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ABSTRACT

This paper presents a new method for optimizing the layout position of several Industrial Robots (IRs) placed
within manufacturing work-cells, in order to execute a set of specified tasks with the minimum energy
consumption. At first, a mechatronic model of an anthropomorphous IR is developed, by leveraging on the
Modelica/Dymola built-in capabilities. The IR sub-system components (namely mechanical structure,
actuators, power electronic and control logics) are modeled with the level of detail strictly necessary for an
accurate prediction of the system power consumption, while assuring efficient computational efforts. Secondly,
once each IR task is assigned, the optimal work-cell layout is computed by using proper optimization
techniques, which numerically retrieve the IR base position corresponding to the minimum energy consump-
tion. As an output to this second development stage, a set of color/contour maps is provided, that depicts both
energy demand and time required for the task completion as function of the robot position in the cell to support
the designer in the development of an energy-efficient layout. At last, two robotic manufacturing work-cells are
set-up within the Delmia Robotics environment, in order to provide a benchmark case study for the evaluation
of any energy saving potential. Numerical results confirm possible savings up to 20% with respect to state-of-

the-art work-cell design practice.

1. Introduction

Industrial robotics may be envisaged as the most strategic technol-
ogy that can practically enable flexible automation and intelligent
manufacturing processes. Unfortunately, Industrial Robots (IRs) and
related peripheral machines are intrinsically energy intensive, thus
compromising the overall factory sustainability. In particular, as
previously proven in several researches (e.g. [1,2]), IR massive adop-
tion heavily impact both factories ecological footprint and overall
production costs. In addition, many companies are currently facing
severe issues related to the actual unavailability of electric energy
supplier, which can withstand the peak power requirements as the
number of IRs simultaneously employed within the same location
exceeds a certain threshold. Naturally, owing to this restriction, any
further industrial development may end up being heavily damped, or
even impossible. Therefore, the industrial need towards possible
strategies to reduce the energy consumption (EC) of single IRs and/
or robotic work cells at factory level is unquestionable.

Within this scenario, current and past research activities concern-
ing mechatronic eco-design methods have been rapidly gaining a
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strong foothold in the scientific arena, resulting in an increasing
number of programs funded by both academia and industry [3]. For
instance, energy optimization by means of IR electromechanical hard-
ware replacement is addressed in [4]. At robotic cell and process design
level, energy-optimal robot selection for specific operations is investi-
gated in [5], whereas many past works deal with energy-optimal path
generation, see e.g. [6]. In [7], novel methodologies aim at achieving an
EC reduction while avoiding plant revision. These techniques are based
on the optimization of the IR velocity profiles without affecting
productivity and quality, thus providing interesting solutions that
should aid programmers to develop more sustainable applications
without affecting investment costs.

For what concerns IR positioning, the layout design of a robotic cell
is a delicate task performed under conflicting requirements: on one
hand, robots and peripheral equipment must be placed assuring best
reachability and process performance; on the other hand, design rules
that assure safety and ease of maintenance must be strictly observed.
Owing to these concurrent needs, along with the lack of industrially-
viable engineering tools, the design of robotic work-cells is currently
tackled with a trial-and-error approach mostly based on the designer
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Fig. 1. Servomechanism mechatronic model realized in Dymola.

