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Abstract: Robotic arc welding represents one of the most important industrial applications. After
handling applications, arc welding is the most common industrial application, totaling over 66,000 new
robotic cell installations by 2020 [1]. For this reason, in the development of new robotic cells two
approaches may be of interest at present: the use of a pre-designed robotic cell and the development of a
customized robotic cell for arc welding. Discussion on this issue regarding the involved advantages and
disadvantages of each approach and conclusions are presented in the first part of the paper. The second
part of the paper deals with a specific computational algorithm developed for the optimal selection of the
engine of industrial robots. The specific steps of the calculation procedure detailed in the paper can be
used for a large number of models of industrial robots used for arc welding or other industrial
application. The application of the calculus procedure is exemplified in the paper on the optimum
selection of the driving motors for the last three NC axis of an ABB IRB 2400 articulated arm industrial
robot, but still the algorithm can be extended to the optimal sizing and selection of all IR driving motors.
The computational algorithm can also be used for other IR models that have a similar design of the final
effect orientation subsystem. The algorithm was intensively tested for many industrial robot models, and
the calculation results were validated for all IR analyzed models.
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driving motor selection.

1. INTRODUCTION. ACTUAL DEVELOPMENT
STATUS OF ROBOTIC ARC WELDING
CELLS

Robotic arc welding represents one of the most
important industrial applications. Following the handling
applications, arc welding represents the most common
industrial application summing a total of over 66 000
new robotic cells installation in 2020 year (Fig. 1) [1].

In optimizing overall robotic cell design, different
design principles are necessary to be considered for
optimizing each type of arc welding cell / system.
However, the most important issue regarding the
optimizing overall robotic cell design is related to the arc
welded part size. Furthermore, depending on the
dimensions of the welded parts the robotic arc welding
cell may be considered specific design features for:

e robotic arc welding small size parts, (so called small
scale robotic cells);

e robotic arc welding medium size parts, (or so called
medium scale robotic cells/ systems);

e robotic arc welding large / very large size parts, (or so

called large scale robotic cells/ systems) [2].
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Fig. 1. Annual installation of industrial robots by application —
World Robotics 2021 [1].

Considering this issue, first part of the present paper
discusses only the case of small-scale robotic cells
optimum design, in regard of pros and contras for
selecting / designing and implementing a pre-engineered
arc welding robotic cell or a custom designed arc
welding robotic cell, respectively. Conclusions regarding
the appropriate approach for specific industrial users are
also presented.

The second part of the paper continues the
optimization approach on the specific IR optimum design
level by detailing a calculus procedure for IR driving
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motors optimum selection. Constructive and functional
specifications for a selected IR model, overall
gravitational and inertial load distribution on IR and their
reducing on the load reducing centers level for each IR
NC axis, evaluation of the inertial loads generated by
mechanical components included IR NC axis, applying
the iterative optimum sizing and selection algorithm for
IR driving motors, (including the kinematic, static,
dynamic and the performance parameters criteria) as well
as Final results of iterative calculations and conclusions
about optimum selected driving motors are included.
Final conclusions regarding the technical and scientific
contributions are also presented [3].

2. PRE-ENGINEERED VERSUS CUSTOM
DESIGNED ARC WELDING CELLS

2.1. Pre-engineered robotic arc welding cells

Pre-engineered robotic cells are standardized units
that are already fully integrated. The most common pre-
engineered work cells are designed for arc welding
applications. Manufacturers as ABB, Motoman, KUKA,
(Fig. 2) [4], Panasonic, Kawasaki and Fanuc carry their
own lines of standardized weld cells including 1, 2 or
even 3 robots and different types of part positioners.

Fig. 2. Pre-engineered robotic cells: ¢ — ABB; b — Motoman;
¢ — Kuka, arc welding cells.

Fig. 3. Basic modular components of ABB pre-engineered
robotic cells: a —single IR cell; b — dual IR cell.

A pre-engineered robotic cell consists of a base—
frame table, a robot, torch, wire feeder system and
welding dressing, a welding power source, and a safety
enclosure. The basic frame carries all components such
as robot(s) with control cabinet, part positioning system,
torch management system, power source and safety
devices, as well as has set all power connections [5]. The
entire production cell is built on a self-supporting base
frame and forms a transport and stacking unit. It is
typically shipped as a single, self-contained unit, pre-
assembled [6]. Basically, being connected to the power
source, the units are ready to weld after the connection of
assistance gas. Safety enclosures and fume extractor
installation can be finally added [2].

Generally, the system concept is based on the 2-
station principle (Fig. 3,b) [7]. While the robot is
working in the first station, the operator can remove the
finished welded component in parallel in the other station
and then retrofit it. After loading, the operator activates
the start button. If the component is finished by the robot
on the corresponding working side, the change of the
station is carried out automatically and the cycle begins
anew. The processing time of the robot can thus be used
optimally for a specific range of products targeted to be
processed [6].

However, a pre-engineered robotic welding cell is
designed for welding specific parts in a certain size
range. Pre-engineered cells offer benefits for easy and
fast installation and a lower first cost, but they do have
their limitations regarding the type and size of parts that
can be welded. Part size and welds complexity are often
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the key determining factor when choosing a pre-
engineered robotic weld cell [8].

Pre-engineered work cells tend to be application
specific and provide already proven solutions for that
kind of application. These cells are best suited for small
sized parts and medium to high-volume productions.
Also, parts that are regular in shape and do not require
much manipulation during welding are candidates for
standardized systems [8].

The biggest advantage of pre-engineered cells over
custom ones is their short delivery time. Work cells
arrive with little wait time and ready for operation,
allowing users to start works quickly. In addition, they
are much more cost-effective with all equipment pre-
installed and sold as a single package. In case of ordering
to same supplier the fixture system for some pre-set
parts, additional time and money are not needed for
engineering [8].

Disadvantages of pre-designed work cells include the
inability to handle medium to large workpieces, uneven
manufacturing processes, or complex applications.
Standardized cells are not specific to a manufacturer.
Some adjustments may be needed to their production
process in order to start operation of the work cell,
including fixturing system, design and implementing [8].

