4 = 0.00399934 * dq1 * sin(q3 + q4) — 0.003482999 * dq1 * sin(2.0 x g2 + 2.0 * q3
+ g4) — 0.0039993 * dql * sin(2.0 x q2 + g3 + q4) + 0.003483299
*dql x sin(q4) + 0.00146 * dql * sin(2.0*x g2 + 2.0*q3 + 2.0 x q4)

+ 0.00004100 * dql * sin(2.0*q2 + 2.0%*q3 + 2.0 xq4 — 2.0 x g5)

+ 0.0000414999 * dql * sin(2.0xq2 + 2.0+ q3 + 2.0*q4 + 2.0 % q5)
+ 0.0017029650 * dql * cos(q2 + q3 + g4) + 0.0009739999 * dq2
*sin(q2 + q3 + q4) + 0.00097799 * dq3 * sin(q2 + q3 + q4)

+ 0.00097799 * dq4 = sin(q2 + q3 + q4) — 0.003445 * dq5 * sin(q2
+ q3 + g4) + 0.000081499999 * dq2 * sin(q2 + q3 + q4 — 2.0 *g5)
— 0.0000829999 * dq2 * sin(q2 + q3 + g4 + 2.0 x g5)

+ 0.0000829999999 * dq3 * sin(q2 + q3 + q4 — 2.0 * q5)

— 0.00008299999 * dq3 * sin(q2 + g3 + q4 + 2.0 xq5)

+ 0.0000829999 * dq4 * sin(q2 + q3 + q4 — 2.0 xg5) — 0.00008299
*dq4 xsin(q2 + q3 + g4 + 2.0xq5) — 0.00008299999 * dq5 * sin(q2
+ q3 + g4 — 2.0*xg5) — 0.00008299999 * dq5 * sin(q2 + q3 + q4
+ 2.0 *q5)

Cis = —0.5*dqg2 * (0.00689 * sin(q2 + q3 + g4) + 0.00016 *sin(q2 + q3 + g4
— 2.0%g5) + 0.00016599999 * sin(q2 + g3 + q4 + 2.0 *g5))
— 0.00000000000000000000677626 * dql * (6050532056176733.0
*sin(2.0%q2 + 2.0xg3 + 2.0+xq4 — 2.0+xq5) — 6124319032471571.0
*sin(2.0xq2 + 2.0xg3 + 2.0+xqg4 + 2.0xqg5) + 12248638064943142.0
* sin(2.0 * g5)) — 0.5 *dq3 * (0.00689 * sin(q2 + q3 + q4)
+ 0.000165999 * sin(q2 + q3 + g4 — 2.0 xg5) + 0.0001659999
*sin(q2 + q3 + q4 + 2.0 xg5)) — 0.5 xdq4 * (0.00689 * sin(q2 + ¢3
+ g4) + 0.00016599 *sin(q2 + q3 + q4 — 2.0+ q5) + 0.00016599999
*sin(q2 + q3 + g4 + 2.0 xg5))
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Cy; = 0.00696599 * dql * sin(2.0 x g2 + 2.0 xq3 + q4) — 0.01418 * dq1 * sin(2.0 * g2
+ g3) — 0.02724 x dql = sin(2.0 x q2) — 0.016525 * dq1 * sin(q2
— 1.531309) — 0.0208339 * dq1l * sin(2.0 *x q2 + q3 + 0.68828)
+ 0.0079986 * dql * sin(2.0 x q2 + g3 + q4) — 0.00809 * dq1 * sin(2.0
*q2 + 2.0xq3) — 0.007035249 * dq1l * sin(q2 + q3 — 1.15872700)
— 0.00151 *dq3 * sin(q2 + g3 — 0.6) + 0.00151 * dq3 * sin(q2 + g3
— 0.6008) — 0.00146 * dql *sin(2.0*q2 + 2.0%q3 + 2.0 x g4)
— 0.0000410000 * dql * sin(2.0 *q2 + 2.0*q3 + 2.0 xq4 — 2.0 x g5)
— 0.00004149 * dql *sin(2.0xq2 + 2.0xq3 + 2.0*q4 + 2.0 % q5)
— 0.001702965 * dql * cos(q2 + q3 + g4) — 0.0000039999 * dq3
*sin(q2 + q3 + q4) — 0.000003999 * dqg4 * sin(q2 + q3 + q4)
+ 0.003445 * dg5 * sin(q2 + q3 + q4) — 0.00733 xdql * sin(2.0 x q2
+ 0.30948) — 0.0000014999 * dq3 * sin(q2 + q3 + q4 — 2.0 xq5)
— 0.000001499 * dq4 * sin(q2 + q3 + g4 — 2.0 xg5) — 0.00008 * dq5
*sin(q2 + q3 + g4 — 2.0+ q5) — 0.00008299 * dg5 * sin(q2 + q3
+ g4 + 2.0x¢g5)