experience, while the EC performance is usually neglected and verified
only during the final commissioning. On the other hand, even if the
industrial design practice has been somehow unreceptive to the
academic researches, the problem of finding the optimal IR location
with respect to an assigned task has been investigated since the late
80 s, when Nelson et al. [8] studied the IR base positioning that would
enhance a manipulability measure. Similarly, the cycle time reduction
is addressed using different robot models in [9,10]. Chedmail and
Wenger [11] introduced the obstacle problem, searching for an IR
location permitting the task execution without collisions. In [12] the
energy-optimal task placement inside the workspace of a 3-axis parallel
robot was found by modeling the electrical motors consumption. In
practice, the literature review furtherly underlines the importance and
complexity of the layout positioning of the robot, although most of the
past works focus on cycle time and manufacturing quality rather than
EC reduction. On the basis of these considerations, we hereby propose
a method, along with the related computer-aided tools, which supports
the design engineers in the choice of an energy efficient cell layout.
Extending the work presented in [13], at first, an object-oriented model
of a common six-degrees-of-freedom anthropomorphous manipulator
is created, focusing on accurate EC prediction and computational
efficiency. Similarly to previous literature [14,15], the developed IR
model comprises a description of the mechanical structure, actuation
system and control architecture. Differently from previous works, the
model also describes the electrical behavior of the entire electronic
driver. Then, proper optimization algorithms are employed, to quickly
and efficiently compute the energy-optimal IR base location for a
specified task. In parallel, layout maps are generated, clearly showing
the relation between robot position, energy consumption and cycle
time, aiding an energy-efficient layout design. At last, the energy-saving
potentials are assessed on industrial case studies optimizing the
placement for three robots programmed for spot-welding and pick-
and-place in automotive production lines.

The following software tools have been used for modeling, optimi-
zation, and subsequent numerical validation due to their built-in
functions and wide spread usage in both academia and industry:
® Dymola, [16], a powerful environment for model based simulation
relying on Modelica language [17], which offers significant advan-
tages over other modeling techniques, namely graphical representa-
tion, reusability of code blocks and ease of modification & inter-
pretation. The Dymola environment has been used for the IR model
creation and for the subsequent optimization phase.

Delmia Robotics, [18], one of the most widespread off-line pro-
gramming and robotic simulation software. In particular, this virtual
prototyping tool provides a 3D graphical interface where the plant
designer can conceive/simulate/debug an entire work-cell or pro-
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duction line, finally generating the IR code to run the physical plant.
In this context, Delmia Robotics has been employed for validating
the final optimization results.

The paper is organized as follows: Section 2 describes the IR model
within the Modelica/Dymola environment; Section 3 describes the
proposed base-position optimization tools; Section 4 discusses the
industrial case study and the achievable energy improvements; Section
5 reports the concluding remarks.

2. Modeling
2.1. The servomechanism model

Although rather accurate, the single models of each IR subsystem
component found in the previous literature (see e.g. [19]) include a
detailed description of several physical phenomena, thus relying on
numerous parameters that are often unknown. On the contrary, the
approach adopted in this paper employs simpler equations, that
require a minimum number of parameters [20], yet accurate enough
to predict the system power flow. In particular, the overall IR
mechatronic model is obtained from the composition of more servo-
mechanisms models including mechanical, electrical and control func-
tional components described via the Modelica/Dymola language. The
model layout is provided in Fig. 1, which shows the servomechanism
model (along with functional components and connections) realized in
Dymola environment. The mechanical structure of the system, re-
ported on the rightmost part of the picture, is defined in a very efficient
way using the standard MultiBody library: BodyShape and Revolute
components respectively describe rigid bodies and revolute joints
(characterized with their lengths, masses, inertias and rotation axis
parameters).

Similarly to [21], the gear-box block (directly connected to the
driving flange of the revolute joint) employs a simple but efficient
model. The torques acting at two sides are related by the following
equation:

(€))
where 7 is the reduction ratio, @ and g model the load dependent
Coulombian friction, f, is the viscous friction coefficient, J;,, w;, and @,
are the gear inertia, the angular velocity and the angular acceleration
referring at input side. Following modeling guidelines reported in [22],
the IR Permanent Magnet Synchronous Motors (PMSMs) block dia-
gram comprises one inductance, two resistors, the rotor inertia, and the
electro-mechanical conversion block (via the back emf constant). For
what concerns the dissipative elements, one resistor accounts for the
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Fig. 2. Motor model.

armature losses, whereas the second resistor (referred to as
coreResistor in Fig. 2) accounts for the iron losses, assuring a better
accuracy of the overall EC prediction As for the control system (Fig. 1),
it includes a classic cascade feedback structure with an outer propor-
tional position loop and an inner proportional-integral velocity loop. In
parallel, following the power flow from the AC mains, a rectifier creates
a medium stage DC-bus from which an inverter generates the correct
motor voltages (computed by the control logics), typically using the
Pulse Width Modulation (PWM) technique, [19]. However, an accurate
model of the PWM physical behavior is not rewarding for mere EC
prediction purposes, so that an inverter model which is simply based
on the power balance equation was chosen for the purpose, such that:

&)

where P, and B, are respectively the input powers to the inverter and
to the motor, whereas P, i,y represents the power loss in the inverter.
The latter can be computed as sum of two contributes, one related to
the conduction losses, P, and the other accounting for the
switching ones, B, ;,, [23]. Both contributions are related to the current
flowing into the motor, i,, and are computed as:

Pinv=En+P[a.m,inv

(3
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where R is the conduction resistance and k,, the switching losses
constant. In conclusion, the inverter model is based on two parameters
only, which can be identified using the datasheet [23] and/or more
classical identification techniques [20]. The overall inverter block-
diagram is presented in Fig. 3: the DC-bus connection pins can be
found on the leftmost part of the picture, whereas the motor connec-
tions are depicted on the rightmost part. The SignalVoltage component
imposes the motor voltage value computed by the control system and
received through the V_m connector. The SignalCurrent component,
instead, is used to draw the correct amount of power (as computed by
means of Eq. (2)), enforcing a current flow that depends on the
instantaneous DC-bus voltage. The inverter input current, i;,, and
the DC-bus voltage, V., are simply related as follows:
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Fig. 3. Inverter model.
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This inverter scheme enables power backflow from the motor to the
DC-bus that can occur during motor braking. In this situation, the
recovered energy is stored into the DC-bus capacitance causing a DC-
bus voltage increase. For security issues, a drain system limits the
voltage to be under a maximum value, dissipating the energy in excess.
Fig. 4 presents the implemented Dymola scheme of a commonly
employed rectifier [19], composed of six diodes connected in a full
bridge configuration. Considerations on inverter losses are also valid
for the rectifier: conduction and switching losses are computed in
relation to the current flowing into the DC-bus and implemented
through the SignalCurrent component. Owing to its simplicity and low
costs, such rectifier architecture is very common in the industrial
environment, although it produces a rectified voltage with a ripple of
tens of Volts (dependent on electrical network characteristic). Such
ripple is undesired, as it adversely affects the inverter performance.
Therefore, the ripple is physically reduced principally through the DC-
bus capacitance that accumulates energy when voltage increases and
releases it when necessary [24]. The last component in the model is a
resistance connected to the DC-bus, which accounts for the related
current leakages.

2.2. Computational efficiency improvement

The described servomechanism model can accurately compute the
electro-mechanical behavior of the entire system, retrieving a good
accuracy in terms of power consumption. Nonetheless, computational
efficiency should be further improved. In particular, major computa-
tional efforts are related to the full-bridge rectifier model, which
includes the description of six diodes (see Fig. 4), forcing the Dymola
solver to generate an event whenever a diode switches its state (from
conduction to interdiction and vice versa). This modeling approach
allows to compute the instantaneous DC-bus voltage ripple, although
resulting in hundreds of events per second. Fortunately, for the
purpose of this work, an accurate ripple prediction is not necessary,
and a modeling approach that focuses on the medium DC-bus voltage
value should be preferred. In practice, an approximated voltage value is
imposed with a SignalVoltage component, as in Fig. 5, which imple-
ments an approximated formula previously proposed by the authors
(see. Equation (38) in [23]). Current backflows towards the mains (not
allowed by the intrinsic architecture of the considered rectifier) are
finally prevented by the inclusion of a single diode.