2.2. Custom designed robotic arc welding cells

Custom work cells are designed and engineered
toward a customer specifications. Manufacturers usually
turn to custom designs when their manufacturing process
is more complex, parts are too large, workpieces require
repositioning multiple times, or for when their
application does not fall within pre-engineered cell
designs. With customized cells, users get to select the
robot, equipment, and safety devices, which can be
beneficial [8].

A manufacturer can choose the industrial robot they
like the most along with all additional equipment (Fig.
4). However, sometime, if not experienced in robotics
and work cell design, this can be a drawback as there are
numerous options to select from and more time
consuming. For instance, a manufacturer designing an
assembly work cell could find the FANUC M-20iA, the
Motoman MH24, or the ABB IRB 2600 to all be an ideal
fit, facing some difficulties in the sub-systems selection
process [8].

That is why in order to achieve successfully the cell
design the manufacturer need usually to address to an
integrator with specific experience in this field of
activity. Thus, when installing either type of robotic weld

Fig. 4. Sample of custom-made robotic arc welding cells.

cell, the system integrator should be involved in planning
and testing to ensure cell layout is optimized for the
application [8].

If there is not a pre-engineered robotic weld cell
available to perfectly fit the part welding, then a custom
cell is the better option [8].

First issue to consider is that custom cells have a
higher initial cost and typically a longer lead time for
design and installation, but the upside is they can be
customized to meet the specific needs: a welding system
that does exactly what is needed without extras that are
not necessary / cannot be use [2].

Basically, custom work cells are significantly more
expensive than pre-engineered ones, since all equipment
is not sold as a bundle and engineering is needed for the
design and installation. Delivery time is much longer,
since the cell will need to be designed and built from
scratch. There is also necessary to consider risks of the
application process not being effective from the first
approach / design of the work cell that may take many
adjustments to correct fit. On the other hand, in the end
the system is fully customized to the user, so changes to
a manufacturing process should not be needed. Many
custom systems can also design from the beginning as be
able for further expanded or integrate with other
workstations or processes as needs change, so custom
cells are also capable of handling any irregularities in
part shape or size [8].

Custom equipment is generally designed and installed
by an automation integrator. Because no two
manufacturers have the same process, custom systems let
tailor the system to what is most important in each
situation in direct comprehensive discussions with the
manufacturer [9].

As result, to make a high-mix, low-volume operation
more efficient, an integrator may bring together single
components to  coordinate  material  handling,
communications between devices, fixturing, and the
actual welding robot and equipment. Beside of this it is
also usually responsible for designing sets of different
fixtures for full current range of part manufacturing [9].

3. OPTIMUM OVERALL DESIGN OF A
ROBOTIC ARC WELDING CELL

3.1. The reference model for starting up the study of
robotic arc welding cell optimum design

The reference model in starting the study activities of
the optimization possibilities is a compact robotic electric
arc welding cell (from ABB pre-engineered cell series),
that integrates an industrial robot with articulated arm
architecture and a peripheral positioning system with two
workstations (Fig. 5,a and b) [4].

The cell is served by a human operator with the role
of loading semi-finished products / unloading welded
parts in / from the peripheral positioning system.

The individual parts used in final product
manufacturing as well as the final product are stored near
the welding cell in special dedicated containers.

Manual fixture set is used for part preliminary fixing
in a specific device mounted on each positioner
workstations.



78

C. Dumitragcu, F.A. Nicolescu and C.A. Cristoiu / Proceedings in Manufacturing Systems, Vol. 16, Iss. 2, 2021 / 75-88

Arc Welding Cell 2

Fig. 5. The reference model for the robotic arc welding cell [4].

Main issues to be improved for the selected reference

model of arc welding robotic cell design and operation
are considering:

the legal limits existing in part weight to be
manipulated by human operator along 8 hours
continuous working shift, (for human
operatorprotection against professional diseases)
specifying a maximum handled part payload, up to
20-25 kg payload (for men), and, up to 89 kg
payload (for women);

the decreased level of cell productivity for complex
welded products. Row material parts to be welded are
stored outside of the serviced area, thus the human
operator needs to repeatedly pick-up and transport
each row material part, insert it in the fixturing device
and fix it by manually operated clamping system;

the important size of the storage area for different
row material parts and final products, in special
dedicated containers (usually this area varies between
(30-50)% up to 100% of the arc welding robotic cell
itself), thus, an important amount of production space
is stuck of these containers;

inside the arc welding robot operation area, the
welding electrode storage system has limited capacity
of storage and is not conveniently disposed for its
rapidly replacing when empty of wire electrode.
Starting up from the existing cell model, an improved
design of the arc welding robotic cell has been
developed (Fig. 6,a, b, and c) [10].

replacing the human operator that serve the cell by an
industrial robot for loading semi-finished products /
unloading welded parts in / from the peripheral
positioning system;

replacing the manual operated clamping devices of
the part fixturing system by pneumatic driven
devices;

eliminating the row material and finished parts
storage containers and replacing them by a pallet
conveyor transporting modular pallets able to be
configured for transporting both, kits of parts to be
welded (on income stage), as well as the final
products (on outcome stage);

relocating the wire electrode storage system outside
of the arc welding robot operation area (for an
improved serviceability), adding a complementary
wire feeding system (that may be used in a tandem
push-pull wire operation procedure) and preparing a
wire electrode large storage capacity system, for
replacing the wire electrode low storage capacity
included in the reference robotic arc welding cell.
Based on the above-mentioned improvements the arc

welding robotic cell increase in operational level due to:

reducing of the necessary space for cell layout, by
eliminating the storage area. For stand-alone arc

Fig. 6. Improved design of the arc welding robotic cell: a —
perspective view; b — lateral view; ¢ — top view [10].
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welding cells, the pallet conveyor may be set as an
closed loop model. At the same time, for serving
multiple interconnected cells, it may be replaced by
an in-line conveyor, (as is the case of usual
manufacturing facilities) and their interconnection
with an AS-RS system. Thus, the AS-RS system is
usually used for central storage of pallets with row
material parts kits and joined with the in-line
conveyor it may just in time supply the wright set of
row material parts to the appropriate robotic cell /
recover and store all welded products.

