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Abstract: This paper addresses the features and limits of the principles and means that
provide and support the design of motion control for industrial stationary articulated
robots and their involvement in cyber-physical factories as part of the Industry 4.0 con-
cept. The proposed methods are presented herein, from the modelling of kinematics and
dynamics considering ideal rigid bodies and principles of classical mechanics, to their ap-
plication in the design of conventional cascade control and advanced model-based control
and use within commercial software tools. The paper demonstrates the modelling princi-
ples adapted for control design where a specific novel hierarchical control configuration
is outlined. There is an introduction of possible software tools such as Simscape, Robotics
Systems Toolbox, RT Toolbox, CIROS and others. It includes the specific aim of the rapid
prototyping of robot motion control, which is intended for user development and tuning.
In conjunction with conveyor belts, robots-manipulators are essential for cyber-physical
factories built on the concept of Industry 4.0. The concept of Industry 4.0 is discussed
in respect to the proposed algorithms and software means.

Keywords: industrial robotics; real-time experiment; motion control; Industry 4.0

1. Introduction

Articulated robots belong to a class dominating today’s industrial production [1,2].
For this mass use, the control principles in control systems must continuously be subjects
for testing, investigation and improvement [3,4]. This follows from a permanent effort
to reduce a set of infinitesimal redundant energy inputs that lead to needless additional
costs [5,6]. The full robot integration into recent cyber-physical factories (CPF) is a step
on the way to the full robotisation of production. Robots are used for handling, as well as
for automated manufacturing operations such as welding, painting, machining or assembly
in serial and mass production. An example of CPF is shown in Figure 1.
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Figure 1. Educational Cyber-Physical Factory by Festo Co. at College of Polytechnic Jihlava.

2. Background of Analysis

There are several investigative perspectives from construction with small applica-
tions such as in [7,8], and case studies comparable with industrial applications [9]. The
focus is concentrated on problems of system coordination in CPF [10] and the influence
of concepts of Industry 4.0 on business operations [11]. The possible future trends are
addressed towards collaborative workplaces combining human and smart production
entities (machines, manipulators, sensors, etc. [12].

Unsolved research questions (continual challenges) persist in the (i) adjustment of de-
rived ideal mathematical models and their parameters, which need to be in correspondence
with the real-world robot features; (ii) which tools are suitable for the hyper prototyping
of advanced control design that should reduce energy consumption in future applica-
tions; and (iii) how the robots are managed and integrated into sophisticated production
procedures and systems represented by CPFs.

This article analyses specific applicable modelling software for improving model-
based control design. The gap between theory and software tools used in practice is still
large. This is due to the unavailability of theory sourcing and limited development and
testing. It is determined by predominately separated small working groups (divisions)
without regular interactions between software programmers and developers (experts and
scholars) deriving basic principles and practices.

However, the number of robots grows continuously, as is demonstrated in Figure 2,
i.e., a constant commissioning of new robots into industrial production every year in spite
of fluctuating demand and rising input prices. In this respect, analysis of newly available
software tools for industrial use is important for study [13], including the investigation
of mutual relations not only within one factory, but connected suppliers using specific
organising systems and digital twins in combination with real systems in CPFs [14].

The combination of physical and virtual spaces is referred as cyber-physical systems
(CPSs) or CPFs, and the aim of their commissioning is to create a communication interface
between the digital and physical worlds by integrating computation, networking and phys-
ical assets. It is well-understood that the interconnection between the physical world is
represented by hardware (e.g., sensors, actuators, robots) and cyber software (communica-
tion, networking and internet) [15]. By using the concepts of Industry 4.0 as virtualisation,
communication, smart entities, there is an estimation of the specific possibility to reach a
more efficient and optimal production work flow.
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Figure 2. Global industrial robot installations by industry in 2021 (grey), 2022 (red) and 2023 (blue)
in thousands [16].

Current modern industrial production is customer-oriented to offer customers a wide-
scale portfolio of products with various properties and functions in different variants.
It considers specific products such as vehicles-cars in automotive or consumer electronics
for households, etc., which is customised according to customer wishes, i.e., the product
is tailor-made.

Such a requirement of the market leads to high demands on the organisation
and flexibility of the production but also on the timing of forwarding services, suppli-
ers, sellers/traders, as shown in Figure 3. In this situation, Industry 4.0 was applied to pilot
production that uses CPF, as shown in Figure 1. CPF, as was mentioned above, represents
an approach that combines cyber space (digital twins, computer optimisation, programs,
etc.) with the physical world, consisting of real factories with production lines containing
real machine tools, robots and other production or manipulation machines and equipment.
Both the cyber and real worlds are interconnected via specific envelope/interfaces that
enable the producer to provide on-line managing and planning, thus changing and opti-
mising production. This makes it possible to move mass standardised /unified production
closer to the a more customer-oriented one.
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Figure 3. Obsolete concept of piece production (made to order).
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The CPF representative depicted in Figure 1 consists of several mutually compatible
modules. These modules represent self-autonomous workplaces such as drilling, press-
ing, heating, assembling, revolving, milling and storage (magazine) modules. They have
standardised interfaces (electric and pneumatic power inputs, industrial Ethernet) and Pro-
grammable Logic Controllers (PLC), serving as local control units. Such a configuration,
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together using digital models in software tools RT ToolBox3 Version 2.00A (Mitsubishi)
and/or CIROS Studio 7 (Festo), offers the desired production flexibility.