In addition to the previous considerations, it should be highlighted
that IR control systems are robust enough to realize the imposed
trajectories with good accuracy. Therefore, since negligible position



M. Gadaleta et al.

p_dc

realExpression_V +] %' é realExpression_loss
2
v | )z B < wom
14 iy
n_dc
-
ground

Fig. 5. Simplified rectifier model.

errors do not considerably influence the energy consumption, the
control system contribution can be ignored. In order to explain the
conceptual steps performed during model simplification, let one
consider the sub-system depicted in Fig. 6a (composed of gear-box,
motor, inverter and control system), that requires the reference
trajectory as input, retrieving the real joint position as output. As long
as the Modelica language is inherently a-causal [25] (i.e. models are
described with equations without defining input and output variables),
it is quite easy to invert the considered sub-system by directly enforcing
the real joint position as input. The model inversion is obtained by
means of the Modelica standard block InverseBlockConstraints, which
encloses the model and is connected as in Fig. 6b. In this case, the
Dymola solver computes the reference set-point required to exactly
produce the imposed joint trajectory. As a further improvement, the
control system block-diagram is removed, as in Fig. 6¢, allowing the
solver to compute only the required inverter input signal, correspond-
ing to the required motor voltage. At last, Fig. 6d shows the resulting
inverse model that will be used in the following section, the difference
with Fig. 6¢ being only a rational re-organization of the model blocks
for clarity purposes.

2.3. The complete industrial robot model

As widely known, typical robots employed in industries are
anthropomorphous six joints serial manipulators. In particular, the
complete IR mechatronic model is composed of six of the previously
described servomechanisms with minor architectural difference,
namely a single rectifier that creates a common DC-bus on which six
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Fig. 7. Cell model.

motor inverters are simultaneously connected. Note that, even if the
electrical power input is unidirectional, the IR multi-drive system
allows’ for motor-to-motor energy exchange. Therefore, when an axis
decelerates, the mechanical energy is converted back into electrical
energy to be either used by other motors (if needed), stored in the DC
bus capacitor, or simply dissipated via the abovementioned drain
system. The overall Modelica block diagram is reported in Fig. 8. The
rightmost part of the picture depicts a chain of rigid bodies and joints
that define the IR mechanical structure, accounting also for the
counterbalancing system mounted between the first and the second
link. The first and the last mechanical structure reference frames,
namely those of the IR base and flange, are used for external
connections: the base frame defines the robot positioning, whereas
the flange frame defines the end-effector pose. The total industrial
robot EC is computed through an equation inserted in the model code
which integrates the power on the cycle time, T, such that:

T
Eir=

T
B‘et’+ [) Pir,c{)m't=ErL'c+Eir,L'unst (6)
where B, cone and E;, .5 are respectively the constant power consump-
tion of the system (related to computers, fans, etc.) and the relative
energy. The trajectory generator block computes the reference trajec-
tory for each joint, starting from a table containing a list of motions
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Fig. 6. Steps for model inversion.
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instructions parameters defining the robot task. Target points are
expressed in the operational space defining the Cartesian position and
orientation with respect to the robot base frame, whereas the im-
plemented inverse kinematic function computes the corresponding
joint values (also accounting for their physical end limits). The
algorithm implemented in the trajectory generator block computes
the reference trajectory (in either operational or joint space) by
enforcing the fastest possible motion under kinematical constraints
of maximum velocity, acceleration and jerk. Very similar trajectory
planners are commonly employed by the robot manufacturers,
although the actual algorithms are hardly identifiable, proprietary
data. The discrepancy between algorithms adopted in real robots and
those implemented in simulation software is probably the most
important source of error affecting simulation results.

In fact, the need for the computation of extremely accurate
trajectories with real robots algorithms has led to the definition of
the Realistic Robot Simulation (RRS) standard [26], which defines a
standard interface for communicating with the so-called Robot
Controller Simulation (RCS) module. The RCS module is a black box
software, developed and provided by the robot manufacturer, which
computes the reference trajectory with superior accuracy since it
embeds proprietary algorithms used by real robots. In particular, each
robot manufacturer provides an RCS module to improve the accuracy
of the robot trajectories developed with robot offline programming and
simulation tools, avoiding the need of experimental refinement. In
current industrial practice, the use of such RCS module is accepted and
validated [1]. On the other hand, it has not been implemented into this
research work mainly because of two reasons: i) despite its effective-
ness and widespread usage in industry, the communication protocol
with the module is not yet an open standard, thus limiting its general
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applicability for research purposes; ii) its use inside the Dymola model
would have drastically reduced the computational efficiency.
Furthermore, industrial users expressly asked for optimization times
below 5 min. In any case, for what concerns the trajectory generator
employed in this work, its reliability and efficacy are proven by the
numerical results presented hereafter.