however, for adapting the loading / unloading IR to a
new set of row parts / new welded products
manipulation a tool storage stand, for different
robotic end-effectors and an automated tool changing
system need to complete the actual robotic cell
design. In this approach, the pallet conveyor may be
also used to transport the replacement fixturing
devices through each robotic cell, and the automated
exchanging of the fixturing device may be also
performed by the same loading / unloading IR
equipped with the automated tool changing system.
(Complementary auxiliary device for uncoupling and
coupling the old / new fixturing system on the
peripheral equipment need also be implemented in
such cases);

increasing the overall robotic cell productivity by
reducing the auxiliary operational time necessary for
row materials part fixing / final product releasing due
to pneumatic automation of the clamping devices
included in the fixturing system;

increasing the overall robotic cell productivity by
reducing the auxiliary operational time necessary for
periodically replacing low storage volume of
electrode wire system, due to its outside location as
well as preparing the arc welding cell for
implementing a large storage wire electrode system
(actually included in any new design of arc welding
robotic cell);

using the VirtualArc software [11] for setting the
appropriate arc welding equipment and process
technological parameters by using the ABB special
dedicated PC tool for off-line arc welding prediction
and robotic MIG/MAG arc welding tuning (Fig. 7);
using the RoboDK software package for off-line
programming and simulation of arc welding robotic
cell, in order to define and finally checking of tool

Offline tuning of welding parameters
offi diction of weld shape and

iction of weld quality
iction of weld defects av oiding

Benefits
Simple weld procedure documentation
Shortor process implementation time
Optimized welding productivity & quality
Lewer produet costs

Fig. 7. ABB PC tool for off-line arc welding prediction and
robotic MIG/MAG arc welding tuning.
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Fig. 8. RoboDK software package for off-line programming

and simulation of arc welding robotic cell.

path through via points, arc welding trajectories and
tool orienting along their generation by tool TCP, as
well as collision avoidance of the tool with the
fixturing system and complementary devices (Fig. 8)
[12].

3.2. Conclusions regarding the appropriate approach

for specific industrial users
The complete structure of a arc welding robotic cell

need to include [2, 3]:

industrial robot(s) — usually articulated arm;
supporting structure:

- pedestal / base (for raising the RI base);

- 1/2/3/4 NC axis for IR work-space extension (by IR
base rotation / translation);

IR technological equipment:

- the specialized effector(s) — arc welding torch type;

- the automatic wire feeding system — consumable
electrode advancement (calibrated wire);

- the electrode consumable storage system attached to
RI (if drum type storage device is used);

- IR arc welding dressing (the system of hoses and
cables allowing the management of the utilities from
the power source / electrode storage system /
assistance gas supplying system / torch cooling
system to IR effector);

technological equipment for electric arc welding:

- power source for welding (minimum MIG + MAG,
optional including facilities for TIG, WIG);

- assistance gas supplying system (inert / active gas
for non-metallic / metallic parts arc welding);

- forced cooling system or the welding torch;

- welding torch management system (with wire
cutting, torch nose cleaning and torch calibration
functionalities);

- large size storage system for consumable electrode
(if using an increased capacity of electrode storage
system);

- arc welding opaque enclosure of the robotic welding
area, (for operator view protection);

- fume extractor and air filtering system;

peripheral robotic system for positioning / additional
orientation of the welded parts;

control panel for the human operator interfacing (stop
in case of failure + confirmation of closing actions in
dedicated work cell space for human operators);
safety systems — sensors for safety operation of the
human operator protection and conditioning of
robotic cell operation with human operator
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interventions (light barriers, retractable curtains,

carpets with pressure sensors, laser scanner, etc.);

e enclosure panels for delimiting the overall arc
welding work cell operational space;

e robot controller (IR control and programming
equipment);

e process controller (control equipment for setting up
process parameters related to electric arc welding
process and cell operation).

However, when setting up a specific investment for a
robotic arc welding cell, it will be necessary to consider
that all of these included sub-systems / equipment,
usually lead to reach a 4 time up to 10 times greater price
of the overall arc welding robotic cell system versus the
price of the IR itself.

4. CALCULATION PROCEDURE FOR OPTIMAL
SELECTION OF IR DRIVING ENGINES

Calculus procedure for IR driving motors optimum
selection includes following steps:

e Identifying the reference IR model, its constructive
and functional specifications, the internal mechanical
structure of 3rd, 4th and 5th IR NC axes and the
specific location of load reducing centers for each IR
NC axis.

e Evaluation of IR partial assembly volumes and
masses as well as identifying their mass center
location.

e Evaluation of overall gravitational and inertial load
distribution on IR. Reducing of the overall load
distribution, first in the load reducing centers for each
IR NC axis and second on driving motor shaft level.

e Evaluation of the inertial loads generated by
mechanical components included in 3rd, 4th and 5th
IR NC axes, and their reduction on driving motor
shaft level.

e Applying the optimum sizing and selection criteria
for IR driving motors. The kinematic criteria, the
static criteria, the dynamic criteria, and the
performance parameters criteria applying.

¢ Final results of iterative calculations and conclusions
about optimum selected driving motors.

However, the calculus algorithm may be used both:
for designing a new IR, or as well, for optimum selecting
an existing version of IR based on identifying the
specific operation conditions for its driving motors.

4.1. Identifying the reference IR model

As specified from the pre-engineered robotic arc
welding cell data sheet, the reference IR model, is an
IRB 2400. This IR model may be supplied in two
versions: for a maximum payload of 16 kg or for a
maximum payload of 10 kg, the difference between the
two versions being the size of the included IR driving
motors for end-effector orienting. However, the internal
mechanical structure of IR 4th, 5th and 6th NC axes is
the same for both variants. That is why the algorithm will
be applied only for IR 4th, 5th and 6th NC axis motor
operation conditions identifying and their optimum
selection.