This paper is an extended version of the conference paper [17]. Section 3 deals
with the considered representative robot topology. Section 4 deals with the mathematical
model synthesis. Then, Section 5 introduces control concepts of both conventional cascade
configurations and advanced model predictive procedures in a hierarchical arrangement,
combining globally centralised and locally distributed designs [18]. Both concepts are
graphically illustrated and compared.

Then, Sections 6 and 7 focus on current software tools and their use in research
covering both simulations and the real-run of motion control of common industrial robots.
Finally, Section 8 introduces robot integration into intelligent CPFs considering conceptions
of Industry 4.0. The paper concludes with a short summary of answers and possible
solutions for the indicated open research questions.

3. Considering Robot Topology

Let us consider Mitsubishi RV-4FL-D, an industrial stationary robot, situated in CPF
(Figure 4a). It is considered for model synthesis, simulations and real experiments [19].

Forearm
Wrist (No. 2arm) Elbow block

Vil

Upper arm

P + (No. 1arm)

(b)

Figure 4. Robot RV-4FL-D (a) in CPF in assembly module and (b) with indicated coordinates [19].

The topology of the robot has 6 degrees of freedom (DOF). The robot consists of a
base and 6 arms (shoulder, upper arm, elbow, elbow block, fore arm and wrist with flange)
up to the robot’s flange. It enables the user to set and control the Cartesian coordinates x,
y and z for positions and Ay, B, and C; for the orientation of the robot tool centre point
(TCP), set and control independent joint coordinates, or drive coordinates q1.

4. Mathematical Model Synthesis

This section shows the synthesis of the mathematical model for simulation and as well
as for the model-based control design. Ideally, rigid bodies are considered. This includes
the synthesis of both forward and inverse problems for the robot kinematics and dynamics
for the robot in Figure 4b. The obtained models of kinematics serve as trajectory planning,
especially for the conversion of user TCP coordinates into joint coordinates, which is
expected on robot drives.
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4.1. Model of Robot Kinematics

To obtain the kinematic model, a Denavit-Hartenberg (DH) concept can be used.

The concept defines the transformations between the joint coordinate space (drive space)
and the operational coordinate space (tool centre point (TCP), robot end effector) in both
directions: the forward direction (§ — y, joint/drive coordinates into TCP Cartesian
coordinates) and the inverse direction (y — g, TCP into joint/drive coordinates), where
joint and operational coordinates g and y are defined for the considered robot as follows: [1]
4= 14, 92 93, 44, 45, 6"

7

y - [x/ y/ Z/ AXI B}// CZ}T (1)

4.1.1. Forward Problem

For the 6 DOF robot, the forward problem represents a specific combination of three
basic motions along axes x, y, and z, and three basic rotations around these three axes.
The motions and rotations are parameters involved in the respective complex matrices.
These matrices represent the individual transformations between the robot joints, i.e., they
are connected to the corresponding individual robot bodies, as follows:

F=Tg T2(q1) T3 (—q2) T3 (—43) T5(90°),
TP (qs) TS (q5) T4 (96) o, (2)

where F= [xp, yr, zr, 1]7 represents considered TCP and rg = [0, 0, 0, 17 represents the
general origin for coordinate systems.

In (2), the first line represents TCP positioning and the second line orientation in
TCP, i.e., the orientation of tool or gripper principal axis. It corresponds to a pattern from
nature, as do the names in Figure 4b and Table 1, which are taken from the biology of the
human arm.

Table 1. D-H Parameters.

D-H
Robot Parameters
Body Names qi d; a; o

Base (0-1) 0° ho 0 0°
Shoulder (1-2) q1 hq 0 90°
Upper arm (2-3) 90° — g2 0 4y 0°
Elbow ver. (3-3) —q3 0 r3 90°
Elbow hor. (3-4) 90° l3 0 0°
Fore arm (4-5) —90°—q4 Ly 0 —90°
Wrist (5-6) qs ls 0 90°
Flange (6-T) q6 le 0 0°

The individual motions and rotations, and their combinations mentioned above, are
realised by transformation matrices expressed generally by one variable complex matrix,

as follows:
Ccos q; —cos&; sing; sing; sing; a; cos g;
sing; cosa; cosg; —sina; cosgq; a; sin g; 3
0 sin «; COS i; d; ©

0 0 0 1
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Figure 5. Two-dimensional views for robot kinematic analysis [17]. Individual numbers @-®
represent numbers of robot bodies, see Figure 4b.