3. Robot position optimization tools

The accurate and computationally efficient IR model presented in
the previous chapter is used as the basis for the creation of innovative
tools aimed at optimizing the cell layout, thus finding the robot base
location that minimizes the EC needed to accomplish an assigned task.
For this purpose, a Cell model has been created in the Dymola
environment to approach the problem with high flexibility, see Fig. 7.
The standard World block defines the absolute cell reference frame and
the direction of the gravity vector. The IR base position is defined
connecting its base flange to the world flange through an appositely
created block, which (differently from the Modelica standard library
components) allows the variation of the base coordinates after the
model translation, thus increasing efficiency of the optimization
procedure. Furthermore, the robot base is automatically rotated
towards the central point of the task, avoiding unnecessary extra-
rotations of the first robot joint that may occur in some base locations
due to the end limits. The end effector block is connected to the IR tool
flange defining mass, inertias and geometrical parameters of the end
effector. The Task block permits the definition of the task in the cell
reference frame; whereas a script automatically expresses target points
in robot base coordinate system for the trajectories computation.

After the Cell model setup, that is the definition of robot, end
effector and task data, it is possible to run the simulation: the time
evolution of all the variables in the model is computed and retrieved as
output by the Dymola software together with a useful 3D animation,
see Fig. 9. This tool allows the user to obtain various interesting
information about the robotic system, such as the power requirements
and the subsequent energy costs. Instead, in order to find the best robot
placement in function of the specified task, two approaches are
proposed:

The first is based on a standard optimization algorithm, which looks
for the robot base position that minimizes the assigned cost function.
The optimization tool has been created using the Dymola Optimization
library: the total robot EC has been set as the cost function to be
minimized by tuning the robot base coordinates through the Pattern
Search optimization algorithm.

The second approach consists on maps generation, with the intent

Fig. 9. 3D visualization.
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to provide more information to the designer, offering the possibility to
graphically choose the best IR location, also evaluating un-modeled
constraints (e.g. reachability, collisions or safety rules). Using Dymola
built-in capability, a function for map generation has been created.
Such function retrieves as input a grid of robot base coordinates, it
executes the simulations placing the robot on each grid point, and
subsequently stores relevant data into matrices; then a script is run,
which exploit Matlab capability for image creation. In Fig. 10, an
example is presented. The color map and the superimposed contour-
line map respectively indicate the amount of energy and the time
required for the task execution as function of the robot base position.
The robot can be placed only in the colored zones, whereas the white
areas depict prohibited zones where the robot would end up being

available area

for Robot 1 approach

point
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incapable of performing the entire task due to its kinematic limits.

The first optimization approach has the advantage of being very
fast, although retrieving as output only the best robot position; in case
the robot may not be placed in this location due to un-modeled
constraints, the designer does not retrieve any other useful informa-
tion. Conversely, the map generation approach offers a complete view
of the dependence between energy consumption, cycle time and robot
position. Computational time for the map generation is in general
higher than that required by the optimization algorithm, and it is
strongly related to the desired accuracy (chosen by the user through the
starting grid density). The map in Fig. 10 is very detailed (it is
composed of 90.000) points and required approximately 2h of
computation on a standard PC. The optimization of the same problem
was solved in less than 2 min leading to the same energetic optimal
point. In practice, computational time can be usually reduced bounding
the research area in smaller zone and asking for less detailed maps. The
practical applicability of these approaches is validated in the following
section on the basis of numerical simulations developed on an
industrial case study.

4. Industrial application

Typically, in automotive production lines, a large number of robots
are employed in various areas, e.g. for welding, assembly, gluing,
painting, etc. The energy consumption of these robots heavily impacts
the overall factory sustainability [1] and an optimization could save big
amount of energy reducing the costs and the environmental impact of
the plant. In this section, two generic projects of robotic stations are
analyzed and optimized founding the optimal position for three
industrial robots executing spot welding and pick-and-place opera-
tions.