The reference IR model is presented in Fig. 9 [13].
Constructive and functional specifications are presented

Fig. 9. The reference ABB IRB 2400 IR model [13].

in Table 1 and Fig. 10. The internal mechanical structure
of 3rd, 4th and 5th IR NC axis and the specific location
of load reducing centers for 4th, 5th and 6th IR NC axes
are presented in Fig. 11.

e maximum payload: 10 kg / 16 kg;
e NC axis number: 6;
e IR Controller type: IRC 5;
e maximum reach: 1.564 m;
e position repeatability: 0.03 mm;
e robot weight: 380 kg [13].
Table 1
‘Working space and maximum speeds of IRB 2400 IR
[13]
Axis Number ‘Working range Speed
Axis 1 + 180 ° 150 °/s
Axis 2 —100°/+110° 150 °/s
Axis 3 —60 ° /+65 ° 150 °/s
Axis 4 + 200 ° 360 °/s
Axis 5 +120° 360 °/s
Axis 6 +400 ° 450 °/s
306
133 6
- A= |C5
ca/

176, 268 | 1} 251 138

Fig. 10. Constructive-functional specifications of ABB IRB
2400 IR and overall calculus of center locations (C1...C6)
[3, 13].
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Fig. 11. The internal mechanical structure of 3rd, 4th and 5th
IR NC axis and the specific location of load reducing centers
for 4th, 5th and 6th IR NC axes [3, 13].

4.2. Evaluation of IR partial assembly volumes and

masses, and identifying their mass center location

For identifying the partial assembly volumes, mass

and mass center location a specific procedure need to be
follow up:

o first, a carefully study of IR generally assembly is
made in order cu correctly identify its partial
assemblies;

e second the CAD 3D file of the overall IR is loaded in
Catia 3D solid modeling software (Fig. 12);

e third, necessary components for each partial assembly
isolation are successively selected. For the group of
components already selected as included in a partial
assembly, total volume and mass center coordinates
of each partial assembly are identified, by appealing
the Measuring Inertia option (Figs. 13-20).

Fig. 12. Identifying the total IR volume and mass center
coordinates [3, 10].

Fig. 13. Identifying the partial volume and mass center
coordinates of IR partial assembly corresponding to the fixed
part of IR joint 1 [3, 10].

i8

Fig. 14. Identifying the partial volume and mass center
coordinates of IR partial assembly corresponding to the mobile
part of IR joint 1 and fixed part of joint 2 [3, 10].

Fig. 15. Identifying the partial volume and mass center
coordinates of IR partial assembly corresponding to the mobile
part of IR joint 2 and fixed part of joint 3 [3, 10].

Jongrasnss __Gamgunen, soon .
= 8 0| o

Fig. 16. Identifying the partial volume and mass center
coordinates of IR partial assembly corresponding to the mobile
part of IR joint 3 and fixed part of joint 4 [3, 10].

Fig. 17. Identifying the partial volume and mass center
coordinates of IR partial assembly corresponding to the mobile
part of IR joint 4 and fixed part of joint 5 [3, 10].



82 C. Dumitragcu, F.A. Nicolescu and C.A. Cristoiu / Proceedings in Manufacturing Systems, Vol. 16, Iss. 2, 2021 / 75-88

— — R—
8 00| S

Fig. 18. Identifying the partial volume and mass center
coordinates of IR partial assembly corresponding to the mobile
part of IR joint 5 and fixed part of joint 6 [3, 10].
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Fig. 19. Identifying the partial volume and mass center
coordinates of IR partial assembly corresponding to the mobile
part of IR joint 6 [3, 10].
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Fig. 20. Identifying the partial volume, mass and mass center
coordinates of IR end-effector [3, 10].

e fourth, the following procedure is applied for
identifying the partial mass of each above-mentioned
IR partial assembly. For this purpose, the total mass
of the IR is distributed by the corresponding
percentage of each partial volume previously
evaluated in Catia for each partial assembly, by
applying following equations:

Vi=Vi+Vo + V3 +V, + Vs + Vg, 1)

V; = 0.045 + 0.052 + 0.016 + 0.016 + 0.006 +
0.000049 = 0,135 m? )

Vpr =100 =2-"-100 =33.33%,  (3)
Vo, = % 100 = % 100 = 38.52%, (4)
t * -
Ves =2-100 =222-100 = 11.85%,  (5)
S .
Vey = 2-100 =322-100 = 11.85%,  (6)
1 .
Vo = Z— 100 = % .100 = 4.44%,  (7)
T 3
Voe = Z—j +100 = 22222100 = 0.036%,  (8)

and considering the total mass of ABB IRB 2600 IR as
being 380 kg, successively may be determined:

meg =my +my +ms+my +ms+mg =380kg, 9)

my =m, - Vpy =222 =126.65kg, (10)
My =m; Ve = o2 — 14638ke, (11)
My =my - Vpg = 8 _ 4503kg,  (12)
my =m; - Vpy = 80118 _ 45.03 kg, (13)
ms =my; - Vps =t — 1687 kg,  (14)
Mg, =me - Vpg = 0 = 013 kg, (15)

m, = 126.65 + 146.38 + 45.03 + 45.03 + 16.87 +
0.13 =380 ke . (16)

Independently from above performed calculus
procedure, after its 3D complete modelling, the total
mass and specific mass center location of the IR end-
effector is determined by using the same Catia — Measure
Inertia option.

me; = mg = 4524 kg. 17)

4.3. Evaluation of overall gravitational and inertial
load distribution on IR. Reducing of the overall
load distribution, in the load reducing centers
for each IR NC axis and on driving motor shaft
level.

In order for starting the evaluation of the overall
gravitational al inertial load distribution on IR as well as
the reducing of the overall load distribution, in the load
reducing centers for each IR NC axis, a full set of
geometric parameters (Table 2) need to be determined,
part of them being directly identified from the
constructive — functional specifications presented in Fig.
10 —and part of them from simply geometric
consideration.