The matrices contain constant and/or variable parameters g;, d;, a; and a;—so called
D-H parameters relating to the kinematic chain of the robot [1]. Their values are listed
in Table 1. The number of variable rotations g; is 6 according to DOF of the considered
robot. Other indicated constants hg, hy, {3, r3, {3, {4, {5 and ¢¢_g include vertical distances,
axis offsets and lengths of robot arms. Moreover, the joint between ‘Elbow ver. (= Elbow
vertical)” and ‘Elbow hor. (= Elbow horizontal)’ is fixed as an immovable right-angle joint 3.

4.1.2. Inverse Problem

The inverse problem can be solved either numerically as a solution of the transforma-
tions expressed by (2) or analytically. Here, the analytical solution is demonstrated using
geometrical relations depicted in Figure 5. The following expressions introduce the solution.

q1 = atan2 (]/E/ xE)r (4)
7T

Q2:§—(’Y—19), ®)
3

b ©

f:ZE—l’l:ZE—(ho—l-l’ll), g:\/X%-Fy%, 62\/f2—|-g2, (7)
c=Jri+ (6 +02)?, ®

d? 4+ e2 — (2 c24+d? —¢2
4. O Tawccos—— ©)

¢ =atan2 (f, g), w = atan2 ({3 + {4,73). (10)

¥ = arccos
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To obtain the coordinates of point E for specific cases, let point E be determined using
appropriate transformation chains based on orientation angles Ax, By, Cz from end points,
specifically F (Flange) or tool points T, U, V and P—see [20].

4.2. Model of Robot Dynamics

The model of the robot dynamics is derived using Lagrange equations of the second type:

LNCTANNCY-A a
dt\ 94 ag) 7
L=V(q,4)-P(q) (12)
_davN" rav\' (aP\T
e ail5r) - (5r) + (57) -¢ o
where ¢ are generalised force effects and V is kinematic energy as follows:
n 1 n T
V = ZViZEZ<Uz’T’”ivi+Wi Iiwi). (14)
i=1 i=1

The kinetic energy V in (14) for translation and rotation along the principal axes can

be simply expressed as follows:
n

1

V:§Z<miv%+liwi2), (15)
i=1

where 7 is a number of robot bodies and quantities m;, I;, v; and w; are weights, moments

of inertia, translation and angular speeds, respectively. P is potential energy:

n n
P = Z P=Y migz, (16)

i=1 i=1

where quantities z; represent the appropriate vertical distances of the centres of gravity
of individual bodies and g is gravitational acceleration. Expressing the terms of (13) leads
to the dynamic equations of motion as follows (inverse dynamics) [1]:

M(q,4)4+N(q, 4)q+8(q) =7, (17)
or (forward dynamics):

j=-MT'Nj—M'g+M'r, (18)

j=-MT'Ng+u, (19)
where modification u = —M~!¢ + M ™17 removes the effects of gravitation from the model

and simplifies control design. The expression (18) can be performed in continuous or
discrete state-space forms
¥ =A(x)x+Bu — xpq1 = A(xg) X + g
y=Cx - Y =Cxx (20)
T=Mu+g — T = Mug+ g

The equations in (20) are prepared for simulation and control design.
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5. Control Concepts and Principles

This section introduces specific representatives of non-model and model-based control
approaches used for applications in industrial stationary (not only articulated) robots.
The first one presents a common approach used in industry without any optimisation
for future outlook, but is proven. The second represents a strategy enabling the future de-
velopment and inclusion of additional user requirements as specific constraints on motion
increments, smoothing for specific horizons, and energy optimisation, i.e., better energy
input distribution in multi-body systems for robots. Note that the success and accuracy
of the robot motion depends on the appropriately designed reference trajectory, considering
technological and geometric constraints as well.

5.1. Conventional Cascade Control

Let us consider continuous and discrete PID controllers as representatives of the
conventional non-model-based control approach. Their usual basic forms are as follows.

e  continuous form:
1 ,
u(t) =K, (e(t) t T /e(t) dt+ Ty e(t)), (21)
"o

e discrete incremental form:

1 ex —2ex_1+ex_
up = g1+ Ky <(€k_ekl)+T€kTs+Td £ le k 2>' (22)
1 S

The form (22), if applied to the drive control, i.e., the actuation of individual robot
joints, is configured to the cascade configuration [21]. It consists of three interrelated loops:
positional, speed and current, see Figure 6.

position l_ AC supply

reference
Current PI Power
Controller Converter

Position I axis
Sensing | @/ load

Figure 6. Conventional PID-based cascade control for individual joints/axes/drives [17,21,22].

Speed PI
Controller

measured
current

measured
speed

measured
position

The mentioned concept represents still the independent (distributed, local) control
approach from the robot point of view. All internal interactions given by a robot dynamic
behaviour are considered as external disturbances.