Cy, = 0.5 xdqg4 * (0.000045 * sin(q3 — 1.0 x g4) + 0.015945 * sin(q3 + gq4)
+ 0.01393 * sin(q4)) + 0.0001659999 * dg5 * sin(2.0 x q5) — 0.5 * dq3
* (0.000045 * sin(q3 — 1.0 x g4) — 0.015945 * sin(q3 + gq4) + 0.02646
* cos(q3) + 0.06055 * sin(g3))

Cy3 = 0.0001659999 * dg5 * sin(2.0 x g5) — 0.0000225 * dq2 * sin(q3 — 1.0 * g4)
+ 0.0079725 * dq2 * sin(q3 + q4) + 0.00799877 = dq3 * sin(q3 + q4)
+ 0.0079983 * dq4 * sin(q3 + q4) — 0.01323 x dq2 * cos(q3)
— 0.013233 *dq3 * cos(q3) — 0.030275 * dq2 * sin(q3) — 0.0302784
* dq3 * sin(q3) + 0.0069664 * dq4 * sin(q4) — 0.00151 * dq1 * sin(q2
+ g3 — 0.6) + 0.00151 xdql *sin(q2 + g3 — 0.6008) — 0.000003999
*dql xsin(q2 + q3 + q4) — 0.00000149999 = dq1 * sin(q2 + g3 + q4
— 2.0%g5)

Cy4 = 0.0000225 * dq2 * sin(q3 — 1.0 * g4) + 0.00016599 * dg5 * sin(2.0 * g5)
+ 0.0079725 * dq2 * sin(q3 + q4) + 0.007998387 x dq3 * sin(q3 + q4)
+ 0.00799799 * dq4 * sin(q3 + q4) + 0.006965 * dq2 * sin(q4)
+ 0.00696649 * dq3 = sin(q4) + 0.0069665 * dq4 * sin(q4)
— 0.00000399999 * dq1 * sin(q2 + g3 + g4) — 0.00000149999 * dq1
*sin(q2 + q3 + g4 — 2.0 q5)

Cy5 = 0.00016599999 * dq2 * sin(2.0 * q5) + 0.000165999 * dq3 * sin(2.0 * g5)
+ 0.000165999 * dg4 * sin(2.0 x ¢5) + 0.003445 * dql * sin(q2 + q3
+ q4) — 0.00008 * dql * sin(q2 + g3 + q4 — 2.0 xq5)
— 0.0000829999 * dq1l * sin(q2 + q3 + g4 + 2.0 x g5)
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C3; = 0.00696599 * dql * sin(2.0 x g2 + 2.0 x g3 + q4) — 0.00709 * dq1 * sin(2.0 * g2
+ g3) — 0.010416999 * dq1 = sin(2.0 x g2 + g3 + 0.68828)
+ 0.0165222 % dql * sin(q3 + 0.41206) — 0.00399934 * dq1 * sin(q3
+ g4) + 0.00399934 x dq1l * sin(2.0 xq2 + q3 + q4) — 0.00809 * dq1
*sin(2.0*q2 + 2.0*g3) — 0.00703524 * dq1l = sin(q2 + q3
— 1.1587270) + 0.00151 * dq2 * sin(q2 + q3 — 0.6) — 0.00151 * dq2
*sin(q2 + q3 — 0.6008) — 0.00146 * dql * sin(2.0 xq2 + 2.0 xq3
+ 2.0 xq4) — 0.00004100 * dq1 * sin(2.0 xq2 + 2.0xq3 + 2.0*q4
— 2.0xq5) — 0.000041499 *dql *sin(2.0 xq2 + 2.0 xq3 + 2.0+ q4
+ 2.0 #q5) — 0.00170296 * dql * cos(q2 + q3 + gq4) + 0.0000039999
*dq2 *sin(q2 + q3 + q4) + 0.003445 * dq5 * sin(q2 + g3 + q4)
+ 0.000001499999 * dq2 * sin(q2 + q3 + q4 — 2.0 xq5) — 0.00008299
*dq5 *sin(q2 + q3 + q4 — 2.0+ q5) — 0.000082999 * dq5 * sin(q2
+ g3 + g4 + 2.0 xg5)