The specific values of these geometric parameters are
presented in Table 2 [10]:

Furthermore, for evaluation of overall gravitational
and inertial load distribution on IR a basic calculus

Table 2
Geometric parameters for load distribution evaluation [10]

LC1 LC2 LC3 LC4 LCS LC6
[mm] | [mm] [mm] [mm] [mm] | [mm]
205 410 705 180 755 85

LG1 | LG2 | LG3 | LG4 | LG5 | LG6 | LG7 | LG8 | LG9
[mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]
82 | 445 |491.5| 135 | 575 | 40 85 | 135 | 170
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schema is elaborated (Fig. 21), by considering the most
unfavorable IR configuration along its working cycle, as
well as previously identified values for the specific mass
values and mass center location coordinates of all IR
partial assemblies, and respectively the specific locations
of the calculus centers for all IR NC axes.

Starting up from this basic calculation schema, step
by step, there are successively identified, evaluated and
represented (on particular loading schemas) the overall
gravitational load distribution (Fig. 22), and respectively
sets of inertial loads corresponding to each possibility of
motion generated by IR major joints from the positioning
system. For each IR active joint, as showed for the Ist
joint in Fig. 23, for 2nd joint in Fig. 24 and for 3rd joint
in Fig. 25, specific values of rotational motion speeds
(o1, o2 and m3), as well as specific values and direction
of the kinematic radius have been considered.

Fig. 21. Basic calculus schema for load distribution evaluation
[3, 10].

Fig. 22. Specific calculation schema for evaluation of IR
gravitational loads overall distribution [3, 10].

My, — M5 Fuy C5

il M6

o FLH‘- 6 F Tat 18
1

o

Fig. 23. Specific calculation schema for evaluation overall
distribution of IR inertial loads generated by joint 1 rotation
[3, 10].

Fig. 24. Specific calculation schema for evaluation overall
distribution of IR inertial loads generated by joint 2 rotation
[3, 10].

Fig. 25. Specific calculation schema for evaluation overall
distribution of IR inertial loads generated by joint 3 rotation
[3, 10].
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Fig. 26. Calculus schema for superposing gravitational and
inertial load distribution effect and their reduction in the
calculus centers C6, C5 and C4 [3, 10].

Furthermore, for evaluation of the overall effect of all
gravitational and inertial loads, the superposing effect is
applied, and reduced loads calculation in each calculus
center is performed as Fig. 26 shows and below equation
summarize for the case of calculus of center C6.

As result of these calculation, a complete set of three
reduced forces and three reduced torques may be
evaluated as below equations are showing for C6
calculus center case:

FRED — ?_7 p{?‘-’ = A0.02N, (18)
y

FyRED = 39 _ p}F? = 207.05N, 19)

FzRED = Y9 FI-ZI.Z = —180.88 N, (20)

MXRED — F?y ) (LG-; _ LCE) + ng . (LGS — LCG) + ng .

(LGs—LCg) = 52.667 - 103 Nm,  (21)

MyRE = Ff - (LG, — LCo) + 5 - (LGg — LCo) +F5' -

(LG, —LCg) = 15623 -1073Nm,  (22)

MzRED — 0. (23)

The corresponding reduced forces and torques are
used: first, to evaluate the total static torque and the first
part of the dynamic torque applied to the IR axis 6
driving motor (that will be further presented) and second
to determine the equivalent loads applied to the bearing
system of the axis 6 mobile element, as shown following
equations:

F,=Fz" = _180.88N, (24)

Fp = FxRED® | FyRED? — 21587 N, (25)

MFRED — [MxKED® | MyRED® — 54093 - 1073 Nm. (26)

However, for the evaluation of the total dynamic
torque applied to the IR axis 6 driving motor,
supplementary to the first part of the dynamic toque
(already above calculated), a complementary second
torsional torque, (generated by the reflected inertia of all
included mechanical components included in axis 6)
reduced on the driving motor shaft need to be evaluated
too, as follows:

M

Zjsint

= Ueffecrar +inange) " EBjoint 6 —

(0.006 + 0.0000193) % -17.44 = 0,819 Nm , (27)
Wjeinte = 450°/s=8.72 rad/s, (28)
Comre = Ljointe _ 872 _ 17 44 rad/s?, (29)

try 0.5

Z7 Z5 Z3 Zp

Ejoint 6 — EEM shaft "
‘join shaf Zg Z¢ Z4 Z>

11 11
SEM shaft 57 3 3 (30)
SEMshaft :Sj'Ol'ntG -2-5-1-2=1744-20 =
348.8 E — Ymaxnec EM —~ (31 )
) s? thrake T

WmasnecEy = 174.4 % = 1665.39 rpm, (32)

where the kinematic transfer ratios of the included
mechanical components (Fig. 10) have been considered:

Zyo 1 2y, 1 =244 1 zg 1
ol o _lia_2 33

zig 2"z 57 245 17 zy

JrED joint 6 :_;r’.tange +Jreffector = 0.819 kg m?2, (34)

considering p = 7860 kg/m? for all steel parts.

Next, in order the evaluated specific inertia of each
included mechanical component following equations
were used:

_ PTDy by

Ja, =196.85-10"° kgm? (35)
_p-m- R?- Big= (D?urmed 18 — D?nn 13) _
]Zlg - 32 -
9.680 - 107° kg m?, (36)
I :p'W'RL'Bl?'(D:}utmed;?_D?nnl?):
Z17 32
1.683 - 107° kg m?, 37)
D .
Jag = 7'3”;218 " 16574106 kgm?, (38)
] :p'W'Rz'BIG'(D:}utmed;e_D?nn16)=
2315 32
85.781 - 10° kg m?, (39)
_prm-R*-Byy- (Dgut mea 14 — Dinn 14 _
)Izm - 32 -
1.201 -107% kg m?, (40)
TD: .
Ja, =252 2 121310 kg m?%, (41)
L= p-10-R%- By (Dduemearz — Dinn12) _
23z 32
2495 -107° kg m?, (42)
_p 0 R? =By (D}t meato — Diwnio)
)Izm - 32 -
2.495-107°% kg m?, 43)
eDE .
Ja, =25222R = 0,017 kg m?, (44)
_p-m R?- (Djutmedet - Di?‘m*t} _
T 32 B
3.481 -107% kgm?, 45)
}I _p"'T'RZ'BS'(DgtttmedS_DltnS)_
7~ 32 -
1517 - 10~¢ kg m?, (46)