5.2. Advanced Model Predictive Control

The discrete model predictive control is the representative of a model-based control
with a specific optimality criterion:

min Ji (Y1, Wi, AU), (23)
AUy
subject to the state-space model (20) and constraints:

Ymin < Yir1 < Ymax and Uy, < 4 < Umay, where Yy g, Wiiq and AU are
vectors of output predictions, reference values and increments of searched control actions
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Uy = Ug_1 + Auy, respectively; j = k, - -+, k4+ N and N is a prediction horizon. The cost
of the criterion (23) is usually expressed by quadratic function:

Te=11Qvw (Yer1 — Wir) |13 + [|Qau A U3 (24)

Figure 7 shows the novel concept of the application of predictive control. A global
slower part has online optimisation [23] and a local fast part uses pre-computed control
laws [18]. The concept uses the same computation principle.

ref. positions ref. force effects ref. voltages
inputs reference (TCP) MPC ©1 > local Y1 > ROBOT outputs
(timing, ——» trajectory mech. 2 7 MPCs Y2 7 mechanical (motion,
user : . . structure system
demands) generator system g M drives u, M and drives action)
y
| reference A4 T T n local |
Jjoints feedbacks
global feedback

Figure 7. Novel model predictive control concept for robot dynamics and drives [17,18,23].

6. Software Tools

To provide adequate robot behaviour analysis and control design, it is necessary to
use suitable software tools. These support users to obtain detailed robot models and
simulate them, and to realise real-run control and data acquisition from the physical robot
motion. Outside of the mentioned tools, other modelling software such as NX or Inventor
and others should be considered. All these tools serve the determination of realistic (ideal)
physical parameters such as moments of inertia, weights, lengths and positions of centres
of gravity, which all are important for the construction of an adequate mathematical model.

6.1. Simscape Multibody Lib—MathWorks

Simscape Libraries, specifically Simscape Multibody library [24] included in Simulink,
serves to verify derived models and 3D CAD models, especially for rapid drive prototyping
in the construction phase, when only the CAD model is available, but there are no equations
of motion (model of robot dynamics). In this paper, the Multibody library was used for
simulations of dynamic robot behaviour, see Figure 8: Simulink model based on blocks
of Multibody library, and Figure 9: “‘Mechanics Explorer” involving imported 3D CAD
model, and keeping real physical parameters from used original CAD applications (NX or
Inventor) as mentioned above.

6.2. Robotics System Toolbox—MathWorks

Similarly to the previous section, the plain MATLAB R2024b environment with the Ro-
botics System Toolbox [25] is suitable for simulations with a rich function set as well.
It enables users to have all procedures in hand, i.e., from trajectory planning, to control
design and its verification. Toolbox is specifically suitable for the verification of kinematic
transformations and collision tests for user defined trajectories. A creation of the struc-
ture describing the robot is shown in Figure 10 and the listing of the created structure
in the MATLAB command line window is in Figure 11.

The model defined and used in this toolbox contains all physical parameters such
as arm lengths, masses, moments of inertia, centres of gravity and geometrical envelopes
of robot bodies. The motion during a simulation can be visualised, including collision
analysis and motion trajectory display (Figure 12). The wireframe points were calculated
using the kinematics equations in Section 4.1, as well as the figures below. They show
simulated joint and TCP coordinates. In this paper, the MATLAB software environment
including Simulink and its toolboxes and libraries was used due to the possible importation
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of a 3D CAD robot model [26]. Furthermore, for the implementation of derived models
and for the processing of measured data by RT Toolbox (Mitsubishi), see the figures
in the next section.

*ﬁ mitsubishi_RV4FLD * - Simulink academic use — (m] x
SIMULATION DEBUG MODELING FORMAT APPS S s c @ (+)
Dopen ~ | EM = Stop Time T -
]
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New Library Signal Step Pause Stop Data
v & Print v Browser Table Back ¥ - Inspector
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS a
mitsubishi_RV4FLD =
@ B3_RV_4F_ELBOW_041_RIGID B4_RV_4FL_NO2ARM_051_RIGID B5_RV_4F_WRIST_061_RIGID B6_RV_4F_my_FLANGE_WRIST1_RIGID
- FoF I’ | FoOR I { FOF | FOF
D D
B Simulink-PS PS-Simulink
Q o o <) S ) SR G ) AT . o
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B el Sensor
L] [ [] Pal 4 e e D raet 1-L8
Simulink-PS Revolute3 PS-Simulink [ . PS-Simulink
D Ma"ual Switch3 Converter3 Converterd [l Converter y 'spayy
B1_RV_4F_SHOLDER_021_RIGID
’f 7 o> 1, —==x
PS-Simulink
Simulink-PS Revolute2 PS-Simulink a2 Converter 2 e
imulink evolute - Simulin
oswaz ><] SIS % pa
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K 4
L= ol ot Dislay xT
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a QT Mux
7}
Translerm
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Gain1 From Workspace Display QiT.
» eeclar
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Figure 8. Simulink model of Mitsubishi robot RV-4FL-D using Simscape Multibody Library [3,17].