4.1. Case studies overview

Original Delmia projects of the two considered robotic manufactur-
ing cells are shown in Figs. 11 and 12: in the first picture, the robot
(hereafter called Robot 1) is used for spot welding on a body side outer
panel; in the second picture, the robot on the right (Robot 2) picks a
sheetmetal part from a conveyor and places it on the chassis, while the
other robot (Robot 3) performs the spot welding. All robots are KUKA
KR210 R3100 ultra [27], chosen for their wide spread use in
automotive production lines. The robots can be placed within the light
blue areas. The yellow reference frames are the absolute stations
reference frames. Robot 1 and Robot 3 mounts two different spot

Fig. 11. Top-view and 3D-view of the first robotic station.
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Fig. 12. Top-view and 3D-view of the second robotic station.

Table 1 Table 3
Geometrical and dynamical parameters of the robots end-effectors. Robot 2 task.
Robot 1 Robot 2 Robot 3 Target Position Orientation Motion Velocity Pause
Number  (x,y, z) (@, 0, y) [deg.] Type time [s]
Tool frame position (x, y, (220, 0, 263) (105, -210, (0, 0, 835) [mm]
z) [mm] 410)
Tool frame orientation (¢, (-160, 0,90) (0, 0, 90) (-180, 40, 0) 1 (5420, (180, 0, -90) / / /
0, v)[°] 2875, 1015)
Mass [kg] 100 150 140 2 (5420, (180, 0, -90) Linear 0.3m/s 1
Centre of mass (x, y, z) (-50,0,110) (0, 0, 200) (=100, 0, 200) 2875, 185)
[mm] 1 (5420, (180, 0, ~90) Linear 1m/s 0
2875, 1015)
3 (3500, 210, (180, 0, -90) Joint 50 % 0
we'zldmg guns, wh-ereas Robot 2 is equipped with a custom designed 4 (19?5(?3, 210, (180, 0, -90) Linear 03ms 1
gripper. Geometrical and dynamical parameters of the three end 1385)
effectors are reported in Table 1. 3 (3500, 210, (180, 0, —90) Linear 1m/s 0
Since real robot programs are usually very complex, with thousands 1930)
of motion instructions, for clarity purposes simplified programs are L (25847250’1015) (180, 0, -90) Joint 100 % 0

considered in this paper and explained hereafter. Robot 1 and Robot 3
are programmed for the spot welding, whereas Robot 2 for the pick-
and-place operation. The three programs are summarized in Table 2,
Tables 3, 4 as lists of motions commands. The tables report: position
and orientation of each target frame expressed referring to the station

Table 2
Robot 1 task.

Target Position Orientation Motion Velocity Pause

Number  (x,y,2) (p,0,y) [deg.] Type time [s]
[mm]

1 (1450, -180, (0, 0, -180) / / /
1300)

2 (1700, 375, (0, 30, -60) Joint 50 % 0
900)

3 (1830, 430, (0, 30, -60) Linear 0.3 m/s 2.1
900)

4 (1755, 125, (0, 0, -85) Linear 0.3m/s 2.1
795)

5 (1695, -255, (0, 0, -110) Linear 0.3m/s 2.1
800)

6 (1515, -380, (0, 0, -180) Linear 0.3 m/s 2.1
815)

7 (1100, -380, (0, 0, 150) Linear 0.3m/s 2.1
815)

8 (1180, -220, (0, 0, 150) Linear 0.3 m/s 2.1
815)

1 (1450, -180, (0, 0, -180) Joint 50 % 0
1300)
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absolute frame; type and velocity of the motion for reaching the target;
the pause time during which the robot is stopped on the target for
performing required operations (spot weld, pick or place), if any. Joint
type and higher velocities are used for collision-safe motions, whereas
linear type and lower velocities for risky motions requiring a fixed
Cartesian path. Each robot starts and ends the cycle with its end-
effector tool frame coincident with the first target, placed in a safety
position permitting the product displacement without -collisions.
Figs, 11 and 12 show the robots on their initial configurations; blue
and red frames indicate respectively approach and welding points
defining the task for Robot 1 and 3; green frames indicates Robot 2 task
targets.