At this stage, the reduced total reflected inertia on the
shaft drive motor of the IR 6 axis could be evaluated as
follows:
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Jmor+sraks = Juor + Jeraks = (0.57 +0.05) kg - cm?®
=0.62 - 10~* kg m?, 47)

2
2970
{{[Uﬁﬁﬂ jomt 6 +/a, +}zlg) . (i}l

Jewy +Jag +le5] : (Z;—:)2  Jors + Jag +le2} : [Zﬁ)2

Z Zy2

EM shaft _
RED

Zz

2
Jz10 T4, "‘1'24} . (Z) + Jz, + Jmor+BRAKE =

0.0043926 + Jyor+raxe [kg m?]. (48)

Similar calculus has been performed for identifying
specific loads applied to driving motors of axis 5 and 4,
taking into account their specific mechanical structure
and involved appropriate components reflected inertia

[3, 10].

4.5. Applying the optimum sizing and selection
criteria for IR driving motors

Having to our disposal al above calculus results, the
iterative procedure optimum sizing and selection criteria
for IR driving motors may be started [3]. For this
purpose, the kinematic criteria, the static criteria, the
dynamic criteria, and the performance parameters criteria
applying will be continued to be applied up to their
complete accomplishing by a specific range and size of
the available servomotors [14].

However, to perform the iterative calculation
algorithm for optimum sizing and selection of the driving
motors, from all ranges of available servomotors,
considering that all specific mechanical components
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involve speed reducing ratio, first of all, from the same
servomotor series, will be selected the servomotors
ranges having the maximum available rated speed. In the
meantime, because ideally is that the servomotors have
the lower available size the selection procedure will start
by checking the 9C1 series of servomotors and will
continue with 9C4 and respectively 9C5 series. Thus,
first considered servomotor (marked in red in Fig. 27),
will have the rated speed of 6,000 rot/min
(9C1.1.60...M). After checking of all servomotors from
this half-range series, the next half-range series to be
tested will be the one having the rated speed of 3,000
rot/min  (9C1.1.30...M) having the same size as
previously tested servomotors but lower rated speed. The
procedure will continue by testing of the half-range
series of servomotors having the rated speed of 4,000
rot/min (9C4.1.40...M) and successively the half-range
series of servomotors having the rated speed of 3,000 rot
/ min (9C4.1.30...M). The last to be tested will be the
half-range series 9C5.2.30...M and last of all the half-
range series 9C5.2.2.30...M servomotors.

In order to take into account the specific mechanical
and functional characteristics of the motor brakes,
additional information must be taken into account.

Following all above-mentioned consideration, the
calculus algorithm performed for successive checking the
motor size versions available from the mentioned series
is presented for the kinematic criteria, the static criteria,
the dynamic criteria and the performance parameters
criteria [3, 10].

9C series technical details

Type Cusrent at | Fated | FAated | Fated | Rated |Mechanical] Peak |Cument Torque | B.ami | Moment [ Moment Weight
caontinuous | torque | curent | speed | frequency| rtsd | targue | at peak | cons istween | ofinertia | of inertis | =4
Tomie A L ' powor torque | AT phases | of retar ™ [ of rotar +
LELS - (L] at rated brake ¥
apeed 153 o, with
I, Fia i M 2 i Ta a ey W ' brike w
4] Mem} | A [r/min] | [Hz] Dew] | m] | [A] | [NmAA] m [hgen#] | [kgem] | [kl
18 | 14 3000 258, .4 : 5 447 | 208 57 &2 | A
2 | 7 3000 | 250, 63 . 6.1 M0 [ 261 04 09 4.
% | 25 3000 | 250, .58 . 0 350 | 245 51 56 | G
d I 2000 259 10 lad L 111 S _ald
X] z X GODD | GO, .75 41 71 720 | 261 57 062 | 3.0 ||
5 X BOD0 | G0O. ] 68 | 121 720 | 261 04 108 | 4
53 2.3 3.4 6000 500.0 145 96 | 173 = 0702 [ 256 1.51 156 | 5.0
G.A 6 | 41 Bo00 | 6000 1.6¢ 126 | 246 0.738 268 1.89 204 6.0
30 EX] 28 3000 250.0 123 128 | 98 | 1654 300 4.0 A7 56
50 61 | 43 ; ] . 1704 309 16 83 | 7.8
6.0 6.8 45 1.786 324 111 118 | 10.2
8.2 7.6 | B4 1,665 14,7 16,4 {25
4.0 3.7 36 1.232 T 4.0 4.7 5.6
E8 S| 52 1232 208 75 o i
78 58 | &1 1.365 330 113 118 | 102
0.0 €3 | &5 1365 330 147 154 [ 125
[5] | 303 [ ] ! . 2307 | 2180 | a8 236 15:5
9.2 148 | 78 £ ; 2272 | 2747 6 234 | 102
1.8 171 9.1 2000 165.7 3.58 705 | 396 | 2249 | 2720 114 a3z | 28
12.0 200 | a8 2000 1867 4.18 7RO | 402 | 2452 2065 512 530 | 268
[EX] 250 | 104 2000 | 1667 4.61 900 | 438 2508 3130 1.0 G628 | a0a
92 90 | 71 | 3000 | 2500 | 2R3 | 359 f 308 | 1515 | 2747 | 28 | 236 | 155
124 124 | 88 3000 | 250.0 3.90 552 | 413 | 1688 306.1 315 | 234 | 192
5.4 14.0 9.7 3000 250.0 4.40 705 | 514 | 1731 | 3138 a4 432 | 229
1T 170 [ 118 3000 250.0 5.34 780 | 660 | 1.731 3138 512 530 | 266
107 180 | 124 3000|9500 5.65 000 | 657 | 4731 2130 610 | 28 | 363