| 4\ Mechanics Explorer-mitsubishi_RVAFLD [w}

File Explorer Simulation View Tools Window Help

EE, O0& I @I E I g I [ E|view convention: v| @ & @

3

2oI00) 1@ - e oo

Figure 9. Mechanics Explorer with 3D model of Mitsubishi robot RV-4FL-D [3].
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robot = rigidBodyTree; 7 units in *.stl files [mm] .

frame = rigidBody('frame'); ‘\

addVisual (frame,"Mesh", 'BOO_RVAFL_BASE.stl'); . <:: Start ::>
jntf = rigidBodyJoint('jntf','fixed'); \

tform = trvec2tform ([0 O 0]); \\ setting robot
setFixedTransform(jntf ,tform); frame.Joint = jntf; . pannneuxs
addBody (robot ,frame, 'base’') .,

arml = rigidBody('arml');

addVisual (arml,"Mesh", 'BO1_RV4FL_SHOLDER.stl'); add basic frame
jntl = rigidBodyJoint('jntl','revolute'); ﬁxedjohm;izzo
Jntl.HomePosition = 0; jntl.JointAxis = [0 O 1];

tform = trvec2tform ([0 0 193]); fil = 0; >
tform(1:3,1:3) = [cosd(fil) -sind(fil) 0; ... A 4

sind (£i1) cosd(fil) 0; 0 0 1]; %rotz(0) add " robot body
tform = tform*trvec2tform ([0 0 0]); and revolute joint
setFixedTransform(jntl,tform); arml.Joint = jntl; :
addBody (robot ,arml, 'frame') +

arm2 = rigidBody('arm2'); 1=1+1
addVisual (arm2,"Mesh", 'BO2_RVAFL_NO1ARM.stl');

jnt2 = rigidBodyJoint('jnt2', 'revolute');

Jnt2.HomePosition = 0; jnt2.JointAxis = [0 -1 0];

tform = trvec2tform ([0 O 157]); fi2 = 0;
tform(1:3,1:3) = [cosd(fi2) 0 sind(fi2);
0 1 0; -sind(£i2) 0 cosd(£i2)]; %roty (0) o init. of figure
tform = tform*trvec2tform ([0 O 0]); '/ with 3D model
setFixedTransform(jnt2,tform); arm2.Joint = jnt2; o
addBody (robot ,arm2, 'armil ') . >

. v

) motion
arm6 = rigidBody('arm6'); N . .
addVisual (armé ,"Mesh", 'BO6_RVAFL_FLANGE.stl'); simulation ////

jnté =

rigidBodyJoint (' jnt6', 'revolute');
Jnt6.HomePosition = 0; jnt6.JointAxis = [1 0 0];

tform = trvec2tform([85 0 0]); fi6 = 0; end of trajectory
tform(1:3,1:3) = [1 0 0; O cosd(fi6) -sind(£fi6);

0 sind (fi6) cosd(fi6)]; %rotx (0) YES
tform = tform*trvec2tform ([0 O 0]);

setFixedTransform(jnt6,tform); arm6.Joint = jnt6; (:: End ::)

addBody (robot ,arm6, 'armb5')

Figure 10. Creation of the structure ‘robot’” as ‘rigidBodyTree’ in Robotics System Toolbox.
(Real configuration for considered Mitsubishi robot RV-4FL-D).

>> showdetails(robot)

(7 bodies)
Body Name Joint Name Joint Type Parent Name(Idx) Children Name(s)

Robot:
Idx

jntf fixed base(0) arm1(2)
jntl revolute frame(1)  arm2(3)
jnt2 revolute arm1(2)  arm3(4)
jnt3 revolute arm2(3)  armé4(5)
jntéd revolute arm3(4) arm5(6)
jntb revolute arm4(5)  arm6(7)
jnt6é revolute armb (6)

Figure 11. Structure ‘robot” in Robotics System Toolbox. (Real configuration for considered Mitsubishi
robot RV-4FL-D listed in the MATLAB command line).
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4] Robotics System Toolbox - Robot Mitsubishi RV-4FL-D — O X |4 Robotics System Toolbox - Robot Mitsubishi RV-4FL-D
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Figure 12. MATLAB Figure with ‘rigidBodyTree’ robot class RV-4FL-D; and time behaviours of joint

and TCP coordinates.

6.3. RT Toolbox—Mitsubishi Electric

RT Toolbox represents a suitable software tool that enables users to program robot

motion and to verify it, including 3D visualisation and executing the real control of the spe-

cific class of industrial robots, including data acquisition options [27]. The data acquisition

depends on the type of control system of the Mitsubishi robot.