C3, = 0.0000225 * dq2 * sin(q3 — 1.0 * g4) + 0.00016599 * dq5 * sin(2.0 * g5)
— 0.0079725 x dq2 * sin(q3 + q4) + 0.00000038749 * dq4 * sin(q3
+ g4) + 0.01323 xdq2 * cos(q3) + 0.030275 * dq2 * sin(q3)
+ 0.00696649 * dg4 * sin(q4) + 0.00151 * dq1l * sin(q2 + g3 — 0.6)
— 0.00151 * dq1 * sin(q2 + g3 — 0.6008) + 0.0000039999 * dq1
*sin(q2 + q3 + q4) + 0.0000014999 * dql = sin(q2 + q3 + q4 — 2.0
*q5)

C33 = 0.000165999 * dg5 * sin(2.0 *x g5) + 0.0069666 * dq4 * sin(q4)

C34 = 0.0001659999 * dg5 * sin(2.0 x g5) + 0.5 * dg2 * (0.000000774 * sin(q3 + q4)
+ 0.0139329 * sin(q4)) + 0.0069666 * dq3 * sin(q4) + 0.006966 * dg4
* sin(q4)

C35 = 0.0001659999 * dq2 * sin(2.0 * g5) + 0.0001659999 * dq3 * sin(2.0 * q5)
+ 0.000165999 * dq4 * sin(2.0 x ¢5) + 0.003445 * dql * sin(q2 + q3
+ g4) — 0.0000829999 * dq1l * sin(q2 + q3 + g4 — 2.0 x g5)
— 0.0000829999 * dq1l = sin(q2 + q3 + q4 + 2.0 xq5)

C41 = 0.5 xdq2 x (0.00000799 * sin(q2 + g3 + g4) + 0.000002999 * sin(q2 + q3
+ q4 — 2.0%xq5)) — 0.5*dql *(0.00292 *sin(2.0*xq2 + 2.0* g3 + 2.0
*q4) + 0.000082000 * sin(2.0*q2 + 2.0*xg3 + 2.0*xq4 — 2.0 xq5)
+ 0.000082999 * sin(2.0 xq2 + 2.0xq3 + 2.0xq4 + 2.0 % g5)
+ 0.0034059 * cos(q2 + q3 + gq4) — 0.006965 * sin(2.0 x g2 + 2.0 xq3
+ q4) + 0.0079986 * sin(q3 + q4) — 0.00799869 * sin(2.0 * g2 + q3
+ q4) + 0.006966599 * sin(q4)) — 0.5 *dq5 * (0.0001659999 * sin(q2
+ g3 + g4 — 2.0 xg5) — 0.00689 * sin(q2 + g3 + q4) + 0.000165999
xsin(q2 + q3 + g4 + 2.0 g5))
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C4; = 0.000165999 * dg5 * sin(2.0 x g5) — 0.0000225 * dq2 * sin(q3 — 1.0 * q4)
— 0.0079725 x dq2 * sin(q3 + q4) — 0.00000038749 * dq3 * sin(q3
+ gq4) — 0.006965 * dq2 * sin(q4) — 0.006966499999 * dq3 * sin(q4)
+ 0.00000399999 * dq1 = sin(q2 + q3 + q4) + 0.00000149999 * dq1
*sin(q2 + q3 + q4 — 2.0 % q5)

C43 = 0.0001659999 * dg5 * sin(2.0 * g5) — 0.5 * dq2 * (0.0000007749 * sin(q3 + q4)
+ 0.01393299 * sin(q4)) — 0.0069666 * dg3 * sin(q4)

Cas = 0.0001659999 x dg5 * sin(2.0 * g5)

Cys = 0.000165999 * dg2 * sin(2.0 x ¢5) + 0.00016599999 * dq3 * sin(2.0 * g5)
+ 0.0001659999 * dq4 * sin(2.0 * ¢5) + 0.003445 * dql * sin(q2 + q3
+ g4) — 0.0000829999 * dq1l * sin(q2 + q3 + q4 — 2.0 * q5)
— 0.0000829999 * dq1 * sin(q2 + q3 + g4 + 2.0 x g5)