Motor Rated | Input | Input | Braking | Armature | Armature | Inertia
type voltage | power | current | torque release pull-in
time time
voo | w1 | a1 | Nl | jmel | fmel | fegorm |
| 9C1 24 6. 0.26 2.5 30 50 0.102
9c4 24 19. 0.81 16 30 70 0.73
9C5 24 28.0 1.17 30 30 75 1.82

Fig. 27. Constructive and functional characteristics of ABB 9C servomotors series [14].
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4.5.1. The kinematic criteria

Mmaxnec EM = Nmax EM shayt» (49 )
Njoints = 83.26 rot/min, (50)
Njoint 6

Mmaxnec EM = Z; 23 Zs Z7
= S 2 L
Zy Zy Zg Zg

i = 1665.2 rot/min, (51)

[
@

B | )

1
=
1

w

1
z

9C1.1.60 => npyaxnecsy = 1665.2 rot/ min <
- 6000%; 3000 rot/min

Nmar EM shaft (52 )
9C1.2.60
=> Npaxnec gy = 16065.2 1ot/ min < Mgy py shaje =

6000 rot/min

3000 rot/min, (53)
9C1.3.60

=2 Nmaxnecsm — 1665.2 I"Ot/min < Ninax EM shaft —
6000 rot/min 3000 rot/min ,(54)
9C1.4.60

=> Nyaxnec EM = 1665.2 rot/ min < Nyay epshajt
6000 rot/min 3000 rot/min (55)

As above illustrated, all the servomotors of series
9C1.*.60 are satisfying the specific restrictions of the
kinematic criteria.

4.5.2. The static criteria

EM shaft EM shajyt
Mst red = Mmted torgque’ (56 )
Pst ech—radial jointe = 0.6 - Fg + 0.5 - F; = 0.6 -
21557 —0.5-180.88 = 38902 N ,(57)
d+D 37+43
dim bearing joint6 = ~ 5 T T 5 40 mm, (58)

_ amo'i _
Mr_r’riction joint e — fpretoad Pst—ﬂc.l‘ —radial ’ 2 13

251072
38902 - ——— = 0.5322 Nm

»(59)

Mst}'oint & — Mﬁiction prel bear = 0.6322 - NI’I], (60)

e £ 7 11

MT;M T = Myt come s j—’j—ij—aj—u —0.6322 -5~
i1
E E—OOBléNI]] , (61)
9C1.1.60 —> MEM1TY _ 0.0316 Nm =

EM shajyt _
Mmted torque — 1.2Nm , (62)
9C1.2.60 => ML = 0.0316 Nm <

EM shajyt _
Mmted torque — 1.6 Nm ,(63)
9C1.3.60 => MM = 00316 N <

EM shaft _

rated torque 2.3Nm , (64)
9C1.4.60 => ME*1%" = 00316 Nm <

EM shaft
rated torque

As above illustrated all the servomotors of series
9C1.4.60 are satisfying too the specific restrictions of the
static criteria.

4.5.3. The dynamic criteria

Mdm:o: = M;Etni;;mft + Mi‘ugrsrrilg{t’ (66)

Myintot = M;:I;?;Z{;uy (67)

Mstjoint 6 — M}’r{'ction bearing — 0.6322 Nm, (68)
Mf:'i;g“f‘ = Myt jont 6 e O e N
Zy Zy Zg Zg

0.6322 -3 -1 <> =0.0316 Nm, (69)

Ml =Taan " o snages (70)

9C1.1.60 => Jyor+praxs = 0.62 - 1072 kgm? (71)
9C1.2.60 => Jyor+praxs = 1.09-102kgm?  (72)
9C1.3.60 => Jyor+praxs = 1.56- 1072 kgm?, (73)
9C1.4.60 => Jyorspraxe = 2041072 kgm?  (74)

In order to evaluate the second term of the dynamic
torque specific calculation for the reflected inertia need
to be performed by taking into account the different
characteristics of each size of servomotors and
appropriate associated brake.

9C1.1.60
) i i A2
,qﬂﬁfmﬂ = {HUH‘:.U jons o+ fa; +Jz1g} M Ci)' +
a . 2
Joay s + | (22) ey + g )+ (22) +

I3

Ty T4, +fz,} L:) ’ +Jz, + Juor+pRaRE =
0.01059 kg m” ,(75)

9C1.2.60

}.::D = {{[Urk"f-'}f‘m & +Jr-a7 +}2:la: ’ ‘17)

Jr,u,2 ( )

Jeue s +]qu |i] + Iz, + ot praxs —

)

}Zl’j +J‘J‘lg +)r115:| ' (_) +J'z,4 aa

L1

0.01529 kg m? , (76)
9C1.3.60
EM shaft v (e
ﬁEDS art _ {{[URED joint € +J""l-lr +}sz . '\i) aa

e 3 @

. 7ie . T
Joiy | Jay | fzm] (E) Va1 (22)
M \.l fza)2
o Ve Yot |Z) + o+ Jnor+srane =
Jero TJa, +J | \Z
0.01992 kg m? , (11
9C1.4.60
EM shaft T
RED o { [(JREE}on 6+JA, +)1’le) ( L )
}'217 +J‘-"a +]216:| ' (L) +J'21-1 +-r-"‘a +J‘212} ( )
N2
Jesa 45 +f43} [ z_:] + ., + Jvor+sraks =
0.02479 kg m? , (78)
Eini 17.44

EEMS.‘m}’t25%21111—34881‘3(1/57 (79)

Zp Z4 Ig Zg 2152



C. Dumitrascu, F.A. Nicolescu and C.A. Cristoiu / Proceedings in Manufacturing Systems, Vol. 16, Iss. 2, 2021 / 75-88 87

MEM shaft _ (EM shaft
inertial ~ /RED

(80)

" EEM shafts

9C1.1.60=
MEMshart _ 31059 - 348.8 = 3.69379 Nm,

inertial

(81)

9C1.2.60 =>
EM shajt _
inertial

0.01529 - 348.8 — 5.33315 Nm, (82)