In this paper, this RT Toolbox was used for the verification of the designed motion

trajectory and for real experiments on the described robot Mitsubishi RV-4FL-D as shown

in Figure 13. For measured data of real experimental runs tracking testing trajectory see

Section 7.

AR EEEEER

RT ToolBox3 - Program 1:RC1 TEST.r (Simulation) [MELFA-BASIC V]

Workspace Home Online File Debug  Tool

&cut undo| [ i 13 Template | Fiseparate | dftAdd  Robot [1RV4FL 7| | B 9
B copy €' Re “ Jump E3Collapse All | 7 Edit % Get Current Pos. | (P4 Paste | € redo
(4 Paste ] E2epand Al | X Delete IEpos. Jump

Command Line Position Variable

orkopace 4 x | [CFT IR r—

[ pokus - —
R Dy © 30 Merior - = BeogamiRart. - = x
] Servo On

RC1
B3 Simulation 2 m=1
& RV-4FL-D :
88 Operation Panel
[ Program
[ TEST
Spline
() Parameter
1 Monitor
:; Maintenance . ) i 1 :RV-4FL-D -
& Sours R C—
e T
% Tool
) MELFA-3D Vision . :
@ 170 Simulator

Leli 1:RC1 Simulation

5[ While M1<=10
6 Mvs Pl
Mvs P2

Figure 13. RT Toolbox environment with robot RV-4FL-D.
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6.4. CIROS Studio—Festo

CIROS Studio is an industrially oriented software tool, containing analogous features
such as RT Toolbox. It includes an environment for creating 3D simulation models and for
programming with wide debugging and simulation options, see Figure 14. The data
of robot statements or input commands can be managed and changed using industrial
interfaces, and user-programmed with approaches via Python 3.13.1.

4% Pokus * - CIROS Studio - a) X

File Edit View Modeling Programming Simulation Extras Settings Window Help

A vE B E|[vEE O~ | w ow K D | m = |RV-4FL v <Flange TCP> Vo4 @ a
2kom[n[v 2= xs e Bl eBe|e

RellExplorer || iMod S5 [RV-4FL] \RV-4FL\T.MB5 e e x|
“RCl explorer (4 2 Def Lo DO_SRVON = Byte, 1

<4 RV-4FL Def To DO ERRRESET = Byte, 2

Def Io DO_IOENA = Byte, 3

+ Connecti
onnection Def To DO_HOPEN1 = Byte, 900

*#Robot type Def Io DO _HCLOSEL = Byte, 901
# Programs Def To DO_HOPEN2 = Byte, 902
- Def To DO HCLOSE2 = Byte, 903
7 Slots Def Io DO_HOPEN3 = Byte, 904

# System variables Def To DO HCLOSE3 = Byte, 905

Def Io DO_HOPEN4 = Byte, 906

IMonitors ‘ )
~ Def To DO HCLOSE4 = Byte, 907
Parameter ' CIROS Programming s END IO
% Error list SPD 55
- = Workplace JOVRD 100
' CIROS Programming Tools BEGIN POSLIST-I
¥ Programs MOV P1 i
.

P (RV-4FL] \RV-4FL\1.POS = o
No Position Orientation
|
Messages X
Sextvar.rob
RV-4FL.ird - 0 error(s), 0 warning(s) I

========== Compilation: 1 project(s) successful, 0 failed, 0 skipped ==========
9 object(s)

L33/R7 Stopped 1,36

Figure 14. CIROS Studio environment with robot RV-4FL-D.

In this paper, CIROS Studio was considered powerful alternative to RT Toolbox for the
verification of motion trajectory and for real experiments on considered robot RV-4FL-D.

7. Simulation and Real Experiment

Modelling includes both mathematical and 3D modelling, and the planning of motion
trajectories, i.e., it represents a number of complex procedures. This section show results
in the form of time histories of simulated and measured physical quantities of robot motion.

7.1. Simulation

Specifically, let us first consider the definition of reference motion in Figure 15 or its
equivalent code shown in Figure 16. It shows the universal description of the motion
geometry in G-code for motion trajectory generation, i.e., path interpolation and time
parameterisation. Using listed G-code via MATLAB user functions, the simulation runs
were realised. Figure 17a—c show simulated input data processed by a robot control system
intended for real experiment. A record of the simulation is shown in Figure 12 that proves
the correctness of user-designed trajectory.

7.2. Real Experimental Results

For the code in Figure 16, Figure 18a—c shows measured state quantities using RT
Toolbox specifically as follows: angular position, angular speed, current (torque currents)
for individual joints—appropriate drives along defined trajectory, i.e., each containing
6 time histories corresponding to 6 driven joints/axes. The presented time histories were
captured by RT Toolbox for sampling period Ts; = 7.1ms [27]. Current profiles indicate
load from motion and the robot arm itself from joint 1 to joint 6. The biggest load has to be
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covered by joint 2, which produces the main motion of the robot access system (the first
three axes). On the other side, the orientation system (wrist, the last three axes) represents
only a particular motion. It was reduced by the reference trajectory. Figure 18b depict x, v
and z Cartesian coordinates as individual time histories of resultant 3D trajectory.