4.2. Optimization and results

The goal is to find the best robots layout position reducing the
energy consumption required to accomplish the assigned tasks without
any modification. The robot layout position is defined with the position
of the robot base frame, with respect to the absolute station reference
frame. As a common design practice, the robot base is imposed to be
parallel to the floor, i.e. the first joint axis is always parallel to the
gravity vector. This assumption is commonly adopted since industrial
robots are usually optimized for this configuration and since inclined
mounting plates are considered unjustified extra-costs. Moreover, the
remaining possible rotation of the robot base around the z axis does not
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Table 4
Robot 3 task.
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Table 6
Optimizations results.

Target Position Orientation Motion Velocity Pause

Number  (x,y,2) (¢, 0, ) [deg.] Type time [s]
[mm]

1 (2900, (0, 0, -90) / / /
-1000,
1900)

2 (3430, (0, 0, -90) Joint 50 % 0
-1000,
1600)

3 (3430, (0, 0, -90) Linear 0.3 m/s 1
-520, 1630)

2 (3430, (0, 0, -90) Linear 0.3m/s 0
-1000,
1600)

4 (2900, (0, 0, -100) Linear 0.5m/s 0
-1000,
1600)

5 (3070, (0, 0, -120) Linear 0.3m/s 1
-520, 1630)

4 (2900, (0, 0, -100) Linear 0.3 m/s 0
-1000,
1600)

1 (2900, (0, 0, -90) Joint 50 % 0
-1000,
1900)

6 (2650, (0, 0, -180) Joint 50 % 0
-240, 1900)

7 (2650, (0, 0, -180) Linear 0.5 m/s 0
-240, 1600)

8 (2870, (0, 0, -180) Linear 0.3m/s 1
-240, 1630)

7 (2650, (0, 0, -180) Linear 0.3m/s 0
-240, 1600)

9 (2650, 170, (0, 0, —180) Linear 0.5m/s 0
1600)

10 (2870, 170, (0, 0, -180) Linear 0.3m/s 1
1630)

9 (2650, 170, (0, 0, —180) Linear 0.3m/s 0
1600)

11 (2650, 170, (0, 0, —-180) Linear 0.5 m/s 0
1900)

1 (2900, (0, 0, -90) Joint 50 % 0
-1000,
1900)

Table 5

Vertices of rectangular prisms defining the robots bases permissible volumes.

Robot 1 Robot 2 Robot 3

Prism vertex 1 (x, y, (500, -2000, 0) (2800, 1700, 0) (500, —2700, 0)

z) [mm]
Prism vertex 2 (x,y, (2000, -1500, (4000, 2600, (2500, ~1700,
z) [mm] 600) 1000) 1000)

influences the energy consumption. These assumptions reduce the
dimensionality of the problems from six to three: the optimal robots
locations can be searched in the three-dimensional available Cartesian
space. Considering the size of the robots bases (1 mx1m) and
imposing limits at possible elevations, the volumes in which the robots
base frames can be placed and where to search for the optimal locations
are restricted to rectangular prisms defined in Table 5 through their
vertices.

From a fast preliminary analysis of the considered case studies, one
can easily see that they are well suited to be solved using the
optimization tool, since it should be possible to place the robots
everywhere in the available volumes without collisions risks: the only
solution retrieved by the optimization tool should be really implemen-
table without problems. Nevertheless, both proposed tools (optimiza-
tion and map generation) have been used to highlight their potential-
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Robot 1 Robot 2 Robot 3
Initial Position (x, y, (1500, -1500, (3800, 1900, (2400, —2200,
z) [mm] 0) 400) 400)
Optimal Position (x, (500, —1500, (2800, 2600, (900, -2000,
¥, 2) [mm] 500) 1000) 1000)
Initial Energy 19,053 J 27,821J 30,206 J
Optimal Energy 17,777 J 22,223J 23,674 J
Energy reduction -1276 J -5598 J -6532J