9C1.3.60 => =M shart

fneriiul

0.01992- 3488 = 6.94809 Nm, (83)

9C1.4.60 => pEH shart _

inertinl

0.02479 - 348.8 = 8.64675 Nm,
MEM shajyt + MEM shajyt

stred inertial

(84)
(85)

EM shajt
M 7

Mdintot = — “peak torque’

9C1.1.60=>

_ EM shaft
Mdmtot - Mgtred + M

3.69379 = 3.72539 Nm

EM shaft
inertial

=0.0316 +
. (86)

9C1.2.60 =>

EM shajyt
Mgintor = Mstrgd 7 +M

5.33315 = 5.36475 Nm

EM shajyt
inertial

= 0.0316 +
,(87)

9C1.3.60 =>

_ EM shajyt
Mdintot - Mstrgd + M

6.94809 = 6.97969 Nm

EM shaft
inertial

=0.0316 +
,(88)

9C1.4.60 =>
Mgintot = Mf:i;;mﬁ +M
8.64675 = 8.67835Nm

EM shaft
inertial

= 0.0316 +
., (89)

9C1.1.60 =>
Mgin tor = 3.72539 Nm < MEMshart

peak torque

=4.1 Nm,(90)

9C1.2.60 =>
Mgin tor = 5.36475 Nm < MEM shart

peak torque

= 6.9 Nm,(91)

9C1.3.60 =>
Main tor = 6.97969 Nm < MEM shart

peak torque

=9.6 Nm, (92)

9C1.4.60 =>

Mgin tor = 8.67835 Nm < MEM shart

peak torque — 12.6 Nm. (93)

As above illustrated all the servomotors of series
9C1.4.60 are satisfying too the specific restrictions of the
dynamic criteria.

4.5.4. The performance parameter criteria
4 EM shaft

tace = 375 JRED " Minax EM shast

0.3 .7
W Shaft Whaft T T =W shert "th:)i
(Mgeai tac;rque_Mi rj;a ?'M;eaist tirque_M_ft r:da J
035s (94)
t _ . fEM shaft
break — 375 RED
.
P rare = 0.35 s, (95)

Mgy breaking ™ st red

9C1.1.60 == JIMOT‘FBEAKE = 0.62 - 10_2 kgl’llz,

LM Shart = 0.0105926 kg m?, (96)
9C1.2.60 => Jyror+sraxe = 1.09- 1072 kg m2,
EMShart — 0.0152926 kgm?, (97)
9C1.3.60 => Jyorspraxs = 1.56- 1072 kg m?,
JEa ST = 0.0199926 kg m?, (98)
9C146O == JIMOT+BRAKE = 2.04 - 10_2 kg 1’112,
Eashart = 0.0247926 kgm?. (99)
9C1.1.60 — 6000 rot / min
foe= 00105926 - 6000 03 07 )
face = g " 00105926 -6000-{ , o ll-:}_l—o.oalu)_
0.651 sec => 0.35 sec, . ) (100)
t _ ¢ 0.0105926 6099 =
break — 375 2.5-0.0316
0.275 sec = 0.35 sec, (101)
9C1.2.60—6000 rot/min
R <202 ( 03 07\
fucs = 35+ 0-0152926 - 6000 - CRET + % - U.U316) =
0.147 < 0.35 sec, (102)
t _ ¢ 0.0152926 6099 =
break — 375 2.5-0.0316
0.396 sec > 0.35 sec, (103)
9C1.3.60- 6000 rot / min
o = 01000263000 [ — 03 . o7 \ -
aen T g TR T \96—-00316 L o oo
0.515 sec > 0.35 sec, (104)
t = : 0.0199926 3000 =
break — 375 2.5-0.0316
0.519 sec > 0.35 sec, (105)

9C1.4.60 — 6000 rot / min

4 0.3 0.7
taee = === - 0.0247926 - 6000 - + —

375 12.6 — 0.0316 %_12_670_0316
0.484 sec > 0.35 sec, (106)
t = 00247926 76000 =
break =375 25-0.0316
0.642 sec > 0.35 sec. (107)

As can be seen, no servomotor from series

9C1.*.60...M (having the rated speed of 6,000 rot/min)
does not meet the performance parameter criteria, so next
series of servomotors (9C1.*.30...M, having the same
size but lower rated speed) will be tested only for this
criterion:

9C1.1.30-3000 rot/min

0.3

tace = ooz - 0.0105926 - 3000 - (m

IL) = 0.326 sec < 0.35 sec

3-4.1-0.0316 , (108)
t = 4 0.0105926 3000 =

break = 375 = 2.5—0.0316

0.138 sec = 0.35 sec. (109)
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Fig. 28. Final selected servomotor dimensional characteristics.

As the first dimension of the servomotor in this series
with half range, it respects both restrictions imposed by
the performance parameters, the final optimum selected
driving motor for axis 6 will be the servomotor model
9C1.1.30 (having a 3,000 rot/min rated speed).

Final selected servomotor dimensional characteristics
are presented in Fig. 28.

5. CONCLUSIONS

In developing new robotic cells two approaches may
be of interest presently: to use a pre-engineered robotic
cell and respectively to develop a custom designed
robotic cell for arc welding. Discussion on issues
regarding the involved advantages and disadvantages of
each approach and conclusions are presented in the first
part of the paper, as well as an improved model of a
custom designed arc welding robotic cell.

Second part of the paper deals about a specific
calculus algorithm developed for optimum motor
selection of the industrial robots. Specific steps of
calculation procedure detailed in the paper may be
already used for a large number of industrial robot
models whatever they are used for arc welding purpose
or another industrial application. The application of the
calculus procedure is exemplified in the paper regarding
the optimum selection of the driving motors for the last
three NC axis of an ABB IRB 2400 articulated arm
industrial robot, but however the algorithm may be
extended for the sizing and optimum selection of all IR
driving motors.

In the meantime, the calculus algorithm may be also
used for same purpose for other IR models having similar
design of the end-effector orienting sub-system.

The proposed algorithm has been intensively tested
for many industrial robot models and the results of
calculation were validated for all IR analyzed models.
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