Cs1 = 0.5 xdqg2 * (0.00016 * sin(q2 + q3 + g4 — 2.0+ q5) — 0.00689 *sin(q2 + q3
+ g4) + 0.0001659999 * sin(q2 + q3 + q4 + 2.0 xg5)) + 0.5xdq1l
* (0.000082000 * sin(2.0xq2 + 2.0+xq3 + 2.0*q4 — 2.0 * g5)
— 0.0000829999999 * sin(2.0 x g2 + 2.0 *x g3 + 2.0 xgq4 + 2.0 x q5)
+ 0.00016599999 * sin(2.0 * g5)) + 0.5 *dq3 * (0.000165999 * sin(q2
+ q3 + g4 — 2.0*xg5) — 0.00689 xsin(q2 + q3 + q4)
+ 0.0001659999 * sin(q2 + q3 + q4 + 2.0*g5)) + 0.5 xdqg4
* (0.0001659999 * sin(q2 + q3 + q4 — 2.0 xq5) — 0.00689 * sin(q2
+ g3 + g4) + 0.00016599999 * sin(q2 + q3 + g4 + 2.0 xg5))

Cs, = 0.00008 * dql * sin(q2 + g3 + q4 — 2.0*g5) — 0.0001659999 * dq3 * sin(2.0
*g5) — 0.0001659999 * dq4 * sin(2.0 * g5) — 0.003445 * dq1 * sin(q2
+ g3 + g4) — 0.0001659999 * dq2 * sin(2.0 x ¢5) + 0.0000829999 * dq1
*sin(q2 + q3 + q4 + 2.0 xg5)

Cs3 = 0.0000829999 * dql * sin(q2 + q3 + g4 — 2.0 xg5) — 0.000165999 * dq3
* sin(2.0 x g5) — 0.0001659999 * dg4 * sin(2.0 x g5) — 0.003445 * dq1l
*sin(q2 + q3 + q4) — 0.00016599 * dq2 * sin(2.0 * g5)
+ 0.0000829999 * dql * sin(q2 + q3 + g4 + 2.0 x g5)

Cs4 = 0.000082999 * dq1l = sin(q2 + q3 + q4 — 2.0*g5) — 0.000165999 * dq3
* sin(2.0 * g5) — 0.000165999 * dq4 * sin(2.0 x q5) — 0.003445 * dq1l
*sin(q2 + q3 + q4) — 0.000165999 * dq2 = sin(2.0 * g5)
+ 0.00008299999 * dq1l * sin(q2 + g3 + q4 + 2.0 xq5)
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- the elements of the matrix G(q):
611 = O

G,1 = 0.50624505 * sin(q2 + q3 + q4) — 4.913479 * cos(q2 — 1.53131) — 2.091396
* cos(q2 + q3 — 1.15872725)

G31 = 0.50624505 = sin(q2 + q3 + q4) — 2.09139 * cos(q2 + q3 — 1.1587)
G41 = 0.50624505 * sin(q2 + q3 + g4)
651 =0
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Appendix (2):

GENERAL CHARACTERISTICS KUKA YOUBOT ARM:#!

Serial kinematics 5 axes
Height 655 mm
Work envelope 0.513 m3
Weight 6.3 kg
Payload 0.5 kg
Structure Magnesium cast
Positioning repeatability 1 mm
Communication Ether-CAT Voltage 24V
connection
Drive train power limitable to 80 W
Axis data Range Speed
Axis 1(Al) +/— 169° 90°/s
Axis 2 (A2) +90°/— 65° 90°/s
Axis 3 (A3) + 146°/— 151° 90°/s
Axis 4 (A4) +/—102° 90°/s
Axis 5 (A5) +/— 167° 90°/s
Gripper Detachable, 2 fingers
Gripper stroke 20 mm
Gripper range 70 mm

GENERAL CHARACTERISTICS KUKA YOUBOT PLATFORM: 4

Omnidirectional kinematics

4 KUKA omni-Wheels

connection

Length 580 mm
Width 380 mm
Height 140 mm
Clearance 20 mm
Weight 20 kg
Payload 20 kg
Structure Steel Speed 0.8 m/s
Communication Ether-CAT Voltage 24 V

Energy supply maintenance-free lead acid rechargeable batteries: 24 V, 5 Ah, 4 kg

Approximate runtime of youBot mobile manipulator: 90 minutes power adapter: 200 W, 24 V. I
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