(-6.7%) (-20.1%) (-21.6%)

ities. Table 6 summarizes optimizations results, whereas Fig. 13 depicts
the EC maps generated at different heights. Results from the two tools
are congruent, highlighting the existence of energy-optimal positions
for the three robots with significant energy savings potentials. Maps are
obtained executing the simulations on 100 mm spaced grids, a suitable
choice for the state of the art industrial practice, which allows to obtain
good results in just few minutes of computation. The same level of
detail was required for the optimization algorithm, which provides
significant results almost instantly ( <5 s).

4.3. Results validation

Due to the very high costs related with a layout change during
production, which practically inhibit any reliable experimental valida-
tion on real cells, the tool has been validated following the latest
industrial best practices. As previously said, robotic cells designers in
industry currently adopt robot offline simulation software compliant
with the RRS standard in order to retrieve reliable and trusted data on
trajectories and cycle times of robotic processes. Recently, due to the
growing interest on energy consumption, RRS has been extended for
providing also information related to the robot energy consumption,
calculated by robot manufacturers’ proprietary models embedded into
RCS modules, generally named “RCS Energy”. Dassault Systemes
Delmia Robotics and the KUKA Roboter RCS Energy module have
been extensively tested and validated by both system integrators and
final users of the automotive robotic manufacturing industry, fully
satisfying industrial requirements. In any case, as previously men-
tioned, RCS modules are very accurate but computationally inefficient,
so that they could not be effectively used for optimization tasks, but
only for result validation. To validate the results, state of the art
industrial practice has been adopted: two simulations for each robot
have been executed in Delmia, with robots on their initial (Figs. 11, 12)
and optimal (Fig. 14) positions proving the absence of collisions.
During the simulations, the energy consumption computed by the RCS
module has been monitored and then exported. Fig. 15 compares initial
and optimal power curves for each robot, whereas Table 7 reports total
energy values. As it can be seen, energy values obtained with the KUKA
RCS module are pretty closed to values obtained with our model
(Table 6) confirming the validity and efficacy of the tools proposed in
this paper.

5. Conclusions

The paper proposes a novel engineering method for reducing the
energy consumption of robotic cells, achieved by optimizing the layout
position of industrial robots in relation to the assigned tasks. An
accurate object-oriented IR model with higher computational efficiency
has been developed using the Modelica language in Dymola environ-
ment. All mechatronic system components influencing the power flow
from the AC mains to the mechanical structure are defined using
simple but effective models. The model has been implemented into an
innovative and flexible engineering tool, able to quickly provide the
optimal robot base location computed through an optimization process.
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Fig. 13. Energy maps computed at different quotes.

Fig. 14. Stations with robots on their energy-optimal positions.
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Fig. 15. Robots power consumption on their initial and optimal positions.

Furthermore, a set of color/contour maps depicts the energy demand
along with the time required for the task completion in function of the
robot base location. Following the industrial requirements, the pro-
posed approach has been numerically tested, optimizing the base
position of three robots working in general industrial stations. By
placing the robots on the positions computed by the tool allows to
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achieve a reduction of the energy consumption in the order of 6+20%
as compared to that of the initial positions firstly proposed by
experienced design engineers. Moreover, generated energy-maps evi-
dently show very hard-to-predict relations between robot position and
energy consumption, highlighting the benefits provided by this en-
gineering tool, namely a quick and clear understanding of the best
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Table 7
Energy consumption computed with KUKA RCS module.

Robot 1 Robot 2 Robot 3
Initial Energy 19,442J 29,343 J 35,507 J
Optimal Energy 18,156 J 24,532 J 28,285 J
Energy reduction -1286J -4811J -7222J

(-6.6%) (-16.4%) (-20.3%)

areas in which the robot should be placed, that could be easily
integrated in current robotic cell design practices. With the proposed
engineering tool and method, design engineers can now address also
the energy efficiency and sustainability of the robotic cell layout.
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