NO10 G19

NO20 GOO X400 YO 7400

NO30 GO1 X400 Y200 Z400

NO40 GO1 X400 YO 72400

NO50 GO2 X200 Y-200 Z400 I-200 JO KO
NO60 GO2 X200 Y200 Z400 IO J200 KO
NO70 GO2 X400 YO 72400 IO J-200 KO
NO80 GO1 X400 Y-200 Z400

NO90 GO1 X400 Y200 Z400

N100 GO1 X400 YO 72400

N110 GOO X420 YO 72710

% HOME position of the robot RV-4FL-D:
% Joint Jog mode [deg]:

% J1=0; J2=0; J3=90;

% J4=0; J5=0; J6= 0;

% XYZ Jog mode  [mm]:

% X=420; Y= 0; Z=710;

% Ax=—180; By=90; Cz=180;

Figure 15. G-code of testing trajectory in mm.

Definition of used points Pi in mm:

NO10 Servo On
NO20 Mi=1 Pi =( x, 'y, =z, Ax, By, Cz)(F11,F12)
N030 While M1<=10 P1 =(+400, +0,+400,+180, +0,+180)( 7 , 0)
NO40 Mvs P1 P2 =(+400,+200,+400,+180, +0,+180)( 7 , 0 )
NO50 Mvs P2 Pr23=(+400,+100,+400,+180, +0,+180)( 7 , 0 )
NO60 Mvr P2, Pr23, P3 P3 =(+400, +0,+400,+180, +0,+180)( 7 , 0)
NO70 Mvr P1, Pr2, P4 Pr2 =(+341,—141,+400,+180, +0,+180)( 7 , 0 )
NOSO Mvr P4, Pr3, P5 P4 =(+200,-200,+400,+180, +0,+180)( 7 , 0 )
NO90 Mvr P5, Prl, P6 Pr3 =(+200, +0,+600,+180, +0,+180)( 7 , 0)
N100 Mvs P7 P5 =(+200,+200,+400,+180, +0,+180)(C 7 , 0 )
N110 Mvs P8 Pr1 =(+341,+141,+400,+180, +0,+180)( 7 , 0 )
N120 Mvs P9 P6 =(+400, +0,+400,+180, +0,+180)( 7 , 0 )
N130 Mvs P10 P7 =(+400,-200,+400,+180, +0,+180)( 7 , 0 )
N140 M1 = M1 + 1 P8 =(+400,+200,+400,+180, +0,+180)( 7 , 0 )
N150 WEnd P9 =(+400, +0,+400,+180, +0,+180)(C 7 , 0 )
N140 Hlt P10 =(+420, +0,+710,+180, +0,+180)( 7 , 0 )
PO =(+420, +0,+710,+180, +0,+180)( 7 , 0 )

Note: 341=200 + 141(= 200sin45°) and 141 =200 sin 45°
Figure 16. Code (Melfa Language for RT Toolbox).
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Figure 17. (a) joint command 1-6 (deg); (b) reference XYZ graph (mm); (c) current command 1-6
(Arms).
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Figure 18. (a) joint feedback 1-6 (deg); (b) speed feedback 1-6 (deg/s); (c) current feedback 1-6 (A) [17].

8. Robot Integration in Cyber-Physical Factories

In the previous sections, the creation of digital models was introduced. If such models,
robots or other devices should be integrated into the complex production process, then
such a task represents a totally different point of view. A basic element for the integration
of the robot(s) (or any other unit(s)) is a digital interface providing a standardised commu-
nication between units and the outside world. However, the interface itself is not sufficient
for the full integration of the robot into the production process, since full integration means
both the ability to offer and request individual operations or steps of the production process
as well as the ability to dynamically react to events such as error states, adding a new
unit (element), changing the parameters of the production process, changing customer
requirements, etc.

For such a level of integration, it is necessary to provide the surrounding system
with comprehensive information about the capabilities, parameters and status of the given
device (robot). This consideration leads directly to the concept of Industry 4.0 (14.0) compo-
nents, as defined in [28] and the concept of a real digital twin (full digital twin), Figure 19.

According to the 14.0 definition of a component [28], a given object becomes a compo-
nent if it is equipped with a so-called administrative shell. That is, a digital envelope that
contains all the above-mentioned parameters, states and information about the physical
object together with a unified interface for communication with the environment. The mu-
tual communication of the components created in this way takes place exclusively through
these administrative shells (see Figure 20). The data structure of this envelope itself is
not part of the definition of the 14.0 component, but the Asset Administration Shell (ASS)
standard, defined in [29,30], appears to be a suitable data model for this case.
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14.0 component

Administration shell Manifest

with: virtual representation
with: technical functionality

Resource
manager

Things

Figure 19. Principle of 14.0 Component [28].

general component examples of 14.0 components

Thing - terminal block ©

(Unknown) Thing
(Anonymous)
(individually known) /

Entity

Administration shell ©® % Administration shell ®

Thing - regular software €

Thing — electrical axis ¢
,_‘. 4
b
by, |

(Thing provides access (Higher level system provides access
to administration shell) to administration shell)

@ = interface / data format
14.0-compliant

Figure 20. Set of 14.0 components and their common communication.

8.1. Asset Administration Shell

The specification of ASS defines common form of digital component envelope 14.0
and it is originated and still developed by the international organisations Platform Industrie
4.0, VDE/VDI and ZVEI [31]. Specifications [29,30] contain detail description of data model,
design way, class description and communication ways in envelope level. The digital
envelope in ASS point of view can be split in passive and active parts, where passive part
is mandatory:

*  passive part contains descriptions of parameters, properties and object abilities in pre-
scribed format; this form means pieces of information and attributes that description
has to contain of each parameter, but data format (XML, JSON),

*  active part contains functions in any programming language used for communication
for 14.0 components with their surroundings.

8.2. Application to Robots Mitsubishi—Full Digital Twin

The above-mentioned principles can be applied completely universally, for Mitsubishi
industrial robots as well. The basis is the creation of the Administrative Shell in its ac-
tive (more precisely, proactive) form. The passive part of AAS alone would certainly not
be sufficient in the case of a robot-type device. From the principle of the production
process, the robot is an active element that must be able to interact with other elements
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of production. The communication between the robot and its digital envelope itself is not
limited by the AAS standard. We can use either the standardised OPC UA interface or one
of the low-level approaches, such as C language libraries.

The specific implementation of the administrative shell always depends on the specific
application of the given robot. In our CPF environment (Figure 1), robots are used both
for assembling final products and for accurately loading semi-finished products into a CNC
milling machine. In the case of an assembling robot, it is appropriate to create a digital
envelope of the robot itself and implement functions for offering assembly operations
of the robot in the active part of this envelope.

On the contrary, in the case of a robot that is used to load material into a machining
centre, it turns out to be appropriate to create an administrative shell of the entire assembly.
The robot itself here performs only a single-purpose operation, serving a single end device
(milling machine). To offer and confirm this operation through a robust and administra-
tively complex mechanism of administrative shells would be extremely inefficient. In this
case, only the creation of a complete digital twin of the entire assembly (machining cen-
tre together with the robot) makes sense. Such a digital twin then offers comprehensive
machining services in its active part, the parameters of which already include the time
required to place the workpiece in and out of the machining centre.

On the other hand, from the point of view of monitoring the efficiency of robot
movement or measuring energy consumption, it is appropriate to implement a passive
administrative shell for both types of robots, which provides data on robot movement
and the values of required quantities in a standardized manner.

A question for future research is whether the virtual model described in the previous
chapters can be integrated into the thus created digital envelope. In terms of development
complexity, this is a step that will require considerable effort. However, the result will
be a truly full digital twin of the given robot, which will be able to serve both for in-
ternal control or optimisation of the robot’s functions, as well as for its integration into
a smart production process, control of the production flow, optimisation and response
to external events.

9. Conclusions

The paper deals with mathematical modelling adapted to a specific industrial robot
kinematics and dynamics, conventional control and outline of novel advanced hierarchical
control concept. There are representatives of possible software tools for modelling [2,15].
They provide data (both measured and simulated) for identifying and verifying model
parameters of a particular robot. Each industrial robot considered in the research requires
an analysis of the manufacturer’s configuration. Control design optimisation can then be
designed and achieved.

The paper showed that there are many possible software tools. However, their purpose/use
is different. Their use for a verification of derived models is possible, but by their combination.
The use for hyper prototyping depends especially on given robot and the support in specific
software tool. Key robot producers also support robots from other manufacturers, but partially.
The situation is similar for the integration of robots into CPFs. Communication standards allow
the user to design solutions independently of proprietary solutions.

Our future work will focus on camera vision and trajectory tracking and trajectory
optimization and on further development of control based on an advanced model.

All pictured real data were captured on the assembly module (Figure 4a) involved
in CPF at the College of Polytechnics Jihlava. The introduced conceptions of Industry 4.0
in Section 8 are being developed in this factory.
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Abbreviations

The following abbreviations are used in this manuscript:

ASS  Asset Administration Shell

CAD  Computer Aided Design

CPF  Cyber-Physical Factory

DH Denavit-Hartenberg (concept/parameters)
DOF  Degree of Freedom

IFR International Federation of Robotics

PID  Proportional-Integral-Derivative controller
PLC  Programmable Logic Controllers

TCP  Tool Centre Point

WR World Robotics (statistical dept. of IFR
ZVEI  Association of the Electrical and Digital Industry
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